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Ââåäåíèå



	Â ïîñëåäíèå ãîäû áîëüøîé èíòåðåñ èññëåäîâàòåëåé - ìàòåðèàëîâåäîâ âûçâàëè ìàññèâíûå íàíîñòðóêòóðíûå ìàòåðèàëû (ÍÑÌ), ïîëó÷åííûå ìåòîäàìè èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè (ÈÏÄ) [1]. Ýòîò èíòåðåñ îáóñëîâëåí íå òîëüêî óíèêàëüíûìè ôèçè÷åñêèìè è ìåõàíè÷åñêèìè ñâîéñòâàìè, ïðèñóùèìè ðàçëè÷íûì íàíîñòðóêòóðíûì ìàòåðèàëàì, íî è äîïîëíèòåëüíûìè ïðåèìóùåñòâàìè ÈÏÄ ìàòåðèàëîâ ïî ñðàâíåíèþ ñ ÍÑÌ, ïîëó÷åííûìè ãàçîâîé êîíäåíñàöèåé ñ ïîñëåäóþùèì êîìïàêòèðîâàíèåì [2,3] è øàðîâûì ðàçìîëîì ñ ïîñëåäóþùåé êîíñîëèäàöèåé [4,5]. Â ÷àñòíîñòè, èñïîëüçóÿ ÈÏÄ ìåòîäû, óäàëîñü âî ìíîãîì ïðåîäîëåòü ïðîáëåìû, ñâÿçàííûå ñ ñîõðàíåíèåì íåêîòîðîé îñòàòî÷íîé ïîðèñòîñòè ïðè êîìïàêòèðîâàíèè, çàãðÿçíåíèåì îáðàçöîâ ïðè øàðîâîì ðàçìîëå, óâåëè÷åíèåì ãåîìåòðè÷åñêèõ ðàçìåðîâ ïîëó÷àåìûõ îáðàçöîâ è ïðàêòè÷åñêèì èñïîëüçîâàíèåì äàííûõ ìàòåðèàëîâ. Ïðè ýòîì, èäåÿ ïîëó÷åíèÿ ìàññèâíûõ íàíîñòðóêòóðíûõ ìàòåðèàëîâ ìåòîäàìè ÈÏÄ ÿâëÿåòñÿ àëüòåðíàòèâíîé ñóùåñòâóþùèì ñïîñîáàì êîìïàêòèðîâàíèÿ íàíîïîðîøêîâ.

	Õîðîøî èçâåñòíî, ÷òî ïðè íèçêîé òåìïåðàòóðå ïóòåì çíà÷èòåëüíûõ äåôîðìàöèé, íàïðèìåð, õîëîäíîé ïðîêàòêîé èëè âûòÿæêîé [6-9] ìîæíî î÷åíü ñèëüíî èçìåëü÷èòü ñòðóêòóðó. Îäíàêî ïîëó÷åííûå ñòðóêòóðû ÿâëÿþòñÿ îáû÷íî ÿ÷åèñòûìè ñòðóêòóðàìè èëè ñóáñòðóêòóðàìè, èìåþùèìè ãðàíèöû ñ ìàëîóãëîâûìè ðàçîðèåíòèðîâêàìè. Âìåñòå ñ òåì, ôîðìèðóþùèåñÿ â õîäå ÈÏÄ íàíîñòðóêòóðû ÿâëÿþòñÿ óëüòðàìåëêîçåðíèñòûìè ñòðóêòóðàìè çåðåííîãî òèïà, ñîäåðæàùèìè ïðåèìóùåñòâåííî áîëüøåóãëîâûå ãðàíèöû çåðåí. Ñîçäàíèå òàêèõ íàíîñòðóêòóð ìîæåò áûòü îñóùåñòâëåíî ìåòîäàìè ÈÏÄ, ïîçâîëÿþùèìè äîñòè÷ü î÷åíü áîëüøèõ äåôîðìàöèé ïðè îòíîñèòåëüíî íèçêèõ òåìïåðàòóðàõ â óñëîâèÿõ âûñîêèõ ïðèëîæåííûõ äàâëåíèé [1,10,11]. Äëÿ ðåàëèçàöèè ýòèõ ïðèíöèïîâ áûëè èñïîëüçîâàíû è ðàçâèòû ñïåöèàëüíûå ñõåìû ìåõàíè÷åñêîãî äåôîðìèðîâàíèÿ, òàêèå êàê èíòåíñèâíîå êðó÷åíèå ïîä âûñîêèì äàâëåíèåì, ðàâíîêàíàëüíîå-óãëîâîå ïðåññîâàíèå è äðóãèå. Áûëî ïîêàçàíî, ÷òî áîëüøèå îáúåìíûå íàíîñòðóêòóðíûå îáðàçöû è çàãîòîâêè ìîãóò áûòü ïîëó÷åíû ìåòîäàìè ÈÏÄ èç ñàìûõ ðàçëè÷íûõ ìåòàëëîâ è ñïëàâîâ, âêëþ÷àÿ ìíîãèå ïðîìûøëåííûå ñïëàâû è èíòåðìåòàëëèäû.

	Ïåðâûì ðàçðàáîòêàì è èññëåäîâàíèÿì íàíîñòðóêòóðíûõ ìàòåðèàëîâ, ïîëó÷åííûõ ìåòîäàìè ÈÏÄ, âûïîëíåííûì â Óôå Ð.Ç.Âàëèåâûì ñ ñîòðóäíèêàìè â 1987-88 ã.ã. [12,13] ÷óòü áîëüøå 10 ëåò. Íåñìîòðÿ íà ðåçêî âîçðîñøåå â ïîñëåäíèå ãîäû êîëè÷åñòâî ïóáëèêàöèé ïî äàííîé òåìå, àâòîðàì ïðåäñòàâëÿåòñÿ, ÷òî íàèáîëåå àêòèâíîå ðàçâèòèå ýòîãî íàó÷íîãî íàïðàâëåíèÿ åùå âïåðåäè, áëàãîäàðÿ íåîáû÷íûì ñâîéñòâàì ïîëó÷àåìûõ ìàòåðèàëîâ, ìíîãèå èç êîòîðûõ óíèêàëüíû è âåñüìà èíòåðåñíû äëÿ ôóíäàìåíòàëüíûõ è ïðèêëàäíûõ èññëåäîâàíèé. Íàñòîÿùèé îáçîð ðàññìàòðèâàåò äîñòèæåíèÿ è ïðîáëåìû â ðàçðàáîòêàõ è èññëåäîâàíèÿõ íàíîñòðóêòóðíûõ ìàòåðèàëîâ, ïîëó÷åííûõ èíòåíñèâíûìè äåôîðìàöèÿìè. Ìàòåðèàëû äàííîãî îáçîðà âî ìíîãîì áàçèðóþòñÿ íà ðåçóëüòàòàõ, ïîëó÷åííûõ ïðè íåïîñðåäñòâåííîì ó÷àñòèè àâòîðîâ è èõ ñîòðóäíèêîâ è âûïîëíåííûõ âî âçàèìîäåéñòâèè ñî ìíîãèìè ðîññèéñêèìè êîëëåãàìè, à òàêæå ïðè òåñíîé ìåæäóíàðîäíîé êîîïåðàöèè. Ññûëêè íà ýòè ðàáîòû ïðåäñòàâëåíû â öèòèðóåìîé ëèòåðàòóðå. Àâòîðû áëàãîäàðíû âñåì äðóçüÿì è êîëëåãàì çà öåííûå äèñêóññèè è ïîëåçíûå çàìå÷àíèÿ. Îñîáàÿ áëàãîäàðíîñòü íàøèì ñîòðóäíèêàì Í.Ô.Êóçüìèíîé, Ò.Ï.Ñîñåäêèíîé, Í.À.Åíèêååâó, ó÷àñòâîâàâøèì â ïîäãîòîâêå è îôîðìëåíèè äàííîé ðóêîïèñè. 



ÃËÀÂÀ 2.



ÌÅÒÎÄÛ ÈÍÒÅÍÑÈÂÍÎÉ ÏËÀÑÒÈ×ÅÑÊÎÉ ÄÅÔÎÐÌÀÖÈÈ È ÔÎÐÌÈÐÎÂÀÍÈÅ ÍÀÍÎÑÒÐÓÊÒÓÐ



Ìîæíî ñôîðìóëèðîâàòü íåñêîëüêî òðåáîâàíèé ê ìåòîäàì èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè, êîòîðûå íåîáõîäèìî ó÷èòûâàòü ïðè èõ ðàçâèòèè äëÿ ïîëó÷åíèÿ íàíîñòðóêòóð â îáúåìíûõ îáðàçöàõ è çàãîòîâêàõ. Ýòî, âî-ïåðâûõ, âîçìîæíîñòü ïîëó÷åíèÿ óëüòðàìåëêîçåðíèñòûõ ñòðóêòóð, èìåþùèõ ïðåèìóùåñòâåííî áîëüøåóãëîâûå ãðàíèöû çåðåí, ïîñêîëüêó èìåííî â ýòîì ñëó÷àå ïðîèñõîäèò êà÷åñòâåííîå èçìåíåíèå ñâîéñòâ ìàòåðèàëîâ (Ãëàâà 4). Âî-âòîðûõ, ôîðìèðîâàíèå íàíîñòðóêòóð îäíîðîäíûõ ïî âñåìó îáúåìó îáðàçöà, ÷òî íåîáõîäèìî äëÿ îáåñïå÷åíèÿ ñòàáèëüíîñòè ñâîéñòâ ïîëó÷åííûõ ìàòåðèàëîâ. Â-òðåòüèõ, îáðàçöû íå äîëæíû èìåòü ìåõàíè÷åñêèõ ïîâðåæäåíèé èëè ðàçðóøåíèé íåñìîòðÿ íà èõ èíòåíñèâíîå äåôîðìèðîâàíèå. Ýòè òðåáîâàíèÿ íå ìîãóò áûòü ðåàëèçîâàíû ïóòåì èñïîëüçîâàíèÿ îáû÷íûõ ìåòîäîâ îáðàáîòêè ìåòàëëîâ äàâëåíèåì, òàêèõ êàê ïðîêàòêà, âûòÿæêà èëè ýêñòðóçèÿ. Äëÿ ôîðìèðîâàíèÿ íàíîñòðóêòóð â îáúåìíûõ îáðàçöàõ íåîáõîäèìûì ÿâëÿåòñÿ èñïîëüçîâàíèå ñïåöèàëüíûõ ìåõàíè÷åñêèõ ñõåì äåôîðìèðîâàíèÿ, ïîçâîëÿþùèõ äîñòè÷ü áîëüøèõ äåôîðìàöèé ìàòåðèàëîâ ïðè îòíîñèòåëüíî íèçêèõ òåìïåðàòóðàõ, à òàêæå îïðåäåëåíèå îïòèìàëüíûõ ðåæèìîâ îáðàáîòêè ìàòåðèàëîâ. Ê íàñòîÿùåìó âðåìåíè áîëüøèíñòâî ðåçóëüòàòîâ ïîëó÷åíû ñ èñïîëüçîâàíèåì äâóõ ìåòîäîâ ÈÏÄ - êðó÷åíèåì ïîä âûñîêèì äàâëåíèåì [1,10-23] è ðàâíîêàíàëüíî-óãëîâûì ïðåññîâàíèåì [10,11,13-15,24-31]. Èìåþòñÿ òàêæå ðàáîòû ïî ïîëó÷åíèþ íàíî- è ñóáìèêðîêðèñòàëëè÷åñêèõ ñòðóêòóð íà ðÿäå ìåòàëëîâ è ñïëàâîâ, èñïîëüçóÿ âñåñòîðîííþþ êîâêó [32-39].

Â äàííîé ãëàâå áóäóò ðàññìîòðåíû âîïðîñû ðåàëèçàöèè ýòèõ ìåòîäîâ ÈÏÄ, èõ ñõåìû è îïòèìàëüíûå ðåæèìû, à òàêæå ïðåäñòàâëåíû äàííûå ïî ýâîëþöèè èñõîäíîé ìèêðîñòðóêòóðû â õîäå ôîðìèðîâàíèÿ íàíîñòðóêòóðíîãî ñîñòîÿíèÿ ïðè èíòåíñèâíûõ äåôîðìàöèÿõ.



2.1. Ìåõàíè÷åñêèå ñõåìû è ðåæèìû èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè.



Ê ÷èñëó îñíîâíûõ ìåòîäîâ, ñ ïîìîùüþ êîòîðûõ áûëè äîñòèãíóòû áîëüøèå äåôîðìàöèè (èñòèííûå ñòåïåíè äåôîðìàöèè (10) áåç ðàçðóøåíèÿ îáðàçöîâ, îòíîñÿòñÿ êðó÷åíèå ïîä âûñîêèì äàâëåíèåì è ðàâíîêàíàëüíî-óãëîâîå (ÐÊÓ) ïðåññîâàíèå. Íèæå ýòè ìåòîäû îáñóæäàþòñÿ áîëåå ïîäðîáíî.

Äåôîðìàöèÿ êðó÷åíèåì ïîä âûñîêèì äàâëåíèåì.

Óñòàíîâêè, â êîòîðûõ äåôîðìàöèÿ êðó÷åíèåì áûëà ïðîâåäåíà ïîä âûñîêèì äàâëåíèåì, âïåðâûå áûëè èñïîëüçîâàíû â ðàáîòàõ [40,41]. Èõ êîíñòðóêöèÿ ÿâëÿåòñÿ ðàçâèòèåì èçâåñòíîé èäåè íàêîâàëüíè Áðèäæìåíà [42]. Â ïåðâûõ ðàáîòàõ ýòè óñòàíîâêè áûëè èñïîëüçîâàíû äëÿ èññëåäîâàíèé ôàçîâûõ ïðåâðàùåíèé â óñëîâèÿõ èíòåíñèâíûõ äåôîðìàöèé [40], à òàêæå èçó÷åíèå ýâîëþöèè ñòðóêòóðû è èçìåíåíèÿ òåìïåðàòóðû ðåêðèñòàëëèçàöèè ïîñëå áîëüøèõ äåôîðìàöèé [17]. Íîâûì è ïðèíöèïèàëüíî âàæíûì ìîìåíòîì ÿâèëèñü äîêàçàòåëüñòâà ôîðìèðîâàíèÿ íàíîñòðóêòóð ñ áîëüøåóãëîâûìè ãðàíèöàìè çåðåí èñïîëüçóÿ èíòåíñèâíóþ äåôîðìàöèþ êðó÷åíèåì [10,43], ÷òî ïîçâîëèëî ðàññìàòðèâàòü ýòîò ìåòîä êàê íîâûé ñïîñîá ïîëó÷åíèÿ íàíîñòðóêòóðíûõ ìàòåðèàëîâ.

Ðàññìîòðèì âíà÷àëå ìåõàíè÷åñêèå àñïåêòû èíòåíñèâíîé äåôîðìàöèè êðó÷åíèåì.

Ïðè äåôîðìàöèè êðó÷åíèåì ïîä âûñîêèì äàâëåíèåì (Ðèñ. 1à) ïîëó÷åííûå îáðàçöû èìåþò ôîðìó äèñêîâ. Ïðè ýòîì îáðàçåö ïîìåùàåòñÿ ìåæäó áîéêàìè è ñæèìàåòñÿ  ïîä ïðèëîæåííûì äàâëåíèåì (P) â íåñêîëüêî ÃÏà. Íèæíèé áîåê âðàùàåòñÿ è ñèëû ïîâåðõíîñòíîãî òðåíèÿ çàñòàâëÿþò îáðàçåö äåôîðìèðîâàòüñÿ ñäâèãîì. Ãåîìåòðè÷åñêàÿ ôîðìà îáðàçöîâ òàêîâà, ÷òî îñíîâíîé îáúåì ìàòåðèàëà äåôîðìèðóåòñÿ â óñëîâèÿõ êâàçèãèäðîñòàòè÷åñêîãî ñæàòèÿ ïîä äåéñòâèåì ïðèëîæåííîãî äàâëåíèÿ è äàâëåíèÿ ñî ñòîðîíû âíåøíèõ ñëîåâ îáðàçöà. Â ðåçóëüòàòå äåôîðìèðóåìûé îáðàçåö, íåñìîòðÿ íà áîëüøèå ñòåïåíè äåôîðìàöèè, íå ðàçðóøàåòñÿ. 

Äëÿ ðàñ÷åòà ñòåïåíè äåôîðìàöèè ïðè ðåàëèçàöèè ñõåìû êðó÷åíèÿ ïîä âûñîêèì äàâëåíèåì èñïîëüçîâàëèñü ðàçëè÷íûå ñîîòíîøåíèÿ. Òàê, â ðàáîòå [17] äëÿ ðàñ÷åòà èñòèííîé ëîãàðèôìè÷åñêîé ñòåïåíè äåôîðìàöèè ( èñïîëüçîâàëè ôîðìóëó

( = ln((r/l)                                                                             (1.1)

ãäå ( - óãîë âðàùåíèÿ â ðàäèàíàõ, r è  l – ðàäèóñ è òîëùèíà äèñêà ñîîòâåòñòâåííî. 

Äàííàÿ ôîðìóëà àíàëîãè÷íà ñîîòíîøåíèþ, èñïîëüçóåìîìó ïðè ðàñ÷åòàõ èñòèííîé ñòåïåíè äåôîðìàöèè îáðàçöîâ, ïîäâåðãíóòûõ ðàñòÿæåíèþ. Îäíàêî, åñëè â ñëó÷àå ðàñòÿæåíèÿ ýòà ôîðìóëà èìååò ôèçè÷åñêîå îáîñíîâàíèå, íî îíî îòñóòñòâóåò â ñëó÷àå êðó÷åíèÿ. Â ÷àñòíîñòè, ñîãëàñíî ýòîìó ñîîòíîøåíèþ, ëîãàðèôìè÷åñêàÿ ñòåïåíü äåôîðìàöèè ïðè êðó÷åíèè ïîä äàâëåíèåì ïî ïåðèìåòðó òèïè÷íûõ îáðàçöîâ äèàìåòðîì 20 ìì è òîëùèíîé 1 ìì ñîñòàâëÿåò 6, à ïî ïåðèìåòðó îáðàçöîâ äèàìåòðîì 10 ìì è òîëùèíîé 0,2 ìì – 7. Â òî æå âðåìÿ â öåíòðå ýòèõ îáðàçöîâ îíà ðàâíà íóëþ. Ìåæäó òåì, êàê ïîêàçûâàþò ðåçóëüòàòû ìíîãî÷èñëåííûõ èññëåäîâàíèé, â õîäå ðåàëèçàöèè äàííîé ñõåìû ÈÏÄ â öåíòðàëüíîé ÷àñòè îáðàçöîâ, ïîñëå íåñêîëüêèõ îáîðîòîâ, ñòðóêòóðà òàêæå èçìåëü÷àåòñÿ è ÿâëÿåòñÿ îáû÷íî îäíîðîäíîé ïî ðàäèóñó îáðàçöîâ. Ýòî ïîäòâåðæäàåòñÿ è ðåçóëüòàòàìè îáíàðóæåíèÿ áëèçêèõ çíà÷åíèé ìèêðîòâåðäîñòè â ðàçëè÷íûõ òî÷êàõ êàê â öåíòðå, òàê è íà ïåðèôåðèè äåôîðìèðîâàííûõ îáðàçöîâ. 

Áîëüøèå ñòåïåíè äåôîðìàöèè îáðàçöà ïðè êðó÷åíèè ïîä âûñîêèì äàâëåíèåì äîñòèãàþòñÿ ïóòåì ñäâèãîâîé äåôîðìàöèè â ðåçóëüòàòå èçìåíåíèÿ óãëà ïîâîðîòà íèæíåãî áîéêà. Â ñâÿçè ñ ýòèì ïðè ðàñ÷åòå ñòåïåíè äåôîðìàöèè â äàííîì ìåòîäå ÷àñòî òàêæå èñïîëüçóþò ôîðìóëó

(  = 2(RN/l,                                                                             (1.2)

ïðèìåíÿåìóþ â ñëó÷àå îáû÷íîãî äåôîðìèðîâàíèÿ êðó÷åíèåì äëÿ ðàñ÷åòà ñòåïåíè  ñäâèãîâîé äåôîðìàöèè íà ðàññòîÿíèè R îò îñè îáðàçöà â ôîðìå äèñêà. Çäåñü N – ÷èñëî îáîðîòîâ, à l – òîëùèíà îáðàçöà. Äëÿ ñîïîñòàâëåíèÿ ñòåïåíè ñäâèãîâîé äåôîðìàöèè ïðè êðó÷åíèè ñî ñòåïåíüþ äåôîðìàöèè ïðè äðóãèõ ñõåìàõ äåôîðìèðîâàíèÿ ïåðâóþ îáû÷íî ïðåîáðàçîâûâàþò â òàê íàçûâàåìóþ ýêâèâàëåíòíóþ äåôîðìàöèþ (ýêâ. Ñîãëàñíî êðèòåðèþ Ìèçåñà

�EMBED Equation.3���(ýêâ=((�EMBED Equation.3���.                                                                            (1.3)

Îòíîñèòåëüíî óðàâíåíèÿ (1.2) ñïðàâåäëèâû äâà çàìå÷àíèÿ [20]: âî-ïåðâûõ, ðàñ÷åòû ñ ïîìîùüþ äàííîãî óðàâíåíèÿ ïðèâîäÿò ê âûâîäó î òîì, ÷òî âåëè÷èíà äåôîðìàöèè äîëæíà èçìåíÿòüñÿ ëèíåéíî îò íóëÿ â öåíòðå îáðàçöà äî ìàêñèìàëüíîãî çíà÷åíèÿ íà êîíöàõ åãî äèàìåòðà. Îäíàêî, íà ñàìîì äåëå ýòî, êàê îòìå÷àëîñü âûøå, ýêñïåðèìåíòàëüíî ÷àñòî íå íàáëþäàåòñÿ; âî-âòîðûõ, â ïðîöåññå äåôîðìàöèè èñõîäíàÿ òîëùèíà îáðàçöà ïîä âîçäåéñòâèåì âûñîêîãî ñæèìàþùåãî äàâëåíèÿ óìåíüøàåòñÿ ïðèìåðíî â 2 ðàçà, ïîýòîìó èñïîëüçîâàíèå, êàê ýòî îáû÷íî äåëàåòñÿ, â êà÷åñòâå l èñõîäíîé òîëùèíå îáðàçöà, çàíèæàåò ðàññ÷èòàííûå çíà÷åíèÿ âåëè÷èíû äåôîðìàöèè ïî ñðàâíåíèþ ñ èñòèííûìè çíà÷åíèÿìè.

Îáà ýòèõ çàìå÷àíèÿ ñâèäåòåëüñòâóþò, ÷òî âåëè÷èíû äåôîðìàöèè, ðàññ÷èòàííûå ñ ïîìîùüþ óêàçàííûõ âûøå óðàâíåíèé, ëèøü ïðèìåðíî ðàâíû ðåàëüíûì ñòåïåíÿì äåôîðìàöèè. Áîëåå òîãî, ôîðìèðîâàíèå íàíîñòðóêòóðû ïðè ÈÏÄ ïðîèñõîäèò ïîä äåéñòâèåì íå òîëüêî âíåøíèõ, íî è âíóòðåííèõ íàïðÿæåíèé (ñì. ðàçäåë 1.2). Âìåñòå ñ òåì, ìåæäó âåëè÷èíîé ïîñëåäíèõ è èñòèííûìè äåôîðìàöèÿìè íåò æåñòêîé ñâÿçè. Ïîäòâåðæäåíèåì ýòîìó ÿâëÿåòñÿ ôîðìèðîâàíèå îáû÷íî îäíîðîäíîé ñòðóêòóðû ïî äèàìåòðó îáðàçöîâ, ïîäâåðãíóòûõ ÈÏÄ êðó÷åíèåì, õîòÿ â ñîîòâåòñòâèè ñ âûðàæåíèÿìè (1.1) è (1.2), â öåíòðå îáðàçöîâ íå äîëæíî ïðîèñõîäèòü ñóùåñòâåííîãî èçìåëü÷åíèÿ ìèêðîñòðóêòóðû. Â ñâÿçè ñ ýòèì, ïðè èññëåäîâàíèè ïðîöåññîâ ýâîëþöèè ìèêðîñòðóêòóðû â õîäå ÈÏÄ êðó÷åíèåì ïîä âûñîêèì äàâëåíèåì ÷àñòî áîëåå ïðàâèëüíî ðàññìàòðèâàòü ÷èñëî ïîâîðîòîâ, à íå âåëè÷èíó äåôîðìàöèè, ðàññ÷èòàííóþ ñ ïîìîùüþ àíàëèòè÷åñêèõ âûðàæåíèé. Ýòî ïîëîæåíèå ñòàíîâèòñÿ îñîáåííî âàæíûì ïðè îáðàáîòêå òðóäíî äåôîðìèðîâàííûõ èëè õðóïêèõ ìàòåðèàëîâ, ãäå âîçìîæíî ïðîñêàëüçûâàíèå ìåæäó áîéêàìè è îáðàçöîì èëè ðàñòðåñêèâàíèå ïîñëåäíåãî. Äëÿ èõ óñòðàíåíèÿ íåîáõîäèìî ïîâûøåíèå ïðèëîæåííîãî äàâëåíèÿ, íî ýòî ñîçäàåò äîïîëíèòåëüíûå òåõíîëîãè÷åñêèå òðóäíîñòè â ïîäáîðå áîëåå ïðî÷íîãî ìàòåðèàëà áîéêîâ, îïòèìèçàöèè êîíñòðóêöèè îñíàñòêè.

Ïîëó÷åííûå ÈÏÄ êðó÷åíèåì îáðàçöû èìåþò îáû÷íóþ ôîðìó äèñêîâ ðàçìåðîì îò 10 äî 20 ìì è òîëùèíîé 0,2-0,5 ìì. Ñóùåñòâåííîå èçìåëü÷åíèå ñòðóêòóðû íàáëþäàåòñÿ óæå ïîñëå äåôîðìèðîâàíèÿ íà ïîë-îáîðîòà [20], íî äëÿ ñîçäàíèÿ îäíîðîäíîé íàíîñòðóêòóðû òðåáóåòñÿ, êàê ïðàâèëî, äåôîðìàöèÿ â íåñêîëüêî îáîðîòîâ.

Íåäàâíèå èññëåäîâàíèÿ ïîêàçàëè òàêæå, ÷òî ÈÏÄ êðó÷åíèåì ìîæåò áûòü óñïåøíî èñïîëüçîâàíà íå òîëüêî äëÿ èçìåëü÷åíèÿ ñòðóêòóðû, íî è êàê ìåòîä êîíñîëèäàöèè ïîðîøêîâ [21-23,44,45]. Ïðè ýòîì îáíàðóæåíî, ÷òî âûñîêèå äàâëåíèÿ, ðàâíûå íåñêîëüêèì ÃÏà, ïðè äåôîðìàöèè êðó÷åíèåì ïðè êîìíàòíîé òåìïåðàòóðå ìîãóò îáåñïå÷èâàòü äîñòàòî÷íî âûñîêóþ ïëîòíîñòü, áëèçêóþ ê 100%, â ïîëó÷àåìûõ íàíîñòðóêòóðíûõ îáðàçöàõ â ôîðìå äèñêîâ. Ïðè ýòîì äëÿ ïîëó÷åíèÿ òàêèõ îáðàçöîâ êîíñîëèäàöèåé ÈÏÄ êðó÷åíèåì ìîãóò èñïîëüçîâàòüñÿ íå òîëüêî îáû÷íûå ïîðîøêè, íî òàêæå è ïîðîøêè, ïîäâåðãíóòûå îáðàáîòêå â øàðîâîé ìåëüíèöå. 

Â êà÷åñòâå èëëþñòðàöèè ïðèâåäåì ïðèìåð êîìïàêòèðîâàíèÿ ÈÏÄ êðó÷åíèåì ïîëó÷åííîãî â øàðîâîé ìåëüíèöå íàíîñòðóêòóðíîãî ïîðîøêà Ni [44]. Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ïëîòíîñòü ïîëó÷åííûõ îáðàçöîâ áëèçêà ê 95% îò òåîðåòè÷åñêîé ïëîòíîñòè ìàññèâíîãî êðóïíîêðèñòàëëè÷åñêîãî Ni. Ïðè ýòîì â îáðàçöàõ îòñóòñòâîâàëà âèäèìàÿ â ÒÅÌ ïîðèñòîñòü è áûë î÷åíü ìàëûé ñðåäíèé ðàçìåð çåðåí, ðàâíûé ïðèìåðíî 17 íì, à, ñëåäîâàòåëüíî, ïðèñóòñòâîâàëà áîëüøàÿ äîëÿ ãðàíèö çåðåí. Ïîñêîëüêó ãðàíèöû çåðåí èìåþò ïîíèæåííóþ àòîìíóþ ïëîòíîñòü, àâòîðû ïðåäïîëàãàþò, ÷òî äàííûå îáðàçöû äåìîíñòðèðóþò ñíèæåíèå òåîðåòè÷åñêîé ïëîòíîñòè â ìàòåðèàëàõ ñ î÷åíü ìàëûì ðàçìåðîì çåðåí è ñèëüíûìè èñêàæåíèÿìè êðèñòàëëè÷åñêîé ðåøåòêè (ñì. òàêæå ãëàâó 2). Ïðèìå÷àòåëüíûì ÿâëÿåòñÿ òàêæå òîò ôàêò, ÷òî ìèêðîòâåðäîñòü îáðàçöîâ Ni, ïîëó÷åííûõ ìåòîäîì êîíñîëèäàöèè ÈÏÄ, ñîñòàâèëà 8,60(0,17 ÃÏà. Äàííîå çíà÷åíèå ÿâëÿåòñÿ ñàìûì âûñîêèì çíà÷åíèåì ìèêðîòâåðäîñòè, óïîìèíàâøèìñÿ â ëèòåðàòóðå äëÿ íàíîêðèñòàëëè÷åñêîãî Ni.

Ñïîñîá ÐÊÓ ïðåññîâàíèÿ, ðåàëèçóþùèé äåôîðìàöèþ ìàññèâíûõ îáðàçöîâ ïðîñòûì ñäâèãîì, áûë ðàçðàáîòàí Â.Ì. Ñåãàëîì ñ ñîòðóäíèêàìè â 70-õ ãîäàõ äëÿ òîãî, ÷òîáû ïîäâåðãàòü ìàòåðèàëû ïëàñòè÷åñêèì äåôîðìàöèÿì áåç èçìåíåíèÿ ïîïåðå÷íîãî ñå÷åíèÿ îáðàçöîâ, ÷òî ñîçäàåò âîçìîæíîñòü äëÿ èõ ïîâòîðíîãî äåôîðìèðîâàíèÿ [24,27]. Â íà÷àëå 90-õ ãîäîâ äàííûé ñïîñîá áûë ðàçâèò è ïðèìåíåí êàê ìåòîä ÈÏÄ äëÿ ïîëó÷åíèÿ ñòðóêòóð ñ ñóáìèêðîêðèñòàëëè÷åñêèì è íàíîìåòðè÷åñêèì ðàçìåðîì çåðåí [10,13,31]. Â ýòèõ ýêñïåðèìåíòàõ èñõîäíûå çàãîòîâêè ñ êðóãëûì èëè êâàäðàòíûì ïîïåðå÷íûì ñå÷åíèåì âûðåçàëè èç ïðóòêîâ äëèíîé îò 70 äî 100 ìì. Äèàìåòð ïîïåðå÷íîãî ñå÷åíèÿ èëè åãî äèàãîíàëü, êàê ïðàâèëî, íå ïðåâûøàëè 20 ìì.

Ïðè ðåàëèçàöèè ÐÊÓ ïðåññîâàíèÿ çàãîòîâêà íåîäíîêðàòíî ïðîäàâëèâàåòñÿ â ñïåöèàëüíîé îñíàñòêå ÷åðåç äâà êàíàëà ñ îäèíàêîâûìè ïîïåðå÷íûìè ñå÷åíèÿìè, ïåðåñåêàþùèìèñÿ îáû÷íî ïîä óãëîì 90(. Ïðè íåîáõîäèìîñòè â ñëó÷àå òðóäíîäåôîðìèðóåìûõ ìàòåðèàëîâ äåôîðìàöèÿ îñóùåñòâëÿåòñÿ ïðè ïîâûøåííûõ òåìïåðàòóðàõ.

Êîãäà âíåøíèé óãîë ( = 0î, à âíóòðåííèé óãîë ( ïðîèçâîëåí (Ðèñ. 2), ñîãëàñíî [24], ïðèðàùåíèå ñòåïåíè äåôîðìàöèè ((i ïðè ñäâèãå â õîäå êàæäîãî ïðîõîäà ÷åðåç êàíàëû ìîæåò áûòü ðàññ÷èòàíî ñ èñïîëüçîâàíèåì âûðàæåíèÿ

((((((i(((�EMBED Equation.3���(cot(((((                                              (4)

Çäåñü P – ïðèëîæåííîå äàâëåíèå, Y – íàïðÿæåíèå òå÷åíèÿ äåôîðìèðóåìîãî ìàòåðèàëà. 

Ïîñêîëüêó ïðè ÐÊÓ ïðåññîâàíèè çàãîòîâêà ïðîäàâëèâàåòñÿ ÷åðåç ïåðåñåêàþùèåñÿ êàíàëû íåñêîëüêî ðàç, òî îáùàÿ ñòåïåíü äåôîðìàöèè 

(N = N ( ((i ,                                                         (5)

ãäå N – ÷èñëî ïðîõîäîâ.

Áîëåå îáùåå ñîîòíîøåíèå, ïîçâîëÿþùåå ðàññ÷èòûâàòü ñòåïåíü äåôîðìàöèè îáðàçöà ïðè ÐÊÓ ïðåññîâàíèè çà N ïðîõîäîâ, èìååò ñëåäóþùèé âèä [16]:

�EMBED Equation.3���                              (6)

Èç ïîñëåäíåãî ñîîòíîøåíèÿ ñëåäóåò, ÷òî ïðè íàèáîëåå ÷àñòî èñïîëüçóåìîì óãëå ( =90(, êàæäûé ïðîõîä ñîîòâåòñòâóåò äîáàâî÷íîé ñòåïåíè äåôîðìàöèè, ïðèìåðíî ðàâíîé 1. 

Â ïðîöåññå ÐÊÓ ïðåññîâàíèÿ äëÿ ñòðóêòóðîîáðàçîâàíèÿ âåñüìà ÿâëÿþòñÿ íàïðàâëåíèå è ÷èñëî ïðîõîäîâ çàãîòîâêè ÷åðåç êàíàëû. Â ðàáîòàõ [24,27-30] áûëè ðàññìîòðåíû ñëåäóþùèå ìàðøðóòû çàãîòîâîê (Ðèñ. 3): îðèåíòàöèÿ çàãîòîâêè îñòàåòñÿ íåèçìåííîé ïðè êàæäîì ïðîõîäå (ìàðøðóò À); ïîñëå êàæäîãî ïðîõîäà çàãîòîâêà ïîâîðà÷èâàåòñÿ âîêðóã ñâîåé ïðîäîëüíîé îñè íà óãîë 90î (ìàðøðóò Â); ïîñëå êàæäîãî ïðîõîäà çàãîòîâêà ïîâîðà÷èâàåòñÿ âîêðóã ñâîåé ïðîäîëüíîé îñè íà óãîë 180î (ìàðøðóò Ñ). 

Äàííûå ìàðøðóòû ðàçëè÷àþòñÿ íàïðàâëåíèÿìè ñäâèãà ïðè ïîâòîðíûõ ïðîõîäàõ çàãîòîâêè ÷åðåç ïåðåñåêàþùèåñÿ êàíàëû è ïðèâîäÿò . ôîðìîèçìåíåíèåì ñôåðè÷åñêîé ÿ÷åéêè â òåëå çàãîòîâêè â õîäå ÐÊÓ ïðåññîâàíèÿ

Â õîäå ïåðâîãî ïðîõîäà â ðåçóëüòàòå ïðîñòîãî ñäâèãà ïðè ÐÊÓ ïðåññîâàíèè â ìåñòå ïåðåñå÷åíèÿ êàíàëîâ ÿ÷åéêà ïðèîáðåòàåò ôîðìó ýëëèïñîèäà (Ðèñ. 4à). Ïîñëåäóþùèå ïðîõîäû â õîäå ðåàëèçàöèè ìàðøðóòà À ïðèâîäÿò ê óäëèíåíèþ îñè 1 è ýëëèïñîèä âûòÿãèâàåòñÿ. Ïðè ýòîì íàïðàâëåíèå ñäâèãà ïîâîðà÷èâàåòñÿ íà óãîë 2( âîêðóã îñè, ïåðïåíäèêóëÿðíîé ïðîäîëüíîìó ñå÷åíèþ êàíàëîâ, ÷òî íàãëÿäíî ïðîäåìîíñòðèðîâàíî íà Ðèñ. 4á.

Ïîâòîðíûé ïðîõîä ïðè ìàðøðóòå Â ïðèâîäèò ê èçìåíåíèþ íàïðàâëåíèÿ ñäâèãà; ïðè ýòîì ïëîñêîñòü ñäâèãà ïîâîðà÷èâàåòñÿ íà óãîë 120( (ïðè 2(=90î) (Ðèñ. 5á) [28].

Â õîäå ðåàëèçàöèè äåôîðìàöèè ïî ìàðøðóòó Ñ (Ðèñ. 3â) ïîâòîðíûé ïðîõîä ïðèâîäèò ê ñäâèãó â òîé æå ïëîñêîñòè, íî â ïðîòèâîïîëîæíîì íàïðàâëåíèè (Ðèñ. 4â, 5â). Ïðè ýòîì ÿ÷åéêà âíîâü ïðèîáðåòàåò ñôåðè÷åñêóþ ôîðìó.

	Èñïîëüçîâàíèå âñåõ òðåõ ìàðøðóòîâ ïðèâîäèò ê áûñòðîìó ðîñòó ïðåäåëîâ òåêó÷åñòè è ïðî÷íîñòè îáðàáàòûâàåìîãî ìàòåðèàëà, êîòîðûå óæå ïîñëå íåñêîëüêèõ ïðîõîäîâ äîñòèãàþò íàñûùåíèÿ [26]. 

Â ðàáîòå (31( ïîêàçàíî, ÷òî ïåðâûå òðè öèêëà äåôîðìèðîâàíèÿ îáðàçöîâ Cu è Ni ÐÊÓ ïðåññîâàíèåì ïðèâîäÿò ê ðîñòó óñèëèÿ äåôîðìàöèè. Äàëåå íàñòóïàåò óñòàíîâèâøàÿñÿ ñòàäèÿ óïðî÷íåíèÿ è óñèëèå ïðàêòè÷åñêè íå èçìåíÿåòñÿ. 

	Âñåñòîðîííÿÿ êîâêà. 

	Åùå îäíèì ñïîñîáîì ôîðìèðîâàíèÿ íàíîñòðóêòóð â ìàññèâíûõ îáðàçöàõ ÿâëÿåòñÿ âñåñòîðîííÿÿ êîâêà, ïðåäëîæåííàÿ Ã.À. Ñàëèùåâûì ñ ñîàâòîðàìè (32-39(. Ïðîöåññ âñåñòîðîííåé êîâêè îáû÷íî ñîïðîâîæäàåòñÿ äèíàìè÷åñêîé ðåêðèñòàëëèçàöèåé.

Ñõåìà âñåñòîðîííåé êîâêè (Ðèñ. 6) îñíîâàíà íà èñïîëüçîâàíèè ìíîãîêðàòíîãî ïîâòîðåíèÿ îïåðàöèé ñâîáîäíîé êîâêè: îñàäêà-ïðîòÿæêà ñî ñìåíîé îñè ïðèëàãàåìîãî äåôîðìèðóþùåãî óñèëèÿ. Îäíîðîäíîñòü äåôîðìàöèè â äàííîé òåõíîëîãè÷åñêîé ñõåìå ïî ñðàâíåíèþ ñ ÐÊÓ-ïðåññîâàíèåì èëè êðó÷åíèåì íèæå. Îäíàêî äàííûé ñïîñîá ïîçâîëÿåò ïîëó÷àòü íàíîñòðóêòóðíîå ñîñòîÿíèå â äîñòàòî÷íî õðóïêèõ ìàòåðèàëàõ, ïîñêîëüêó îáðàáîòêó íà÷èíàþò ñ ïîâûøåííûõ òåìïåðàòóð è îáåñïå÷èâàþòñÿ íåáîëüøèå óäåëüíûå íàãðóçêè íà èíñòðóìåíò. Âûáîð ñîîòâåòñòâóþùèõ òåìïåðàòóðíî-ñêîðîñòíûõ óñëîâèé äåôîðìàöèè ïîçâîëÿåò äîáèâàòüñÿ ìèíèìàëüíîãî ðàçìåðà çåðåí.

Ìåòîä ÈÏÄ âñåñòîðîííåé êîâêîé áûë èñïîëüçîâàí äëÿ èçìåëü÷åíèÿ ñòðóêòóðû â öåëîì ðÿäå ñïëàâîâ, â òîì ÷èñëå â ÷èñòîì Ti [38,39], òèòàíîâûõ ñïëàâàõ ÂÒ8 [32,35], ÂÒ30 [33], Ti-6%Al-32%Mo [36,38], ìàãíèåâîì ñïëàâå Mg-6%Zr [36], âûñîêîïðî÷íûõ âûñîêîëåãèðîâàííûõ íèêåëåâûõ ñïëàâàõ [37,38], è äðóãèõ. Îáû÷íî äàííûé ïîäõîä ðåàëèçóåòñÿ ïðè òåìïåðàòóðàõ ïëàñòè÷åñêîé äåôîðìàöèè â èíòåðâàëå 0,1(0,5 Òïë.. Ïîêàçàíî, ÷òî âîäîðîäíîå ëåãèðîâàíèå äâóõôàçíûõ òèòàíîâûõ ñïëàâîâ ïðèâîäèò ê ôîðìèðîâàíèþ ìåíüøåãî ðàçìåðà çåðåí ïðè îäíîâðåìåííîì óâåëè÷åíèè ïëàñòè÷íîñòè è ïîíèæåíèè òåìïåðàòóðû äåôîðìàöèè [46].

Òàêèì îáðàçîì, ê íàñòîÿùåìó âðåìåíè ìåòîäû ÈÏÄ ïîëó÷èëè àêòèâíîå ðàçâèòèå êàê ñïîñîáû, ïðåäíàçíà÷åííûå äëÿ ïîëó÷åíèÿ íàíîñòðóêòóð â ìàññèâíûõ îáðàçöàõ èç ðàçëè÷íûõ ìåòàëëîâ è ñïëàâîâ. Òåì íå ìåíåå, âîïðîñ î ïîëó÷åíèè ìàññèâíûõ çàãîòîâîê á(ëüøåãî ðàçìåðà è áîëåå îäíîðîäíûõ ïî ìèêðîñòðóêòóðå îñòàåòñÿ âñå åùå âåñüìà àêòóàëüíûì (ñì. ðàçäåë 1.2). Àêòóàëüíû òàêæå ïðîáëåìû ðàçðàáîòêè íîâûõ òåõíîëîãè÷åñêè áîëåå ýôôåêòèâíûõ ñõåì ÈÏÄ, ñîâåðøåíñòâîâàíèÿ îñíàñòîê è ðàñøèðåíèÿ êðóãà ìàòåðèàëîâ, â òîì ÷èñëå òðóäíîäåôîðìèðóåìûõ, â êîòîðûõ ìîæíî ñôîðìèðîâàòü íàíîñòðóêòóðíîå ñîñòîÿíèå.



Òèïè÷íûå íàíîñòðóêòóðû è èõ ôîðìèðîâàíèå 



	Ìåòîäû èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè ìîãóò îáåñïå÷èòü ôîðìèðîâàíèå íàíîñòðóêòóð â ðàçëè÷íûõ ìàòåðèàëàõ. Îäíàêî ïîëó÷àåìûé ðàçìåð çåðåí è õàðàêòåð ôîðìèðóþùåéñÿ ñòðóêòóðû çàâèñÿò îò ïðèìåíÿåìîãî ìåòîäà ÈÏÄ, ðåæèìîâ îáðàáîòêè, ôàçîâîãî ñîñòàâà è èñõîäíîé ìèêðîñòðóêòóðû ìàòåðèàëà. Íèæå áóäóò ïðèâåäåíû ïðèìåðû òèïè÷íûõ íàíîñòðóêòóð, îáñóæäàþòñÿ ïóòè ïîëó÷åíèÿ ìèíèìàëüíîãî ðàçìåðà çåðåí â ðàçëè÷íûõ ìàòåðèàëàõ, ïîëó÷åííûõ ìåòîäàìè ÈÏÄ, ðàññìîòðåíû äàííûå îá ýâîëþöèè ìèêðîñòðóêòóðû â õîäå èíòåíñèâíûõ äåôîðìàöèé.

	Ê íàñòîÿùåìó âðåìåíè íàíîñòðóêòóðû ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ìåòîäîâ ÈÏÄ ïîëó÷åíû  â ÷èñòûõ ìåòàëëàõ, ìíîãèõ ñïëàâàõ è ñòàëÿõ, à òàêæå â èíòåðìåòàëëèäàõ è íåêîòîðûõ ïîëóïðîâîäíèêàõ.

Â ÷èñòûõ ìåòàëëàõ ÈÏÄ êðó÷åíèåì ìîæåò ïðèâîäèòü ê ôîðìèðîâàíèþ ðàâíîîñíîé çåðåííîé ñòðóêòóðû, ñðåäíèé ðàçìåð çåðåí â êîòîðîé ñîñòàâëÿåò îáû÷íî îêîëî 100 íì, à ðàâíîêàíàëüíî-óãëîâîå ïðåññîâàíèå îáåñïå÷èâàåò ðàçìåð çåðåí, ðàâíûé 200-300 íì. Íà Ðèñ. 7à ïîêàçàíû òèïè÷íûå íàíîñòðóêòóðû â ìåäè (99.98), ïîäâåðãíóòîé ÈÏÄ êðó÷åíèåì ïðè êîìíàòíîé òåìïåðàòóðå (å=7, Ð=7ÃÏà), íàáëþäàåìûå â ïðîñâå÷èâàþùåì ýëåêòðîííîì ìèêðîñêîïå â ñâåòëîïîëüíîì è  òåìíîïîëüíîì èçîáðàæåíèÿõ, âìåñòå ñ ñîîòâåòñòâóþùåé äèôðàêöèîííîé êàðòèíîé (47,48(. Íà èçîáðàæåíèÿõ ñòðóêòóðû Cu ìíîãèå ãðàíèöû çåðåí âèäèìû îò÷åòëèâî, íî îíè, êàê ïðàâèëî, íå ÿâëÿþòñÿ ïðÿìûìè, à èñêðèâëåíû è íåðîâíû. Âìåñòå ñ òåì ìíîãî òàêæå ãðàíèö, èçîáðàæåíèÿ êîòîðûõ ïëîõî îïðåäåëåíû, à äèôðàêöèîííûé êîíòðàñò â çåðíàõ íåîäíîðîäåí è ÷àñòî èçìåíÿåòñÿ ñëîæíûì ïóòåì, óêàçûâàÿ íà âûñîêèé óðîâåíü âíóòðåííèõ íàïðÿæåíèé è óïðóãèå èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè. Òàêîé ñëîæíûé êîíòðàñò ïðèñóòñòâóåò êàê â çåðíàõ, ñîäåðæàùèõ ðåøåòî÷íûå äèñëîêàöèè, òàê è áåçäåôåêòíûõ, ñâèäåòåëüñòâóÿ, ÷òî èñòî÷íèêàìè âíóòðåííèõ íàïðÿæåíèé ÿâëÿþòñÿ ãðàíèöû çåðåí. Íà âûñîêèå âíóòðåííèå íàïðÿæåíèÿ â îáðàçöàõ óêàçûâàåò òàêæå àçèìóòàëüíîå ðàçìûòèå òî÷å÷íûõ ðåôëåêñîâ íàáëþäàåìîå íà ýëåêòðîíîãðàììàõ. Ñðåäíÿÿ ïëîòíîñòü ðåøåòî÷íûõ äèñëîêàöèé â SPD ìåäè â ñîãëàñèè [47,48] ñîñòàâèëà îêîëî 5õ1014 ì-2 . Ìíîãî÷èñëåííûå ðåôëåêñû íà ýëåêòðîíîãðàììå, ðàñïîëîæåííûå âäîëü îêðóæíîñòåé, óêàçûâàþò íà áîëüøåóãëîâûå ðàçîðèåíòèðîâêè ñîñåäíèõ îáëàñòåé êðèñòàëëè÷åñêîé ðåøåòêè. Ïðèñóòñòâèå ïðåèìóùåñòâåííî âûñîêîóãëîâûõ ãðàíèö â ñòðóêòóðå ìåòàëëîâ ïîñëå èíòåíñèâíîé äåôîðìàöèè áûëî ïîäòâåðæäåíî òàêæå ïðÿìûìè èçìåðåíèÿìè ðàçîðèåíòèðîâîê èíäèâèäóàëüíûõ ãðàíèö çåðåí [43] è ýòî ÿâëÿåòñÿ âàæíîé îñîáåííîñòüþ ìàòåðèàëîâ, ïîäâåðãíóòûõ ÈÏÄ. Ãèñòîãðàììû ðàñïðåäåëåíèÿ ïî ðàçìåðàì çåðåí ïîñòðîåííûå â [47] ïî òåìíîïîëüíûì èçîáðàæåíèÿì ïîêàçàëè, ÷òî ñòðóêòóðà ÓÌÇ ìåäè õàðàêòåðèçóåòñÿ ëîãàðèôìè÷åñêèì íîðìàëüíûì ðàñïðåäåëåíèåì ñî ñðåäíèì ðàçìåðîì çåðåí 107 íì (Ðèñ. 7â). 

Àíàëîãè÷íûå îñîáåííîñòè íàíîñòðóêòóð íàáëþäàëè â ÷èñòîì íèêåëå ïîäâåðãíóòîãî SPTS ïðè êîìíàòíîé òåìïåðàòóðå [49]. Â òî æå âðåìÿ, â îáðàçöàõ àðìêî-Fe [20] è Ti [50], èìåþùèõ, ñîîòâåòñòâåííî, ÎÖÊ è ÃÏÓ êðèñòàëëè÷åñêèå ðåøåòêè, áûë ïîëó÷åí åùå áîëåå ìåëêèé ðàçìåð çåðåí ( îêîëî 80 íì, íî, ïðè ýòîì, â èõ ñòðóêòóðå íàáëþäàëñÿ áîëåå ñëîæíûé äèôðàêöèîííûé êîíòðàñò âûçâàííûé áîëåå âûñîêèì óðîâíåì âíóòðåííèõ óïðóãèõ íàïðÿæåíèé. Áîëåå ïîäðîáíî äåôåêòíàÿ ñòðóêòóðà ìàòåðèàëîâ, ïîäâåðãíóòûõ ÈÏÄ áóäåò ðàññìîòðåíà â ãëàâå 2.

Êàê ïîêàçàíî â ðàáîòàõ [31,51] ÐÊÓ-ïðåññîâàíèå òàêæå ìîæåò ïðèâîäèòü ê ôîðìèðîâàíèþ ðàâíîîñíûõ ÓÌÇ ñòðóêòóð â ÷èñòûõ ìåòàëëàõ. Â ÷àñòíîñòè, â Cu (99.97%), ïîäâåðãíóòûé ÐÊÓ ïðåññîâàíèþ ïðè êîìíàòíîé òåìïåðàòóðå (12 ïðîõîäîâ, ðåæèì ïî òèïó Â) ñðåäíèé ðàçìåð çåðåí ñîñòàâèë 210 íì (Ðèñ. 8à), à ðàñïðåäåëåíèå çåðåí ïî ðàçìåðàì áûëî ïîäîáíî ëîãíîðìàëüíîìó [51,52]. Â òî æå âðåìÿ, ÒÅÌ èññëåäîâàíèÿ âûÿâèëè ïðèñóòñòâèå 3-õ òèïîâ çåðåí. Â ìàëûõ çåðíàõ ñ ðàçìåðîì äî 100 íì, ðåøåòî÷íûå äèñëîêàöèè ïðàêòè÷åñêè îòñóòñòâîâàëè, òîãäà êàê, â çåðíàõ ñðåäíåãî ðàçìåðà, 200(300 íì íàáëþäàëèñü îòäåëüíûå, õàîòè÷åñêè ðàñïîëîæåííûå äèñëîêàöèè à â áîëüøèõ çåðíàõ (400(500íì) îáíàðóæåíî ôîðìèðîâàíèå ñóáçåðåí. Ñðåäíÿÿ ïëîòíîñòü ðåùåòî÷íûõ äèñëîêàöèé â òåëå çåðåí ñîñòàâèëà 5(1014ì-2. Âìåñòå ñ òåì, âèä ñòðóêòóðû ïîñëå ÐÊÓ ïðåññîâàíèÿ î÷åíü ñèëüíî çàâèñèò îò ðåæèìîâ äåôîðìèðîâàíèÿ. Íàïðèìåð, ïðè òîì æå êîëè÷åñòâå ïðîõîäîâ (12) èçìåíåíèå ìàðøðóòà çàãîòîâîê ïðè ÐÊÓ ïðåññîâàíèè ìåäè îò Â ê Ñ (ñì.( 1.1) ïðèâîäèò ê ôîðìèðîâàíèþ ïðèíöèïèàëüíî äðóãîãî òèïà ìèêðîñòðóêòóðû - ïîëîñîâîé ñòðóêòóðû, èìåþùåé ìíîãî ìàëîóãëîâûõ ãðàíèö (Ðèñ. 8á). Íåäàâíî ýòîò âîïðîñ ïîäðîáíî èññëåäîâàëñÿ ïðè ÐÊÓ ïðåññîâàíèè Al â ðàáîòå (28(, ãäå ïîêàçàíî, ÷òî îäíîðîäíîñòü ôîðìèðóþùåéñÿ ñòðóêòóðû, óäëèíåíèå çåðåí, äîëÿ áîëüøåóãëîâûõ ãðàíèö çåðåí îïðåäåëÿåòñÿ íå òîëüêî ñòåïåíüþ äåôîðìàöèè, íî è â çíà÷èòåëüíîé ñòåïåíè ðåæèìàìè ïðåññîâàíèÿ. Íåîáõîäèìî òàêæå ó÷èòûâàòü âîçìîæíûé ñàìîðàçîãðåâ îáðàçöîâ ïðè ÐÊÓ ïðåññîâàíèè (53(, ÷òî òàêæå îêàçûâàåò ñóùåñòâåííîå âëèÿíèå íà ôîðìèðîâàíèå ìèêðîñòðóêòóðû. Â ýòîé ñâÿçè ïîëó÷åíèå ìàññèâíûõ çàãîòîâîê ñ îäíîðîäíîé ÓÌÇ ñòðóêòóðîé ìåòîäîì ÐÊÓ ïðåññîâàíèÿ ÿâëÿåòñÿ ñïåöèàëèçèðîâàííîé íàó÷íî-òåõíè÷åñêîé çàäà÷åé.

Â ñïëàâàõ, ïîäâåðãíóòûõ èíòåíñèâíûì äåôîðìàöèÿì, êîíå÷íàÿ ñòðóêòóðà îïðåäåëÿåòñÿ íå òîëüêî óñëîâèÿìè îáðàáîòêè, íî è èñõîäíîé ìèêðîñòðóêòóðîé. Â îäíîôàçíûõ òâåðäûõ ðàñòâîðàõ ôîðìèðîâàíèå íàíîñòðóêòóð ïðîèñõîäèò àíàëîãè÷íî ÷èñòûì ìåòàëëàì, íî ïîëó÷àåìûé ðàçìåð çåðåí ìîæåò áûòü çíà÷èòåëüíî ìåíüøå. Íàïðèìåð, â çàêàëåííûõ Al ñïëàâàõ ïîñëå ÈÏÄ êðó÷åíèÿ ñðåäíèé ðàçìåð çåðåí îáû÷íî ñîñòàâëÿåò 70(80 íì (54,55(. Â ìíîãîôàçíûõ ñïëàâàõ ñóùåñòâåííóþ ðîëü èãðàþò ïðèðîäà è ìîðôîëîãèÿ âòîðûõ ôàç. Òàê, ïðè èíòåíñèâíîé äåôîðìàöèè 2-õ ôàçíîãî ñïëàâà Zn-22%Al íàáëþäàëè èçìåëü÷åíèå îáîèõ ôàç è ïîñëå ÈÏÄ êðó÷åíèÿ (5 îáîðîòîâ) óæå ïðè êîìíàòíîé òåìïåðàòóðå ñôîðìèðîâàëàñü íàíîäóïëåêñíàÿ ñòðóêòóðà ñ ðàçìåðîì çåðåí îáîèõ (- è (- ôàç ìåíåå 100 íì (Ðèñ. 9) [14]. Ïðè íàëè÷èè â èñõîäíîé ñòðóêòóðå ñïëàâà ÷àñòèö âòîðûõ ôàç áîëåå ïðî÷íûõ, ÷åì ìàòðèöà, ïðè èíòåíñèâíîé äåôîðìàöèè ìîæåò ïðîèñõîäèòü èõ äðîáëåíèå, à òàêæå ðàñòâîðåíèå âñëåäñòâèå ìåõàíè÷åñêîãî ëåãèðîâàíèÿ, ïðèâîäÿùåãî ê îáðàçîâàíèþ ïåðåñûùåííîãî òâåðäîãî ðàñòâîðà.

	Èíòåðåñíûì ïðèìåðîì ôîðìèðîâàíèÿ òàêèõ ìåòàñòàáèëüíûõ ñîñòîÿíèé ÿâëÿåòñÿ èíòåíñèâíàÿ ïëàñòè÷åñêàÿ äåôîðìàöèÿ âûñîêîóãëåðîäèñòîé ñòàëè Ó12 [56]. Èññëåäîâàííàÿ ñòàëü Ó12 íàõîäèëàñü â íîðìàëèçîâàííîì ñîñòîÿíèè (Ðèñ.10à) è èìåëà ïåðëèòíóþ ñòðóêòóðó, à òàêæå ñîäåðæàëà èçáûòî÷íûé öåìåíòèò. Ïîñëå ÈÏÄ êðó÷åíèåì (Ð = 6 ÃÏà, å = 7 ) ïðîèçîøëî ôîðìèðîâàíèå ÷ðåçâû÷àéíî äèñïåðñíîé ñòðóêòóðû ñ ðàçìåðîì çåðåí îêîëî 20 íì (Ðèñ. 10á). ïðè ïîëíîì ðàñòâîðåíèè öåìåíòèòà. Ïîëó÷åííàÿ íàíîñòðóêòóðà  ïðåäñòàâëÿëà ñîáîé ïåðåñûùåííûé òâåðäûé ðàñòâîð Ñ â (-Fe.

	Îáðàçîâàíèå òâåðäûõ ðàñòâîðîâ áûëî îáíàðóæåíî òàêæå ïðè ÈÏÄ ðÿäà ñïëàâîâ ñèñòåì áåç âçàèìíîé ðàñòâîðèìîñòè: Cu-50%Al [45], Al-Fe [57] è äðóãèõ. Ñïëàâ Al-7,5%Fe, èññëåäîâàííûé â [57] áûë â ëèòîì ñîñòîÿíèè è èìåë äåíäðèòíóþ ñòðóêòóðó, ñîäåðæàùóþ ÃÖÊ Al (ìàòðèöà) è ìîíîêëèííóþ Al13Fe4 ôàçû (Ðèñ. 11à) ñ ðàçìåðàìè áîëåå 10 ìêì. Ïîñëå ÈÏÄ êðó÷åíèåì ñôîðìèðîâàëàñü óëüòðàìåëêîçåðíèñòàÿ ñòðóêòóðà â ìàòðèöå ñî ñðåäíèì ðàçìåðîì çåðåí îêîëî 100 íì (Ðèñ. 11á). Ïðè ýòîì, êàê ïîêàçàë ýíåðãîäèñïåðñèîííûé àíàëèç, Al ôàçà ñòàëà ïåðåñûùåííûì òâåðäûì ðàñòâîðîì ñîäåðæàùèì îò 1,34 äî 2,24 âåñ.: (îò 0,65 äî 1,10 àò.% ) Fe. Â òîæå âðåìÿ äåíäðèòû Al13Fe4 ôàçû ÷àñòè÷íî òðàíñôîðìèðîâàëèñü â îêðóãëåííûå ÷àñòèöà ñ ðàçìåðîì îêîëî ìèêðîíà, è ÷àñòè÷íî ðàñòâîðèëèñü îáðàçóÿ òâåðäûé ðàñòâîð.

Îáðàçóþùèåñÿ ïîñëå ÈÏÄ òàêèå ìåòàñòàáèëüíûå íàíîñòðóêòóðíûå ñîñòîÿíèÿ âåñüìà èíòåðåñíû òåì, ÷òî ïîñëå íàãðåâà ïðîèñõîäèò èõ ðàñïàä, ïðèâîäÿùèé ê íîâûì íåîáû÷íûì ñâîéñòâàì ìàòåðèàëîâ (Ðàçäåë 3.2).

Åùå îäíîé îñîáåííîñòüþ èíòåíñèâíîé äåôîðìàöèè â ñïëàâàõ ÿâëÿåòñÿ âîçìîæíîñòü ðàçâèòèÿ äâîéíèêîâàíèÿ. Íàïðèìåð, ïîñëå ÈÏÄ êðó÷åíèåì â Ìg ñïëàâå ÌÀ-8 [58], áûëî îáíàðóæåíî, íàðÿäó ñ ñèëüíûì èçìåëü÷åíèåì ñðóêòóðû ïîÿâëåíèå áîëüøîãî êîëè÷åñòâà ìèêðîäâîéíèêîâ.

Â èíòåðìåòàëëèäíûõ ñîåäèíåíèÿõ ïîñëå èíòåíñèâíîé äåôîðìàöèè íàáëþäàëè íå òîëüêî ôîðìèðîâàíèå íàíîñòðóêòóðû, íî è èõ àòîìíîå ðàçîóïîðÿäî÷åíèå. Ïîäðîáíî ýòîò âîïðîñ èññëåäîâàëñÿ â èíòåðìåòàëëèäàõ Ni3Al [59,60] è TiAl [61]. Â Ni3Al, êàê ïîêàçàëè ýëåêòðîííîìèêðîñêîïè÷åñêèå íàáëþäåíèÿ, ïîñëå ÈÏÄ êðó÷åíèåì ( Ð = 8 ÃÏÀ, å = 7) ôîðìèðóåòñÿ íàíîñòðóêòóðà ñî ñðåäíèì ðàçìåðîì çåðåí îêîëî 50 íì, êîòîðàÿ òàêæå ñîäåðæèò ìíîãî ÷ðåçâû÷àéíî äèñïåðñíûõ ìèêðîäâîéíèêîâ òîëùèíîé âñåãî 1-2 íì. Â òîæå âðåìÿ, ìåòîäîì ðåíòãåíîñòðóêòóðíîãî àíàëèçà áûëà îöåíåíà ñòåïåíü óïîðÿäî÷åíèÿ, èñïîëüçóÿ ñîîòíîøåíèå ìåæäó èíòåãðàëüíîé èíòåíñèâíîñòÿìè ïèêîâ 100 èëè 110 ñâåðõðåøåòêè è îñíîâíûõ ïèêîâ 200 èëè 220, ñîîòâåòñòâåííî. Ýòè èçìåðåíèÿ ïîêàçàëè ïîëíîå ðàçóïîðÿäî÷åíèå àòîìíîé ñòðóêòóðû â èíòåðìåòàëëèäå Ni3Al ïîñëå èíòåíñèâíîé äåôîðìàöèè, îäíàêî ïðè íàãðåâå óæå ïðè 350îÑ íàáëþäàëè ÷àñòè÷íîå âîññòàíîâëåíèå äàëüíåãî ïîðÿäêà. Â èíòåðìåòàëëèäå TiAl ïîñëå ÈÏÄ êðó÷åíèåì òàêæå áûëî äîñòèãíóòî ðàçóïîðÿäî÷åíèå ñî ñòåïåíüþ ïîðÿäêà 0,1 [61]. Íî çäåñü èñïîëüçîâàëè åùå áîëåå âûñîêîå ïðèëîæåííîå äàâëåíèå (Ð = 10 ÃÏà).

	Â ïîëóïðîâîäíèêîâûõ ìàòåðèàëàõ ãåðìàíèè è êðåìíèè, èìåþùèõ êðèñòàëëè÷åñêóþ ðåøåòêó òèïà àëìàçà, ïðèìåíåíèå ìåòîäà ÈÏÄ òàêæå ïîçâîëèëî ñôîðìèðîâàòü î÷åíü äèñïåðñíóþ ñòðóêòóðó (Ðèñ.12) [62,63]. Ïðè ýòîì, àíàëèç òåìíîïîëüíûõ èçîáðàæåíèé ïîêàçàë, ÷òî íàíîñòðóêòóðû â ãåðìàíèè è êðåìíèè õàðàêòåðèçîâàëèñü ëîãàðèôìè÷åñêèì íîðìàëüíûì ðàñïðåäåëåíèåì ïî ðàçìåðàì çåðåí ñî ñðåäíèì ðàçìåðîì 24 íì è 17 íì, ñîîòâåòñòâåííî. Èçó÷åíèå ýëåêòðîíîãðàìì ñíÿòûõ ñ ïëîùàäè 2 ìêì2 âûÿâèëî êîíöåíòðè÷åñêèå êîëüöà ñîñòîÿùèå èç ìíîãî÷èñëåííûõ òî÷å÷íûõ ðåôëåêñîâ. Â òî æå âðåìÿ, â íàíîñòðóêòóðíûõ ãåðìàíèè è êðåìíèè, ïîëó÷åííûõ èíòåíñèâíîé äåôîðìàöèåé êðó÷åíèåì ïîä äàâëåíèåì 7 ÃÏà, âûÿâëåíû ïîëèìîðôíûå ïðåâðàùåíèÿ. Òàê, â ãåðìàíèè íàáëþäàëîñü ïîÿâëåíèå òåòðàãîíàëüíîé ôàçû ñ êðèñòàëëè÷åñêîé ðåøåòêîé òèïà Ð43212 [64], à â êðåìíèè - êóáè÷åñêîé ôàçû ñ êðèñòàëëè÷åñêîé ðåøåòêîé òèïà Ia3 [64].

	Â ìåòàëëîêåðàìè÷åñêèõ êîìïîçèòàõ ïðèìåíåíèå ìåòîäà ÈÏÄ òàêæå ïðèâîäèò ê ôîðìèðîâàíèþ íàíîñòðóêòóð. Â ÷àñòíîñòè, îäíèì èç ñïîñîáîâ ïîëó÷åíèÿ êîìïîçèòîâ ÿâëÿåòñÿ êîíñîëèäàöèÿ ìåòàëëè÷åñêèõ è êåðàìè÷åñêèõ ïîðîøêîâ ïî ñõåìå äåôîðìàöèè êðó÷åíèåì. Íåäàâíî â ðàáîòå [23] ïîäðîáíî èññëåäîâàëè òèïû íàíîñòðóêòóð, ïîëó÷åííûõ SPTS êîíñîëèäàöèåé ìèêðîííûõ ïîðîøêîâ Cu è Al è íàíîïîðîøêîâ SiO2 Al2O3. Ïðè ýòîì, áûëè ïîëó÷åíû îáüåìíûå îáðàçöû íàíîêîìïîçèòîâ ñ ïëîòíîñòüþ âûøå 98% èìåþùèå ñðåäíèé ðàçìåð çåðåí 60 íì â Cu îáðàçöàõ è 200 íì â Al îáðàçöàõ.

	Ìåòîäû ÈÏÄ èñïîëüçîâàëè òàêæå äëÿ ôîðìèðîâàíèÿ ÓÌÇ ñòðóêòóð â ìîíîëèòíûõ îáðàçöàõ ìåòàëëîêåðàìè÷åñêèõ êîìïîçèòîâ, â êîòîðûõ êåðàìè÷åñêèå ÷àñòèöû áûëè ðàâíîìåðíî ðàñïðåäåëåíû â ìåòàëëè÷åñêîé ìàòðèöå [65,66]. Íàïðèìåð, â êîìïîçèòå Al6061+10%Al2O3 [65] è Al2009+15%SiC [66] èíòåíñèâíàÿ äåôîðìàöèÿ êðó÷åíèåì ïðèâåëà ê ôîðìèðîâàíèþ îäíîðîäíîé ñòðóêòóðû ñî ñðåäíèì ðàçìåðîì çåðåí ìàòðèöû îêîëî 70 íì (Ðèñ. 13). Îäíàêî, êåðàìè÷åñêèå ÷àñòèöû íå èçìåíèëè ïðè äåôîðìàöèè ñâîèõ èñõîäíîé ôîðìû è ðàçìåðîâ è èìåëè â êîìïîçèòå Al6061+10%Al2O3 ãëîáóëÿðíóþ ôîðìó ñ ðàçìåðîì îò 0,2 äî 5 ìêì, à â êîìïîçèòå Al2009+15%SiC ïëàñòèí÷àòóþ ôîðìó ñ ðàçìåðîì áîëåå 10 ìêì â äëèíó è äî 0,5 ìêì â ïîïåðå÷íîì ñå÷åíèè.

Ñóììèðóÿ ïðåäñòàâëåííûå ðåçóëüòàòû åùå ðàç ïîä÷åðêíåì, ÷òî ìíîãî÷èñëåííûå èññëåäîâàíèÿ äåìîíñòðèðóþò âîçìîæíîñòü ïîëó÷åíèÿ íàíîñòðóêòóð ìåòîäàìè èíòåíñèâíîé äåôîðìàöèè â ðàçëè÷íûõ ìåòàëëè÷åñêèõ ìàòåðèàëàõ. Ïðè ýòîì õàðàêòåð ôîðìèðóþùåéñÿ íàíîñòðóêòóðû îïðåäåëÿåòñÿ êàê ñàìèì ìàòåðèàëîì (èñõîäíîé ìèêðîñòðóêòóðîé, ôàçîâûì ñîñòàâîì, òèïîì êðèñòàëëè÷åñêîé ðåøåòêè), òàê è óñëîâèÿìè èíòåíñèâíîé äåôîðìàöèè (ñòåïåíüþ, ñêîðîñòüþ è òåìïåðàòóðîé äåôîðìàöèè, âåëè÷èíîé äàâëåíèÿ è ò.ä.). Â öåëîì, ñíèæåíèå òåìïåðàòóðû, óâåëè÷åíèå ïðèëîæåííîãî äàâëåíèÿ, ñòåïåíü ëåãèðîâàíèÿ ñïîñîáñòâóåò èçìåëü÷åíèþ ñòðóêòóðû è äîñòèæåíèþ íàèìåíüøåãî ðàçìåðà çåðíà.

Â çàêëþ÷åíèå ðàçäåëà ðàññìîòðèì êðàòêî âîïðîñ î ìåõàíèçìàõ ôîðìèðîâàíèÿ íàíîñòðóêòóð ïðè ÈÏÄ. Ê ñîæàëåíèþ, ê íàñòîÿùåìó âðåìåíè âûïîëíåíî ëèøü íåñêîëüêî ðàáîò ïî ýâîëþöèè ñòðóêòóðû â ïðîöåññå ÈÏÄ íàïðàâëåííûõ íà âûÿâëåíèå çàêîíîìåðíîñòåé ôîðìèðîâàíèÿ ÓÌÇ ñòðóêòóð è ïðîáëåìà îñòàåòñÿ âî ìíîãîì íå ÿñíîé. Â îäíîé èç ïåðâûõ òàêèõ ðàáîò [17] áûëà èññëåäîâàíà ýâîëþöèÿ ìèêðîñòðóêòóðû â ìîíîêðèñòàëëàõ Cu, Ni è Ni-Cr ñïëàâà ÕÍ77ÒÞÐ ïðè ÈÏÄ êðó÷åíèåì, ãäå íà çàêëþ÷èòåëüíîé ñòàäèè ôîðìèðîâàëèñü íàíîñòðóêòóðû ñ ðàçìåðîì êðèñòàëëèòîâ ïîðÿäêà 100 íì. Â ýòîé ðàáîòå, íà îñíîâàíèè àíàëèçà ïðîöåññîâ ýâîëþöèè ìèêðîñòðóêòóðû è èçìåðåíèé ìèêðîòâåðäîñòè áûëà cäåëàíà ïîïûòêà îïðåäåëèòü ïîñëåäîâàòåëüíîñòü ñòðóêòóðíûõ ïðåâðàùåíèé â ïðîöåññå èíòåíñèâíîé äåôîðìàöèè. Áûëî îáíàðóæåíî, ÷òî â ñëó÷àå èññëåäîâàííûõ ìàòåðèàëîâ ñ âûñîêîé ÝÄÓ (Ñu, Ni) ïî ìåðå óâåëè÷åíèÿ ñòåïåíè ëîãàðèôìè÷åñêîé äåôîðìàöèè äî å = 2 äèñëîêàöèè ñîñðåäîòà÷èâàþòñÿ â ãðàíèöàõ ÿ÷ååê è ïðàêòè÷åñêè îòñóòñòâóþò â èõ òåëå. Óìåíüøåíèå ðàçìåðà ÿ÷ååê è óâåëè÷åíèå ðàçîðèåíòèðîâîê ìåæäó íèìè ïðîèñõîäèò ïðè äàëüíåéøåé äåôîðìàöèè, å = 5, ÷òî, ïî ìíåíèþ àâòîðîâ, ìîæåò ïðèâîäèòü ê àêòèâèçàöèè ðîòàöèîííûõ ìîä äåôîðìàöèè îäíîâðåìåííî âî âñåì îáúåìå îáðàçöà, îáåñïå÷èâàÿ óñòàíîâèâøóþñÿ ñòàäèþ äåôîðìèðîâàíèÿ. Ïîíèæåíèå ÝÄÓ (ñïëàâ ÕÍ77ÒÞÐ) âûçûâàåò èçìåíåíèå ìåõàíèçìà èíòåíñèâíîé äåôîðìàöèè, êîãäà èçìåëü÷åíèå ìèêðîñòðóêòóðû îñóùåñòâëÿåòñÿ ïóòåì îáðàçîâàíèÿ ïîëîñ ñäâèãà, êîòîðûå ïîñòåïåííî îõâàòûâàþò âåñü îáúåì îáðàçöà.

	Ïðîâåäåííûå â ðàáîòe [20] ýëåêòðîííîìèêðîñêîïè÷åñêèå èññëåäîâàíèÿ òàêæå ïîêàçàëè, ÷òî ïðîöåññ ôîðìèðîâàíèÿ íàíîñòðóêòóð ïðè ÈÏÄ êðó÷åíèåì â Àðìêî-Fe è îäíîôàçíûõ ñòàëÿõ 13Õ25Ò è ÀISI-316L íîñèò âûðàæåííûé ñòàäèéíûé õàðàêòåð. Äëÿ 1-îé ñòàäèè, ñîîòâåòñòâóþùåé êðó÷åíèþ îò 1/4 äî 1 îáîðîòà, õàðàêòåðíà ÿ÷åèñòàÿ ñòðóêòóðà ñî ñðåäíèì ðàçìåðîì ÿ÷ååê 400 íì (Ðèñ. 14à). Óãîë ðàçîðèåíòàöèè ìåæäó ÿ÷åéêàìè ñîñòàâëÿåò 2-3°. Íà 2-îé ñòàäèè, ñîîòâåòñòâóþùåé äèàïàçîíó îò 1 äî 3 îáîðîòîâ, íàáëþäàåòñÿ ôîðìèðîâàíèå ïåðåõîäíîé ñòðóêòóðû ñ ïðèçíàêàìè êàê ÿ÷åèñòîé, òàê è íàíîñòðóêòóð (Ðèñ. 14á) ñ áîëüøåóãëîâûìè ðàçîðèåíòèðîâêàìè. Ïðè óâåëè÷åíèè ñòåïåíè äåôîðìàöèè ïðîèñõîäèò óìåíüøåíèå ñðåäíåãî ðàçìåðà ÿ÷ååê è óâåëè÷åíèå ðàçîðèåíòàöèé íà ãðàíèöàõ ÿ÷ååê. 3-ÿ ñòàäèÿ õàðàêòåðèçóåòñÿ ôîðìèðîâàíèåì îäíîðîäíîé íàíîñòðóêòóðû ñî ñðåäíèì ðàçìåðîì çåðåí îêîëî 100 íì â Àðìêî-Fe (Ðèñ. 14â) è íåñêîëüêî ìåíüøèì â ñòàëÿõ. Ïðè ýòîì çåðíà ÿâëÿþòñÿ ñèëüíî óïðóãîèñêàæåííûìè, ÷òî îñîáåííî îò÷åòëèâî âèäíî íà òåìíîïîëüíûõ èçîáðàæåíèÿõ. Ïðè÷èíîé ýòèõ óïðóãèõ èñêàæåíèé, ïî-âèäèìîìó, ÿâëÿþòñÿ äàëüíîäåéñòâóþùèå íàïðÿæåíèÿ îò íåðàâíîâåñíûõ ãðàíèö çåðåí, ñîäåðæàùèõ âíåñåííûå çåðíîãðàíè÷íûå äèñëîêàöèè âûñîêîé ïëîòíîñòè. 

	Ïîëó÷åííûå äàííûå ïîääåðæèâàþò ñõåìó ýâîëþöèè äåôåêòíîé ñòðóêòóðû ìàòåðèàëîâ ïðè ÈÏÄ, ïðåäëîæåííóþ â [20]. The main idea of the given scheme is based on the fact that in the process of transformation of the cellular structure (Fig. 15a) to the granular one, when the dislocation density in cell walls achivies some critical value [67], a partial annihilation of dislocations of different signs occurs at cell boundaries (Fig. 15b). As a result, excess dislocations of single signs remain (Fig. 15c). The excess dislocations play various roles: dislocations with Burgers vectors perpendicular to the boundary lead to an increase of misorientations and in the case when their density rises they determine the transformation to a granular structure; at the same time long range stress fields are connected with glide dislocations which can also lead to sliding of grains along grain boundaries.









ÃËÀÂÀ 3.



ÑÒÐÓÊÒÓÐÍÀß ÀÒÒÅÑÒÀÖÈß È ÌÎÄÅËÈÐÎÂÀÍÈÅ SPD ÌÀÒÅÐÈÀËÎÂ.





Íàíîñòðóêòóðíûå ìàòåðèàëû, ïîëó÷åííûå ÈÏÄ ìåòîäàìè, ñîäåðæàò î÷åíü âûñîêóþ ïëîòíîñòü ãðàíèö çåðåí è ÿâëÿþòñÿ interface-controlled ìàòåðèàëàìè. Íåóäèâèòåëüíî, ÷òî ïðè èõ ñòðóêòóðíûõ èññëåäîâàíèÿõ îñîáîå âíèìàíèå óäåëÿåòñÿ ãðàíèöàì çåðåí. Êàê áóäåò ïîêàçàíî íèæå, ïðèíöèïèàëüíî âàæíûìè ÿâèëèñü çäåñü äîêàçàòåëüñòâà íåðàâíîâåñíîé ñòðóêòóðû ãðàíèö çåðåí â ÈÏÄ ìàòåðèàëàõ. Ïðåäñòàâëåíèÿ î íåðàâíîâåñíûõ ãðàíèöàõ áûëè ââåäåíû â íàó÷íóþ ëèòåðàòóðó â 70-80-õ ãîäàõ [68,69] áàçèðóÿñü íà èññëåäîâàíèÿõ âçàèìîäåéñòâèÿ ðåøåòî÷íûõ äèñëîêàöèé è ãðàíèö çåðåí. Ñëåäóÿ [69], îáðàçîâàíèå íåðàâíîâåñíîãî ñîñòîÿíèÿ ãðàíèö çåðåí õàðàêòåðèçóåòñÿ äâóìÿ îñíîâíûìè îñîáåííîñòÿìè - èçáûòî÷íîé ýíåðãèåé ãðàíèö çåðåí (ïðè çàäàííîé êðèñòàëëîãðàôè÷åñêèõ ïàðàìåòðàõ ãðàíèö) è íàëè÷èåì äàëüíåäåéñòâóþùèõ óïðóãèõ íàïðÿæåíèé (Ðèñ. 16). Ïîëàãàÿ, ÷òî ãðàíèöû çåðåí èìåþò êðèñòàëëîãðàôè÷åñêè óïîðÿäî÷åííîå ñòðîåíèå, â êà÷åñòâå èñòî÷íèêîâ óïðóãèõ ïîëåé ðàññìàòðèâàþò äèñêðåòíûå íàðóøåíèÿ ýòîãî ñòðîåíèÿ - çåðíîãðàíè÷íûå äèñëîêàöèè è èõ êîìïëåêñû.

	Èññëåäîâàíèÿ ãðàíèö çåðåí  â íàíîñòðóêòóðíûõ ìàòåðèàëàõ, ïîëó÷åííûõ ÈÏÄ ìåòîäàìè, áûëè âûïîëíåíû èñïîëüçóÿ ðàçëè÷íûå, ÷àñòî âçàèìîäîïîëíÿþùèå ýêñïåðèìåíòàëüíûå ìåòîäû: ïðîñâå÷èâàþùóþ, âêëþ÷àÿ âûñîêîðàçðåøàþùóþ, ýëåêòðîííóþ ìèêðîñêîïèþ, ðåíòãåíîñòðóêòóðíûé àíàëèç, ìåñáàóýðîãðàôèþ, äèôôåðåíöèàëüíóþ ñêàíèðóþùóþ êàëîðèìåòðèþ è äðóãèå. Â íàñòîÿùåì ðàçäåëå èçëîæåíû îñíîâíûå ðåçóëüòàòû ïîëó÷åííûå â ýòèõ èññëåäîâàíèÿõ, íàïðàâëåííûå íà âûÿñíåíèå äåôåêòíîé ñòðóêòóðû êàê ãðàíèö, òàê è òåëà çåðåí â íàíîñòðóêòóðíûõ SPD ìàòåðèàëàõ. Áàçèðóÿñü íà ýêñïåðèìåíòàëüíûõ äàííûõ ðàññìîòðåíû ðàáîòû ïî ðàçðàáîòêå ñòðóêòóðíîé ìîäåëè íàíîìàòåðèàëîâ.





Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ.



	Äëÿ âûÿñíåíèÿ îñíîâíûõ îñîáåííîñòåé äåôåêòíîé ñòðóêòóðû ÈÏÄ ìàòåðèàëîâ ðàññìîòðèì ïðåæäå âñåãî ðåçóëüòàòû, ïîëó÷åííûå íà ÷èñòûõ ìåòàëëàõ è/èëè îäíîôàçíûõ ñïëàâîâ, ãäå íåò óñëîæíÿþùåãî âëèÿíèÿ âòîðûõ ôàç.

	Óæå â ïåðâûõ ÒÅÌ èññëåäîâàíèÿõ íàíîñòðóêòóðíûõ ìàòåðèàëîâ, ïîëó÷åííûõ èíòåíñèâíîé äåôîðìàöèåé áûëî îáðàùåíî âíèìàíèå íà ñïåöèôè÷åñêèé âèä ãðàíèö çåðåí â ñðàâíåíèè ñ îáû÷íûìè îòîææåííûìè ìàòåðèàëàìè [13,70]. Òèïè÷íûì ïðèìåðîì òàêîãî äèôðàêöèîííîãî êîíòðàñòà ÿâëÿåòñÿ èçîáðàæåíèå ìèêðîñòðóêòóðû ñïëàâà Al-4%Ñu-0.5%Zr [70] èìåâøåãî ïîñëå äåôîðìàöèè êðó÷åíèåì ñðåäíèé ðàçìåð çåðåí îêîëî 200 íì (Ðèñ.17à). Äëÿ ñðàâíåíèÿ ðÿäîì ïðèâåäåíà ìèêðîñòðóêòóðà ýòîãî æå îáðàçöà ïîäâåðãíóòîãî äîïîëíèòåëüíîìó îòæèãó ïðè 160îÑ â òå÷åíèå 1 ÷àñà (Ðèñ.17á). Â îáîèõ ñëó÷àÿõ íàáëþäàëàñü ñòðóêòóðà çåðåííîãî òèïà èìåþùàÿ ïðåèìóùåñòâåííî âûñîêîóãëîâûå ãðàíèöû. Òåì íå ìåíåå, èçîáðàæåíèå ãðàíèö çåðåí íà Ðèñ. 17à çíà÷èòåëüíî îòëè÷àåòñÿ îò Ðèñ.17á ñèëüíûì óøèðåíèåì òîëùèííûõ êîíòóðîâ ýêñòèíêöèè, ÷òî ÿâëÿåòñÿ ïðèçíàêîì íåðàâíîâåñíûõ ãðàíèö [69]. 

	Ñîãëàñíî äèíàìè÷åñêîé òåîðèè äèôðàêöèîííîãî êîíòðàñòà [71-73] òîëùèííûå êîíòóðà ýêñòèíêöèè íà íàêëîííûõ ÃÇ ÿâëÿþòñÿ êîíòóðàìè îäèíàêîâîé ãëóáèíû çåðåí â òîíêîé ôîëüãå è ïîÿâëÿþòñÿ íà ÒÅÌ èçîáðàæåíèè, êîãäà íåêîòîðîå ñåìåéñòâî ïëîñêîñòåé äàííîãî çåðíà íàõîäèòñÿ â áðýããîâñêèõ óñëîâèÿõ îòðàæåíèÿ. Â ðàáîòàõ [74,75] ïðîàíàëèçèðîâàíà ôèçè÷åñêàÿ ïðèðîäà óøèðåíèÿ òîëùèííûõ êîíòóðîâ ýêñòèíêöèè íà ÒÅÌ èçîáðàæåíèÿõ ãðàíèö çåðåí â íàíîñòðóêòóðíûõ ìàòåðèàëàõ è ïîêàçàíî, ÷òî îíî ñâÿçàíî ñ âûñîêèì óðîâíåì óïðóãèõ íàïðÿæåíèé è èñêàæåíèé êðèñòàëëè÷åñêîé ðåøåòêè âáëèçè ãðàíèö â îáðàçöàõ ïîäâåðãíóòûõ ÈÏÄ. Íà îñíîâå ýòîãî àíàëèçà ïðåäëîæåíà ìåòîäèêà îïðåäåëåíèÿ âåëè÷èíû óïðóãèõ äåôîðìàöèé â çàâèñèìîñòè îò ðàññòîÿíèÿ äî ãðàíèöû çåðíà. Ýòîò ïîäõîä áûë ðåàëèçîâàí â [75] äëÿ èçó÷åíèÿ óïðóãèõ äåôîðìàöèé âáëèçè ãðàíèö çåðåí â íàíîñòðóêòóðíîé ìåäè ïîëó÷åííîé ÐÊÓ ïðåññîâàíèåì. Ïðè ýòîì, áûëî âûÿâëåíî, ÷òî ðàñïðåäåëåíèå ýòèõ óïðóãèõ äåôîðìàöèé ÿâëÿåòñÿ íåîäíîðîäíûì. Îíî èìååò ìàêñèìóì â ïðèãðàíè÷íîé îáëàñòè è ýêñïîíåíöèàëüíûé ñïàä íà ðàññòîÿíèè áîëåå 10 íì îò ÃÇ (Ðèñ.18). Áîëåå òîãî, ìàêñèìàëüíàÿ âåëè÷èíà óïðóãèõ äåôîðìàöèé âáëèçè ÃÇ â íàíîñòðóêòóðíîé ìåäè ðàâíàÿ 3,3õ10-3 áûëà â 5 ðàç âûøå, ÷åì ñðåäíåå çíà÷åíèå îïðåäåëåííîå ìåòîäîì ðåíòãåíîñòðóêòóðíîãî àíàëèçà [76,77].

	Â ñâîþ î÷åðåäü, òàêîå ðàñïðåäåëåíèå óïðóãèõ äåôîðìàöèé âáëèçè ãðàíèö çåðåí ìîæåò áûòü îïèñàíî êîíôèãóðàöèåé êðàåâûõ ñêîëüçÿùèõ çåðíîãðàíè÷íûõ äèñëîêàöèé (Ðèñ.19), êîòîðàÿ äàåò â ñîãëàñèè ñ òåîðèåé äèñëîêàöèé [78] ñëåäóþùåå âûðàæåíèå äëÿ êîìïîíåíòû òåíçîðà óïðóãèõ äåôîðìàöèé (õõ :
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ãäå: 	    -  õ  -  ðàññòîÿíèå îò ãðàíèöû çåðíà;

	    -  D - ñðåäíåå ðàññòîÿíèå ìåæäó çåðíîãðàíè÷íûìè äèñëîêàöèÿìè;

	    -  b  - âåêòîð Áþðãåðñà;

	    -  (  -  êîýôôèöèåíò Ïóàññîíà;

	Ðàñ÷åòíîå ðàñïðåäåëåíèå óïðóãèõ äåôîðìàöèé âáëèçè ãðàíèöû çåðåí, ñîäåðæàùåé òàêóþ êîíôèãóðàöèþ äèñëîêàöèé â ñîîòâåòñòâèè ñ âûðàæåíèåì (7) èìååò àíàëîãè÷íûå ýêñïåðèìåíòàëüíî ïîñòðîåííîé êðèâîé 1 íà Ðèñ.18 îñîáåííîñòè è ïîêàçûâàåò ìàêñèìóì óïðóãèõ äåôîðìàöèé â ïðèãðàíè÷íîé îáëàñòè, à òàêæå ýêñïîíåíöèàëüíûé ñïàä ïðè áîëüøèõ ðàññòîÿíèÿõ îò ãðàíèö. Îòìåòèì, ÷òî áûñòðîå óìåíüøåíèå âåëè÷èíû óïðóãèõ äåôîðìàöèé ñ óâåëè÷åíèåì ðàññòîÿíèÿ îò íåðàâíîâåñíîé ãðàíèöû çåðåí ïðåäñêàçûâàëîñü òàêæå è â äðóãèõ ðàáîòàõ [16,79]. Èç Ðèñ.18 ñëåäóåò, ÷òî õîðîøåå ñîâïàäåíèå ðàñ÷åòíûõ äàííûõ ïîëó÷åííûõ ïî ôîðìóëå (7) ñ ýêñïåðèìåíòàëüíûìè äàííûìè äîñòèãàåòñÿ ïðè ñðåäíåì ðàññòîÿíèè ìåæäó êðàåâûìè çåðíîãðàíè÷íûìè äèñëîêàöèè  D = 44 íì, ÷òî ñîîòâåòñòâóåò èõ ïëîòíîñòè 2,3õ107 ì-1 ïðè âåëè÷èíå âåêòîðà Áþðãåðñà b =2,56õ10-10 ì. Åñëè, îäíàêî, âçÿòü äëÿ âåêòîðà Áþðãåðñà çåðíîãðàíè÷íûõ äèñëîêàöèé â ñîîòâåòñòâèè ñ [69] âåëè÷èíó bçãä = b/6 , ýòî äàåò âåëè÷èíó D = 10 íì, ÷òî ñîîòâåòñòâóåò ïëîòíîñòè çåðíîãðàíè÷íûõ äèñëîêàöèé 1(108 ì-1 .

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëèëè çàêëþ÷èòü [75], ÷òî óøèðåíèå òîëùèííûõ êîíòóðîâ ýêñòèíêöèè íà ÒÅÌ èçîáðàæåíèÿõ ãðàíèö çåðåí â íàíîñòðóêòóðíûõ ìàòåðèàëàõ äåéñòâèòåëüíî ñâÿçàíî ñ áîëüøèìè óïðóãèìè äåôîðìàöèÿìè. Áîëåå òîãî, ìàêñèìàëüíûå çíà÷åíèÿ óïðóãèõ äåôîðìàöèé íàáëþäàþòñÿ â ïðèãðàíè÷íûõ îáëàñòÿõ, ãäå èõ óðîâåíü çíà÷èòåëüíî âûøå, ÷åì â òåëå çåðåí. Ïðè ýòîì, ðàçâèòûé ìåòîä ìîæåò áûòü èñïîëüçîâàí äëÿ êîëè÷åñòâåííûõ èçìåðåíèé óïðóãèõ äåôîðìàöèé â èíäóâèäóàëüíûõ ãðàíèöàõ.

	Îòìåòèì, ÷òî áëèçêèå ðåçóëüòàòû áûëè ïîëó÷åíû íåäàâíî â ðàáîòå [80], ãäå íàáëþäàëè è èçìåðÿëè â ÒÅÌ êðèâèçíó êðèñòàëëè÷åñêîé ðåøåòêè âáëèçè ãðàíèö çåðåí, à òàêæå ïåðåìåííóþ ðàçîðèåíòàöèþ âäîëü èíäóâèäóàëüíûõ ãðàíèö â íàíîñòðóêòóðíîì íèêåëå, ïîëó÷åííîì ÈÏÄ. Â ýòîé ðàáîòå èñïîëüçóÿ èçãèáíûå êîíòóðà ýêñòèíêöèè èññëåäîâàëè “ñòðóêòóðíóþ” êðèâèçíó ðåøåòêè, êîòîðàÿ ÿâëÿåòñÿ êðèâèçíîé êðèñòàëëè÷åñêèõ ïëîñêîñòåé ïàðàëëåëüíûõ âîëíîâîìó âåêòîðó, â îòëè÷èå îò îáû÷íîé “èçãèáíîé” êðèâèçíû îòíîñÿùåéñÿ ê ïëîñêîñòÿì ïåðïåíäåêóëÿðíûì âîëíîâîìó âåêòîðó. Âñëåäñòâèå ýòîãî, “ñòðóêòóðíàÿ” êðèâèçíà îòðàæàåò ðåàëüíóþ ñòðóêòóðó îáüåìíûõ îáðàçöîâ, ïîñêîëüêó ïëîñêîñòè ïàðàëëåëüíûå âîëíîâîìó âåêòîðó ïðàêòè÷åñêè íå ìåíÿþò ñâîþ êðèâèçíó ïðè âîçìîæíîì èçãèáå ôîëüãè ïðè åå ïðèãîòîâëåíèè. 

Â ðàáîòå [80] äëÿ îïèñàíèÿ íåðàâíîâåñíûõ ãðàíèö ñ âûñîêîé êðèâèçíîé êðèñòàëëè÷åñêîé ðåøåòêè è ïåðåìåííîé ðàçîðèåíòàöèåé îáíàðóæåííûõ â íèêåëå ïîñëå ÐÊÓ ïðåññîâàíèÿ áûë èñïîëüçîâàí äèñêëèíàöèîííûé ïîäõîä, â êîòîðîì òàêàÿ ãðàíèöà çåðíà áûëà ñìîäåëèðîâàíà âûñîêîé ïëîòíîñòüþ íåïðåðûâíî ðàñïðåäåëåííûõ ÷àñòè÷íûõ äèñêëèíàöèé îäíîãî çíàêà (Ðèñ.20). Ïðè ýòîì, áûëî ïîêàçàíî, ÷òî òàêàÿ ãðàíèöà ÿâëÿåòñÿ èñòî÷íèêàì î÷åíü âûñîêèõ âíóòðåííèõ íàïðÿæåíèé äîñòèãàþùèõ âåëè÷èíû G/33, ãäå G - ìîäóëü ñäâèãà êðóïíîçåðíèñòîãî îáðàçöà.

	Ðàññìîòðèì òåïåðü ðåçóëüòàòû áîëåå äåòàëüíûõ èññëåäîâàíèé íàíîñòðóêòóðíûõ ÈÏÄ ìàòåðèàëîâ âûïîëíåííûõ ñ ïîìîùüþ âûñîêîðàçðåøàþùåé ïðîñâå÷èâàþùåé ýëåêòðîííîé ìèêðîñêîïèè. Äàííûé ìåòîä äàåò èíôîðìàöèþ ëèøü îá î÷åíü ëîêàëüíîì ó÷àñòêå ñòðóêòóðû. Òåì íå ìåíåå, åãî î÷åâèäíûì ïðåèìóùåñòâîì ÿâëÿåòñÿ âîçìîæíîñòü äåòàëüíîãî èññëåäîâàíèÿ ãðàíèö çåðåí íà àòîìàðíîì óðîâíå. Ïîäîáíûå èññëåäîâàíèÿ ïðîâåäåííûå íåäàâíî â ðÿäå ðàáîò ïîçâîëèëè âûÿâèòü âàæíûå îñîáåííîñòè ñòðóêòóðû èññëåäóåìûõ ìàòåðèàëîâ. 

	Èçâåñòíî [71,81], ÷òî èñïîëüçîâàíèå êàðòèí Ìóàðà ïîçâîëÿåò âûÿâëÿòü íåáîëüøèå èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè, ïîñêîëüêó íåáîëüøèå èçìåíåíèÿ â òðàíñëÿöèîííîé ñèììåòðèè ðåøåòêè ïðèâîäÿò ê çàìåòíûì èçìåíåíèÿì â êàðòèíàõ Ìóàðà. Êàðòèíû Ìóàðà ÷àñòî íàáëþäàþòñÿ â òåõ ñëó÷àÿõ, êîãäà èçîáðàæåíèÿ êðèñòàëëè÷åñêèõ ðåøåòîê äâóõ ñîñåäíèõ çåðåí íàêëàäûâàþòñÿ äðóã íà äðóãà. Õàðàêòåðíûìè ÷åðòàìè êàðòèí Ìóàðà ÿâëÿþòñÿ èõ èñêðèâëåíèå ïðè íàëè÷èè èñêàæåíèé êðèñòàëëè÷åñêèõ ïëîñêîñòåé è èçìåíåíèé ðàññòîÿíèÿ ìåæäó íèìè. Ïðè ýòîì, äëÿ ïîëó÷åíèÿ èñêóññòâåííûõ êàðòèí Ìóàðà ìîæíî èñïîëüçîâàòü íàëîæåíèå ñïåöèàëüíîé ñåòêè èç ïàðàëëåëüíûõ ëèíèé íà HREM èçîáðàæåíèÿ êðèñòàëëè÷åñêèõ ïëîñêîñòåé èññëåäóåìîãî íàíîñòðóêòóðíîãî ìàòåðèàëà [82].

	Òàêèå èññëåäîâàíèÿ íàíîñòðóêòóðíûõ ÷èñòîãî Ni ñ ðàçìåðîì çåðíà 50 íì è èíòåðìåòàëëèäà Ni3Al ñ ðàçìåðîì çåðíà 70 íì ïîêàçàëè, ÷òî ëèíèè Ìóàðà èñêðèâëÿþòñÿ âáëèçè ãðàíèö çåðåí íà óãîë 10(-15(, ÷òî ñîîòâåòñòâóåò èñêðèâëåíèþ êðèñòàëëè÷åñêîé ðåøåòêè íà óãîë ïîðÿäêà 2( [82]. Ñëåäóåò îòìåòèòü, ÷òî ïîäîáíûå èñêðèâëåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè íàáëþäàëè ëèøü âáëèçè ãðàíèö çåðåí è îíè îòñóòñòâîâàëè â òåëå çåðåí. Áîëåå òîãî, èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè ôîðìèðîâàëè îáëàñòè ñæàòèÿ è ðàñòÿæåíèÿ. Ïðè ýòîì, äèëàòàöèè êðèñòàëëè÷åñêîé ðåøåòêè âáëèçè ãðàíèö çåðåí äîñòèãàëè 1,5%.

	Â äðóãîì ïðèìåðå [83], HREM èññëåäîâàíèÿ ïðîâîäèëè â íàíîñòðóêòóðíîì ñïëàâå Al-3%Mg, èìåþùåì ãöê ðåøåòêó, ãäå áûëî îáíàðóæåíî ôîðìèðîâàíèå ïåðèîäè÷åñêèõ ôàñåòîê ïàðàëëåëüíûõ ïëîñêîñòè (111) (Ðèñ. 21). Êàæäàÿ èç ôàñåòîê ñîäåðæàëà îêîëî 10 àòîìíûõ ñëîåâ ïðèíàäëåæàùèõ ïëîñêîñòè (111). Ñðåäíÿÿ ïëîòíîñòü ôàñåòîê áûëà î÷åíü âûñîêîé è äîñòèãàëà âåëè÷èíû îêîëî 5(108 ì-1. Ïðè ýòîì, íà èçîáðàæåíèÿõ êðèñòàëëè÷åñêîé ðåøåòêè âáëèçè ãðàíèö çåðåí íàáëþäàëè ñóùåñòâåííûå èñêàæåíèÿ, ÷òî óêàçûâàåò íà íåðàâíîâåñíîå ñîñòîÿíèå ñòðóêòóðû ãðàíèö. Àíàëîãè÷íûå èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè âáëèçè ãðàíèö çåðåí áûëè âûÿâëåíû òàêæå íà HREM èçîáðàæåíèÿõ ñòðóêòóðû ìåäè, íèêåëÿ è àðìêî-æåëåçà ïîäâåðãíóòûõ SPTS [20,84]. 

Êàê èçâåñòíî, äèñëîêàöèè ìîãóò áûòü îáíàðóæåíû ìåòîäîì âûñîêîðàçðåøàþùåé ýëåêòðîííîé ìèêðîñêîïèè ïóòåì ïðÿìîãî íàáëþäåíèÿ ýêñòðàïëîñêîñòåé êðèñòàëëè÷åñêîé ðåøåòêè. Íàïðèìåð, íà èçîáðàæåíèè êðèñòàëëè÷åñêîé ðåøåòêè íàíîñòðóêòóðíîãî ñïëàâà Al-3%Mg (Ðèñ. 22) íåêîòîðûå êðèñòàëëè÷åñêèå ïëîñêîñòè â ïðèãðàíè÷íîé îáëàñòè çàêàí÷èâàëèñü â òî÷êàõ îáîçíà÷åííûõ ñèìâîëîì (, ÷òî ïðåäïîëàãàåò íàëè÷èå äèñëîêàöèé íà ýòèõ ó÷àñòêàõ. 

Â öåëîì, ñòðóêòóðíûå îñîáåííîñòè ãðàíèö çåðåí, îáíàðóæåííûå â HREM, áûëè  äîñòàòî÷íî ñõîæè âî âñåõ ìàòåðèàëàõ èññëåäîâàííûõ â [20,82-84]. Ýòî, ïðåæäå âñåãî, óçêàÿ øèðèíà ãðàíèö, êîòîðàÿ ñîñòàâëÿåò 1 - 2 ìåæàòîìíûõ ðàññòîÿíèÿ, ò.å. áëèçêà ê øèðèíå ãðàíèö çåðåí â îáû÷íûõ, êðóïíîçåðíèñòûõ ìàòåðèàëàõ. Îäíàêî, ãðàíèöû çåðåí â íàíîñòðóêòóðíûõ ìåòàëëàõ è ñïëàâàõ ÿâëÿþòñÿ íåñîâåðøåííûìè ïî ñòðóêòóðå, ïîñêîëüêó ñîäåðæàò ðàçëè÷íûå äåôåêòû: ñòóïåíüêè, ôàñåòêè, äèñëîêàöèè è ñ èõ âûñîêîé ïëîòíîñòüþ ñâÿçàíû óïðóãèå èñêàæåíèÿ âáëèçè ãðàíèö. Âìåñòå ñ òåì, ôàñåòêè è ñòóïåíêè íàáëþäàåìûå íà òèïè÷íûõ ãðàíèöàõ çåðåí â íàíîñòðóêòóðíîì ñïëàâå Al-3%Mg ÿâëÿëèñü áîëåå óïîðÿäî÷åííûìè è îäíîðîäíî ðàñïðåäåëåííûìè ïî ñðàâíåíèþ ñ íàíîñòðóêòóðíûìè ìåäüþ, íèêåëåì è àðìêî-æåëåçîì. Ýòî ïðåäïîëàãàåò, ÷òî ÷àñòè÷íàÿ ðåëàêñàöèÿ ñòðóêòóðû ãðàíèö ïðîèñõîäèò â ñïëàâå Al-3%Mg óæå â ïðîöåññå ÈÏÄ âûïîëíÿåìîé ïðè êîìíàòíîé òåìïåðàòóðå. Ïðè÷èíîé ýòîãî ìîæåò áûòü ñðàâíèòåëüíî áîëåå âûñîêàÿ ãîìîëîãè÷åñêàÿ òåìïåðàòóðà, ïðè êîòîðîé ïðîâîäèòñÿ ôîðìèðîâàíèå íàíîñòðóêòóð â ñïëàâå Al-3%Mg ïî ñðàâíåíèþ ñ äðóãèìè èññëåäîâàííûìè ìàòåðèàëàìè. 

Åùå îäíèì èíòåðåñíûì ðåçóëüòàòîì ïîëó÷åííîì ïðè èññëåäîâàíèè â HREM [83] áûëà ìèãðàöèÿ ãðàíèö ïðîèñõîäÿùàÿ â ðåçóëüòàòå îáëó÷åíèÿ ôîëüãè âûñîêîýíåðãåòè÷åñêèìè ýëåêòðîíàìè. Â ÷àñòíîñòè, Ðèñ.23 äåìîíñòðèðóåò èçìåíåíèÿ â èçîáðàæåíèè ãðàíèö çåðåí â ñïëàâå Al-3%Mg íàáëþäàåìûå â ðåçóëüòàòå îáëó÷åíèÿ ýëåêòðîíàìè â òå÷åíèå íåñêîëüêèõ ìèíóò. Òàê, óãîë ìåæäó ãðàíèöåé è èçîáðàæåíèåì ïëîñêîñòåé (200) ïðàâîãî çåðíà óìåíüøèëñÿ ñ 14î (Ðèñ.23à) äî 5î (Ðèñ.23á), õîòÿ óãîë ìåæäó èçîáðàæåíèåì ïëîñêîñòåé (200) â îáîèõ çåðíàõ îñòàëñÿ ïîñòîÿííûì 7î. Âìåñòå ñ òåì, íàáëþäàåìîå ñíèæåíèå êîëè÷åñòâà ñòóïåíåê è ôàñåòîê, à òàêæå îòñóòñòâèå ýêñòðàïëîñêîñòåé â ïðèãðàíè÷íîé îáëàñòè íà Ðèñ.23á óêàçûâàëî íà ðàëàêñàöèþ íåðàâíîâåñíîãî ñîñòîÿíèÿ ãðàíèöû â ïðîöåññå åå ìèãðàöèè.

Òàêèì îáðàçîì, ðåçóëüòàòû ïðîâåäåííûõ ÒÅÌ èññëåäîâàíèé ïîçâîëÿþò ñäåëàòü çàêëþ÷åíèå, ÷òî ãðàíèöû çåðåí â íàíîñòðóêòóðíûõ ìàòåðèàëàõ, ïîëó÷åííûõ ìåòîäàìè ÈÏÄ, õàðàêòåðèçóþòñÿ çíà÷èòåëüíûìè èñêàæåíèÿìè êðèñòàëëè÷åñêîé ðåøåòêè â ïðèãðàíè÷íîé îáëàñòè, ïîâûøåííîé ïëîòíîñòüþ äèñëîêàöèé è äðóãèõ çåðíîãðàíè÷íûõ äåôåêòîâ, à òàêæå ÷àñòî çèãçàãîîáðàçíîé êîíôèãóðàöèåé, ÷òî ñâèäåòåëüñòâóåò îá èõ èçáûòî÷íîé ýíåðãèè è íåðàâíîâåñíîì ñîñòîÿíèè.

ÐÑÀ - ÿâëÿåòñÿ åùå îäíèì ìåòîäîì äàþùèì âàæíóþ èíôîðìàöèþ î äåôåêòíîé ñòðóêòóðå íàíîêðèñòàëëîâ. Òàê, áûëî óñòàíîâëåíî, ÷òî îáùèé âèä ðåíòãåíîãðàìì íàíîñòðóêòóðíûõ ìàòåðèàëîâ, ïîëó÷åííûõ ìåòîäîìè ÈÏÄ [47,48,76,77] ñóùåñòâåííî îòëè÷àåòñÿ îò ðåíòãåíîãðàìì ñîîòâåòñòâóþùèõ êðóïíîêðèñòàëëè÷åñêèõ ìàòåðèàëîâ. Ýòè îòëè÷èÿ ïðîÿâëÿþòñÿ ïðåæäå âñåãî â èçìåíåíèè èíòåãðàëüíîé èíòåíñèâíîñòè ôîíà, â èçìåíåíèè øèðèíû è èíòåíñèâíîñòè ðåíòãåíîâñêèõ ïèêîâ, â ïîÿâëåíèè êðèñòàëëîãðàôè÷åñêîé òåêñòóðû.

	Ôîí íà ðåíòãåíîãðàììå ÿâëÿåòñÿ ðåçóëüòàòîì äèôôóçíîãî ðàññåÿíèÿ ðåíòãåíîâñêèõ ëó÷åé [85]. Ïðè÷èíàìè ïîÿâëåíèÿ ôîíà â ÷èñòûõ ìåòàëëàõ ìîãóò áûòü òåïëîâîå äèôôóçíîå ðàññåÿíèå, à òàêæå îòñóòñòâèå äàëüíåãî è (èëè) áëèæíåãî ïîðÿäêà â ðàñïîëîæåíèè àòîìîâ. Â ñâÿçè ñ ýòèì, îñîáóþ ðîëü ïðèîáðåòàåò èññëåäîâàíèå ôîíà íà ðåíòãåíîãðàììàõ íàíîñòðóêòóðíûõ ìàòåðèàëîâ, â êîòîðûõ çíà÷èòåëüíûå îáúåìû ïðèíàäëåæàò ãðàíèöàì çåðåí. Ïðè ýòîì, ñìåùåíèå àòîìîâ â ãðàíèöàõ çåðåí èç ðàâíîâåñíûõ ïîëîæåíèé â êðèñòàëëè÷åñêîé ðåøåòêå, äîëæíî ñóùåñòâåííî âëèÿòü íà èíòåíñèâíîñòü äèôôóçíîãî ðàññåÿíèÿ ðåíòãåíîâñêèõ ëó÷åé. Ðåçóëüòàòû ðàñ÷åòîâ ïîêàçàëè, ÷òî èíòåãðàëüíàÿ èíòåíñèâíîñòü ôîíà íà ðåíòãåíîãðàììå íàíîñòðóêòóðíûõ îáðàçöîâ Cu, ïîëó÷åííûõ äåôîðìàöèåé êðó÷åíèåì è ÐÊÓ ïðåññîâàíèåì, ïðåâûøàåò ñîîòâåòñòâóþùåå çíà÷åíèå äëÿ êðóïíîêðèñòàëëè÷åñêîé Cu íà âåëè÷èíû 6(3 % è 6,1(2,7 % [76], ñîîòâåòñòâåííî. Ïîâûøåíèå èíòåãðàëüíîé èíòåíñèâíîñòè äèôôóçíîãî ôîíà óêàçûâàåò íà ïîâûøåííóþ êîíöåíòðàöèþ äåôåêòîâ êðèñòàëëè÷åñêîãî ñòðîåíèÿ è âîçìîæíî óâåëè÷åííûå àìïëèòóäû òåïëîâûõ êîëåáàíèé â íàíîñòðóêòóðíîé ìåäè.

Äðóãîé îñîáåííîñòüþ ðåíòãåíîâñêèõ äèôðàêòîãðàìì â íàíîñòðóêòóðíûõ  ÈÏÄ ìàòåðèàëàõ, ÿâëÿåòñÿ çíà÷èòåëüíîå óìåíüøåíèå èíòåíñèâíîñòè ðåíòãåíîâñêèõ ïèêîâ è èõ ñèëüíîå óøèðåíèå. Îá ýòîì ñâèäåòåëüñòâóåò, â ÷àñòíîñòè, ñðàâíåíèå ïðîôèëåé ðåíòãåíîâñêèõ ïèêîâ â íàíîñòðóêòóðíûõ è êðóïíîçåðíèñòûõ ìåäè è ãåðìàíèÿ (Ðèñ. 24, Ðèñ. 25) [47,62]. 

Èçâåñòíî, ÷òî àíàëèç óøèðåíèÿ ðåíòãåíîâñêèõ ïèêîâ ìîæåò äàòü öåííóþ èíôîðìàöèþ î âåëè÷èíå óïðóãèõ äåôîðìàöèé è ðàçìåðå çåðåí-êðèñòàëëèòîâ â ïîëèêðèñòàëëè÷åñêèõ  ìàòåðèàëàõ. Äëÿ îïðåäåëåíèÿ ýòèõ âåëè÷èí áûëî ðàçâèòî íåñêîëüêî ïîäõîäîâ, íàèáîëüøåå ðàñïðîñòðàíåíèå èç êîòîðûõ ïîëó÷èëè ìåòîäû Óîððåíà-Àâåðáàõà è Âèëüÿìñîíà-Õîëëà [85-92]. 

	Ñóòü ìåòîäà Óîððåíà-Àâåðáàõà ñîñòîèò â ðàçäåëåíèè âêëàäîâ ðàçìåðà çåðåí è óïðóãèõ äåôîðìàöèé â óøèðåíèå ïèêîâ, îñíîâàííîì íà èõ ðàçëè÷íîé çàâèñèìîñòè îò ïîðÿäêà îòðàæåíèÿ. Ïðè ýòîì, èñïîëüçóåòñÿ àïðîêñèìàöèÿ ôèçè÷åñêîãî ïðîôèëÿ ðÿäîì Ôóðüå è îïðåäåëÿþòñÿ êîýôôèöèåíòû ýòîãî ðàçëîæåíèÿ [85]. Ìåòîä Óîððåíà-Àâåðáàõà äàåò óñðåäíåííûé ïî ïîâåðõíîñòè ðàçìåð çåðåí (the area-weighted average grain size) [86] .

	Ìåòîä Âèëüÿìñîíà-Õîëëà ïðèìåíÿþò â òåõ ñëó÷àÿõ, êîãäà ðåíòãåíîâñêèå ïèêè, ñîîòâåòñòâóþùèå îòðàæåíèÿì ðàçíîãî ïîðÿäêà îò îäíîãî ñåìåéñòâà ïëîñêîñòåé, îòñóòñòâóþò èëè íå îáëàäàþò ôîðìîé, áëàãîïðèÿòíîé äëÿ ðàçëîæåíèÿ â ðÿä Ôóðüå. Ðàçìåð çåðåí ïîëó÷àþò ïóòåì ýêñòðàïîëÿöèè ãðàôèêà çàâèñèìîñòè èíòåãðàëüíîé øèðèíû îò âåëè÷èíû âåêòîðà ðàññåÿíèÿ íà çíà÷åíèå ïîñëåäíåãî, ðàâíîå íóëþ. Ïðè ýòîì, ïîëó÷àåìûé ðàçìåð çåðåí óñðåäíåí ïî îáúåìó (the volume-weighted average grain size) . Âåëè÷èíó ìèêðîäåôîðìàöèè îïðåäåëÿþò èç íàêëîíà äàííîãî ãðàôèêà [47,88,89].

Âîïðîñû ïðèìåíèìîñòè ðàçëè÷íûõ ìåòîäîâ ðåíòãåíñòðóêòóðíîãî àíàëèçà äëÿ îïðåäåëåíèÿ óïðóãèõ äåôîðìàöèé è ðàçìåðà çåðíà â íàíîñòðóêòóðíûõ ìàòåðèàëàõ, ïîëó÷åííûì ìåòîäîì ÈÏÄ, ðàññìàòðèâàëè íåäàâíî â [77]. Ïðè ýòîì, àíàëèç óøèðåíèÿ ïðîôèëÿ ðåíòãåíîâñêèõ ïèêîâ ïîêàçàë, ÷òî ðàçìåð çåðåí Dhkl, â íàíîñòðóêòóðíîé Ñu, ïîëó÷åííîé ìåòîäîì äåôîðìàöèè êðó÷åíèåì, îêàçàëñÿ ðàâíûì 53 íì ((111)-(222)) è 33 íì ((200)-(400)) â ñëó÷àå ìåòîäà Óîððåíà-Àâåðáàõà [76] è 71 íì ((111)-(222)) è 50 íì ((200)-(400)) â ñëó÷àå ìåòîäà Âèëüÿìñîíà-Õîëëà [47]. Ðàçíèöà â ïîëó÷åííûõ ðàçìåðàõ çåðåí, ïî-âèäèìîìó îáóñëîâëåíà óêàçàííûìè âûøå îñîáåííîñòÿìè äàííûõ ðåíòãåíîâñêèõ ìåòîäîâ, à òàêæå ðàçëè÷èÿìè â ñòðóêòóðå çåðåí, ïðèíàäëåæàùèõ ðàçíûì òåêñòóðíûì êîìïîíåíòàì.

	Òåì íå ìåíåå, ïîëó÷åííûå ìåòîäîì ÐÑÀ ðàçìåðû çåðåí îêàçûâàþòñÿ îáû÷íî çíà÷èòåëüíî ìåíüøå ðàçìåðîâ îïðåäåëåííûõ èç ãèñòîãðàìì ðàñïðåäåëåíèÿ ðàçìåðîâ çåðåí ïîñòðîåííûõ ïî òåìíîïîëüíûì èçîáðàæåíèÿì â ÒÅÌ [47] èëè ïî ñâåòëîïîëüíûì ÒÅÌ èçîáðàæåíèÿì ñðåäíåãî äèàìåòðà çåðåí [48]. Âîçìîæíîé ïðè÷èíîé, ïðèâîäÿùåé ê îáíàðóæåííîé ðàçíèöå ìîæåò áûòü ôèçè÷åñêîå ðàçëè÷èå â îïðåäåëÿåìûõ âåëè÷èíàõ. Òàê, ìåòîä ÐÑÀ ïîçâîëÿåò â äåéñòâèòåëüíîñòè îïðåäåëÿòü ðàçìåð îáëàñòåé êîãåðåíòíîãî ðàññåÿíèÿ, ñâÿçàííûõ ñ âíóòðåííèìè îáëàñòÿìè çåðåí, èìåþùèìè ìàëîèñêàæåííóþ êðèñòàëëè÷åñêóþ ðåøåòêó, òîãäà êàê ìåòîä ÒÅÌ èçìåðÿåò ïîëíûé ðàçìåð çåðíà âêëþ÷àþùèé â ñåáÿ ïðèãðàíè÷íûå ñèëüíî èñêàæåííûå îáëàñòè. Ïîýòîìó â ÈÏÄ ìàòåðèàëàõ, èìåþùèõ áîëüøèå èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè, ðàçëè÷èå äàííûõ ÒÅÌ è ÐÑÀ ìîæåò áûòü âåñüìà ñóùåñòâåííûì [11]. Îòìåòèì òàêæå, ÷òî íà ðåçóëüòàòû èññëåäîâàíèé ìåòîäàìè ÒÅÌ è ÐÑÀ ìîæåò ïîâëèÿòü è àíèçîòðîïèÿ ôîðìû çåðåí, ïîñêîëüêó ÒÅÌ èçìåðÿåò ðàçìåð çåðåí â ïëîñêîñòè, ñîâïàäàþùåé ñ ïîâåðõíîñòüþ îáðàçöà, à ÐÑÀ â íàïðàâëåíèè, ïåðïåíäèêóëÿðíîì ïîâåðõíîñòè îáðàçöà.

Âåëè÷èíû ñðåäíåêâàäðàòè÷íîé äåôîðìàöèè, îïðåäåëåííûå â íàíîñòðóêòóðíîé ìåäè îáîèìè ìåòîäàìè ðåíòãåíñòðóêòóðíîãî àíàëèçà äàëè áëèçêèå ðåçóëüòàòû. Òàê, çíà÷åíèÿ óïðóãèõ äåôîðìàöèé îïðåäåëåííûå ìåòîäîì Óîððåíà-Àâåðáàõà áûëè ðàâíû 6,1(10-2% è 11,8(10-2% äëÿ ïëîñêîñòåé (111) è (200), ñîîòâåòñòâåííî [76]. Òîãäà êàê, âåëè÷èíû óïðóãèõ äåôîðìàöèé âû÷èñëåííûì ñ ïîìîùüþ ìåòîäà Âèëüÿìñîíà-Õîëëà äëÿ äàííûõ ïëîñêîñòåé ñîñòàâèëè 4(10-2% è 8(10-2%, ñîîòâåòñòâåííî [47].

Îñëàáëåíèå èíòåíñèâíîñòè ðåíòãåíîâñêèõ ëó÷åé â ðåçóëüòàòå òåïëîâîãî äâèæåíèÿ àòîìîâ â êðèñòàëëè÷åñêîé ðåøåòêå õàðàêòåðèçóåòñÿ ñ ïîìîùüþ òåïëîâîãî ìíîæèòåëÿ exp(-2M) [85], íàçûâàåìîãî ôàêòîðîì Äåáàÿ-Óîëëåðà. Ïðè÷åì, âåëè÷èíà Ì ïðÿìî ïðîïîðöèîíàëüíà êâàäðàòó ïîëíîãî ñðåäíåêâàäðàòè÷íîãî ñìåùåíèÿ �EMBED Equation.3��� àòîìîâ èç ïîëîæåíèé ðàâíîâåñèÿ è  çàâèñèò îò òåìïåðàòóðû T. Ïðè ýòîì, â ñëó÷àå êðèñòàëëîâ êóáè÷åñêîé ñèíãîíèè ïàðàìåòð Äåáàÿ-Óîëëåðà îïðåäåëÿåòñÿ âåëè÷èíîé:



                        Â=M/(sin(/()2 = 8(2/3 <�EMBED Equation.3���>=8(2<(2>,                                    (8)



ãäå <(2> - âåëè÷èíà ñðåäíåêâàäðàòè÷íîãî ñìåùåíèÿ àòîìîâ â íàïðàâëåíèè âåêòîðà ðàññåÿíèÿ.

	Ïîñêîëüêó íàíîñòðóêòóðíûå îáðàçöû, ïîëó÷åííûå ÈÏÄ, òåêñòóðîâàíû [94] äëÿ îïðåäåëåíèÿ ïàðàìåòðà Äåáàÿ-Óîëëåðà â ðàáîòå [93] ïðèìåíèëè ñïåöèàëüíûé ïîäõîä [95], èñïîëüçóþùèé òîëüêî ïèêè îò îäíîãî ñåìåéñòâà ïëîñêîñòåé, íî ñ ðàçíûì ïîðÿäêîì îòðàæåíèÿ, ò.å. èñêëþ÷àþùèé âëèÿíèå êðèñòàëëîãðàôè÷åñêîé òåêñòóðû. Ïîëó÷åííûå ðåçóëüòàòû ÐÑÀ íàíîñòðóêòóðíîãî è êðóïíîçåðíèñòîãî îáðàçöîâ Ni ïîêàçàëè [93], ÷òî â îáîèõ îáðàçöàõ çíà÷åíèÿ ïàðàìåòðà Äåáàÿ-Óîëëåðà B è ñðåäíåêâàäðàòè÷íûõ àòîìíûõ ñìåùåíèé <(2> ëèíåéíî óáûâàþò ñ óìåíüøåíèåì òåìïåðàòóðû (Ðèñ.26). Ïðè ýòîì, â ñëó÷àå íàíîñòðóêòóðíîãî Ni íàêëîí òåìïåðàòóðíîé çàâèñèìîñòè ïàðàìåòðà Äåáàÿ-Óîëëåðà áûë ñóùåñòâåííî ñèëüíåå, ÷åì â êðóïíîçåðíèñòîì îáðàçöå, ÷òî ñâèäåòåëüñòâóåò îá èçìåíåíèè  òåìïåðàòóðû Äåáàÿ â íàíîñòðóêòóðíîì Ni (ñì. ðàçäåë 2.1).

Ðåçóëüòàòû àíàëîãè÷íûõ èññëåäîâàíèé äëÿ íàíîñòðóêòóðíîé Cu (Òàáëèöà 1) ïîêàçàëè, ÷òî âåëè÷èíà ñðåäíåêâàäðàòè÷íûõ àòîìíûõ ñìåùåíèé <((>1/2 Cu îêàçàëàñü ðàâíîé 0,126(0,003�EMBED Equation.3���, ÷òî ñîñòàâèëî 5,0% îò êðàò÷àéøåãî ðàññòîÿíèÿ ìåæäó àòîìàìè äëÿ Cu. Èñïîëüçóÿ èçâåñòíûå ïîäõîäû [96], Áûëè ðàññ÷èòàíû çíà÷åíèÿ òåìïåðàòóðíî-çàâèñèìîé ÂÒ è òåìïåðàòóðíî-íåçàâèñèìîé ÂS ñîòàâëÿþùèõ ïàðàìåòðà Äåáàÿ-Óîëëåðà, ñâÿçàííûõ ñ äèíàìè÷åñêèìè è ñòàòè÷åñêèìè àòîìíûìè ñìåùåíèÿìè, ñîîòâåòñâåííî. Îáå ñîñòàâëÿþùèõ ïàðàìåòðà Äåáàÿ-Óîëëåðà â ñëó÷àå íàíîñòðóêòóðíûõ Cu è Ni ñóùåñòâåííî ïðåâûñèëè ñîîòâåòñòâóþùèå çíà÷åíèÿ äëÿ êðóïíîçåðíèñòûõ ìåòàëëîâ. Äàííûé ôàêò óêàçûâàåò íà èçìåíåíèå õàðàêòåðà òåïëîâûõ êîëåáàíèé àòîìîâ, ÷òî ïîäòâåðæäàåòñÿ òàêæå îöåíêàìè òåìïåðàòóðû Äåáàÿ (Ðàçäåë 4.1). 





Òàáëèöà 1. Äàííûå î ñòðóêòóðå è òåðìè÷åñêèõ õàðàêòåðèñòèêàõ íàíîñòðóêòóðíûõ Cu è Ni.



Îáðàçåö�Íàíîñòðóêòóðíàÿ Ñu�Íàíîñòðóêòóðíûé Ni��Óñðåäíåííûé ðàçìåð çåðåí, íì�50(2�152(2��Ñ.ê.ä. <e2>1/2 , 10(10-3�6,60(0,15�1,3(0,4��Ïàðàìåòð Äåáàÿ-Óîëëåðà B (295 K), �EMBED Equation.3��� 2�1,26(0,05�0,91(0,04��Òåìïåðàòóðà Äåáàÿ (, K�233(6�293(7��



	Îñîáûé èíòåðåñ âûçûâàåò òàêæå èçó÷åíèå êðèñòàëëîãðàôè÷åñêîé òåêñòóðû íàíîñòðóêòóðíûõ ìàòåðèàëîâ, ïîëó÷åííûõ ìåòîäîìè ÈÏÄ. Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî êðèñòàëëîãðàôè÷åñêàÿ òåêñòóðà ÿâëÿåòñÿ õàðàêòåðíîé îñîáåííîñòüþ íàíîñòðóêòóðíûõ ÷èñòûõ ìåòàëëîâ è íàáëþäàåòñÿ â îáðàçöàõ ïîëó÷åííûõ, êàê äåôîðìàöèåé êðó÷åíèåì, òàê è ÐÊÓ ïðåññîâàíèåì [94]. Ïðè ÈÏÄ êðó÷åíèåì â íàíîñòðóêòóðíîé ìåäè ôîðìèðóåòñÿ àêñèàëüíàÿ òåêñòóðà. Â òî æå âðåìÿ ÐÊÓ ïðåññîâàíèå ïðèâîäèò ê îáðàçîâàíèþ ñëîæíîé òåêñòóðû, îòðàæàþùåé ñäâèãîâîé õàðàêòåð äåôîðìàöèè.

	Àíàëèç ýâîëþöèè êðèñòàëëîãðàôè÷åñêîé òåêñòóðû â õîäå ïëàñòè÷åñêîé äåôîðìàöèè îáû÷íî ïîìîãàåò óñòàíîâëåíèþ ìåõàíèçìîâ äåôîðìàöèè. Êðîìå òîãî, êðèñòàëëîãðàôè÷åñêàÿ òåêñòóðà ñóùåñòâåííî âëèÿåò íà ìíîãèå ôèçè÷åñêèå è ìåõàíè÷åñêèå ñâîéñòâà ÈÏÄ ìàòåðèàëîâ. Â ñâÿçè ñ ýòèì ïðîäîëæåíèÿ èññëåäîâàíèé ïðîöåññîâ òåêñòóðîîáðàçîâàíèÿ â õîäå ÈÏÄ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé.

	Ïðåäñòàâëåííûå âûøå ðåçóëüòàòû ñâèäåëüñòâóþò, ÷òî ÐÑÀ, â äîïîëíåíèå ê ðåçóëüòàòàì ÒÅÌ èññëåäîâàíèé, äàåò âàæíóþ êîëè÷åñòâåííóþ èíôîðìàöèþ î íàíîñòðóêòóðàõ ïîëó÷åííûõ ìåòîäîìè ÈÏÄ. Â ÷àñòíîñòè, ñ èñïîëüçîâàíèåì ÐÑÀ, ìîãóò áûòü îöåíåíû âûñîêèé óðîâåíü óïðóãèõ äåôîðìàöèé â ñðàâíåíèè ñ êðóïíîçåðíèñòûìè ìàòåðèàëàìè, çíà÷èòåëüíûå àòîìíûå ñìåùåíèÿ èç ðàâíîâåñíîãî ïîëîæåíèÿ â óçëàõ êðèñòàëëè÷åñêîé ðåøåòêè, à òàêæå àìïëèòóäà òåïëîâûõ êîëåáàíèé àòîìîâ, êîòîðûå òàêæå óâåëè÷åíû â íàíîñòðóêòóðíûõ ìàòåðèàëàõ. 

Èíòåðåñ ïðåäñòàâëÿþò òàêæå ðåçóëüòàòû ìåññáàóýðîâñêèõ èññëåäîâàíèé íàíîñòðóêòóðíîãî Fe (÷èñòîòîé 99,97%), ïîçâîëèâøèå ïîëó÷èòü èíôîðìàöèþ íå òîëüêî î ãðàíèöàõ çåðåí, íî è ïðèãðàíè÷íûõ îáëàñòÿõ [97,98]. Áûëî óñòàíîâëåíî, ÷òî ìåññáàóðîâñêèå ñïåêòðû íàíîñòðóêòóðíîãî Fe (Ðèñ. 27) ìîãóò áûòü ðàçëîæåíû íà äâà ïîäñïåêòðà, ñóùåñòâåííî ðàçëè÷àþùèåñÿ ïàðàìåòðàìè ýëåêòðè÷åñêîé è ìàãíèòíîé ñâåðõòîíêîé ñòðóêòóðû (Òàáëèöà 2), ÷òî ñâèäåòåëüñòâóåò î íàëè÷èè â èññëåäîâàííîì ÓÌÇ ìàòåðèàëå äâóõ ðàçëè÷íûõ ñîñòîÿíèé àòîìîâ Fe. Ïàðàìåòðû ïåðâîãî, áîëåå èíòåíñèâíîãî ïîäñïåêòðà ïðàêòè÷åñêè ñîâïàëè ñ ïàðàìåòðàìè ñïåêòðà êðóïíîçåðíèñòîãî (-Fe. Íàëè÷èå âòîðîãî ïîäñïåêòðà, áûëî ñâÿçàíî ñ îñîáûì ñîñòîÿíèåì ÷àñòè àòîìîâ Fe âáëèçè ãðàíèö çåðåí [97]. Èñõîäÿ èç ñîîòíîøåíèé èíòåãðàëüíûõ èíòåíñèâíîñòåé ïîäñïåêòðîâ 2 è 1 äëÿ ðàçìåðà çåðåí 0,23 (m (Òàáëèöà 2), ñëåäóåò, ÷òî äîëÿ òàêèõ àòîìîâ ñîñòàâëÿåò (11±1)%. Îòñþäà îöåíêà òîëùèíû ñëîÿ ïðèãðàíè÷íûõ àòîìîâ äàåò (8,4±1,5) íì. Óñòàíîâëåííîå â [97,98] íàëè÷èå ÷åòêî ôèêñèðîâàííûõ ïàðàìåòðîâ ñâåðõòîíêîé ñòðóêòóðû äëÿ ðàññìàòðèâàåìîé ÷àñòè àòîìîâ ïîçâîëÿåò ãîâîðèòü î ñóùåñòâîâàíèè "îñîáîãî" çåðíîãðàíè÷íîãî ñîñòîÿíèÿ àòîìîâ Fe èëè "çåðíîãðàíè÷íîé ôàçû" íàðÿäó ñ çåðåííîé ôàçîé, õîòÿ è íå áûëî îáíàðóæåíî ðàçëè÷èé â êðèñòàëëè÷åñêîé ñòðóêòóðå ýòèõ ôàç. Î÷åâèäíî, ÷òî íàáëþäàåìîå ðàçëè÷èå â ñâåðõòîíêèõ ïàðàìåòðàõ ïîäñïåêòðîâ 1 è 2 ñâÿçàíî ïðåæäå âñåãî ñ áîëåå âûñîêîé äèíàìè÷åñêîé àêòèâíîñòüþ àòîìîâ çåðíîãðàíè÷íîé ôàçû â ñðàâíåíèè ñ çåðåííîé ôàçîé, îáóñëîâëåííîå íåêîòîðûì ðàçëè÷èåì èõ ýëåêòðîííûõ ñòðóêòóð è ôîíîííûõ ñïåêòðîâ. 



Òàáëèöà 2. Ïàðàìåòðû ñâåðõòîíêîé ñòðóêòóðû ïîäñïåêòðîâ 1è 2 äëÿ îáðàçöîâ Fe ñ 3-ìÿ ðàçëè÷íûìè ðàçìåðàìè çåðåí.



Ñðåäíèé ðàçìåð çåðíà â îáðàçöå, ìêì�Ïîä-ñïåêòð�Îòíîñèòåëüíàÿ èíòåãðàëüíàÿ èíòåíñèâíîñòü (ïëîùàäü) ïîäñïåêòðà�Ýôôåêòèâ-íîå ìàãíèòíîå ïîëå, êÝ�Èçîìåðíûé ñäâèã îòíî-ñèòåëüíî ýòàëîííîãî (-Fe, ìì/ñ�Øèðèíà âíåøíèõ ïèêîâ ñïåêòðà íà 1/2 âûñîòû, ìì/ñ��0,12�1�0,78±0,02�331±5�0,00±0,06�0,32±0,05���2�0,22±0,02�301±5�-0,36±0,06�0,32±0,05��0,23�1�0,91±0,02�331±5�0,00±0,06�0,33±0,05���2�0,09±0,02�301±5�-0,35±0,06�0,54±0,05��0,65�1�0,95±0,02�330±5�0,00±0,06�0,30±0,05���2�0,05±0,02�302±5�-0,3±0,06�0,40±0,05��



	Ñóììèðóÿ ðåçóëüòàòû ïðèâåäåííûõ âûøå èññëåäîâàíèé, âûïîëíåííûõ íà ÷èñòûõ ìåòàëëàõ Cu, Ni, Fe è îäíîôàçíûõ Al ñïëàâàõ, ìîæíî âûäåëèòü ðÿä õàðàêòåðíûõ îñîáåííîñòåé äåôåêòíîé ñòðóêòóðû íàíîñòðóêòóðíûõ ìàòåðèàëîâ, ïîëó÷åííûõ ÈÏÄ. Îòìåòèì òàêæå, ÷òî TEM/HREM, X-ray è ìåññáàóýðîâñêàÿ ñïåêòðîñêîïèÿ ÿâëÿþòñÿ âçàèìíîäîïîëíèòåëüíûìè ìåòîäàìè èññëåäîâàíèé, ãäå ïåðâûå - TEM è HREM äàþò ëîêàëüíóþ èíôîðìàöèþ, â ÷àñòíîñòè îá èíäóâèäóàëüíûõ ãðàíèöàõ çåðåí; à X-ray è ìåññáàóýðîãðàôèÿ - óñðåäíåííóþ èíôîðìàöèþ î ñòðóêòóðå ìàòåðèàëîâ. Âìåñòå ñ òåì, ðåçóëüòàòû ýòèõ èññëåäîâàíèé íå ïðîòèâîðå÷àò, à äîïîëíÿþò äðóã äðóãà. Îáùèì äëÿ âñåõ íàíîìàòåðèàëîâ ïîëó÷åííûõ ÈÏÄ ÿâëÿþòñÿ âûñîêèå âíóòðåííèå íàïðÿæåíèÿ è èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè. Äàííûå X-ray äàþò äëÿ èññëåäîâàííûõ ìàòåðèàëîâ âåëè÷èíó ñðåäíåêâàäðàòè÷íûõ äåôîðìàöèé ((2( ðàâíóþ 10-3 - 10-4, õîòÿ ñîãëàñíî TEM/HREM èññëåäîâàíèÿì ëîêàëüíûå óïðóãèå äåôîðìàöèè, îñîáåííî ó ãðàíèö çåðåí, íà ïîðÿäîê è áîëåå, âûøå. Òîò ôàêò, ÷òî óðîâåíü âíóòðåííèõ íàïðÿæåíèé âûñîê, õîòÿ ïëîòíîñòü ðåøåòî÷íûõ äèñëîêàöèé â òåëå çåðåí çà÷àñòóþ íåçíà÷èòåëüíà, ïîäòâåðæäàåò, ÷òî èñòî÷íèêàìè íàïðÿæåíèé ÿâëÿþòñÿ íåðàâíîâåñíûå ãðàíèöû çåðåí. Ïðÿìûå íàáëþäåíèÿ ãðàíèö çåðåí, âûïîëíåííûå HREM, äàþò äàêàçàòåëüñòâà èõ ñïåöèôè÷åñêîé äåôåêòíîé ñòðóêòóðû â íàíîñòðóêòóðíûõ ìàòåðèàëàõ âñëåäñòâèå ïðèñóñòâèÿ àòîìíûõ ñòóïåíåê è ôàñåòîê, à òàêæå çåðíîãðàíè÷íûõ äèñëîêàöèé. Â ñâîþ î÷åðåäü, âûñîêèå íàïðÿæåíèÿ è èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè âåäóò ê äèëàòàöèÿì ðåøåòêè ïðîÿâëÿþùèìñÿ â èçìåíåíèè ìåæàòîìíûõ ðàññòîÿíèé, ïîÿâëåíèè çíà÷èòåëüíûõ ñòàòè÷åñêèõ è äèíàìè÷åñêèõ àòîìíûõ ñìåùåíèé, êîòîðûå ýêñïåðèìåíòàëüíî íàáëþäàëèñü â X-ray è ìåññáàóýðîâñêèõ èññëåäîâàíèÿõ.

	Âìåñòå ñ òåì, âûñîêàÿ ïëîòíîñòü äåôåêòîâ êðèñòàëëè÷åñêîé ðåøåòêè â íàíîñòðóêòóðíûõ ÈÏÄ ìàòåðèàëàõ îáóñëàâëèâàåò èõ èçáûòî÷íóþ ýíåðãèþ è ìåòàñòàáèëüíîå ñîñòîÿíèå, êîòîðîå ïåðåõîäèò â áîëåå ðàâíîâåñíîå ñîñòîÿíèå ïðè ïîâûøåííûõ òåìïåðàòóðàõ. Â ïîñëåäíèå ãîäû èçó÷åíèþ ýâîëþöèè íàíîñòðóêòóð ïðè íàãðåâå ìàòåðèàëîâ, ïîëó÷åííûõ ÈÏÄ, áûëî ïðåäìåòîì ñïåöèàëüíûõ  ðàññìîòðåíèé â öåëîì ðÿäå ðàáîò, ãäå íàðÿäó ñ ÒÅÌ è X-ray ìåòîäàìè èñïîëüçîâàëè èññëåäîâàíèå ýëåêòðîñîïðîòèâëåíèÿ [61], äèëàòîìåòðèþ [70], äèôôåðåíöèàëüíóþ ñêàíèðóþùóþ êàëîðèìåòðèþ [47]. Òàêèå èññëåäîâàíèÿ èìåþò íåñêîëüêî èíòåðåñíûõ àñïåêòîâ. Âî-ïåðâûõ, îíè äàþò èíôîðìàöèþ î òåðìè÷åñêîé ñòàáèëüíîñòè íàíîñòðóêòóðíûõ ìàòåðèàëîâ. Èçâåñòíî, ÷òî íàíîìàòåðèàëû ÷àñòî âåñüìà íåñòàáèëüíû è ðîñò çåðåí â íèõ ïðîèñõîäèò ïðè òåìïåðàòóðàõ 0,4 Òïë è äàæå íèæå [2,99]. Ïîýòîìó çíàíèå ïðîèñõîæäåíèÿ èõ íèçêîé òåìïåðàòóðíîé ñòàáèëüíîñòè ÿâëÿåòñÿ âàæíûì äëÿ ðàçðàáîòêè ïóòåé åå ïîâûøåíèÿ. Âî-âòîðûõ, èññëåäîâàíèå ýâîëþöèè íàíîñòðóêòóð ïðè íàãðåâå ïîìîãàåò ïîíèìàíèþ èõ ñëîæíîé äåôåêòíîé ñòðóêòóðû,â ÷àñòíîñòè, çà ñ÷åò èñïîëüçîâàíèÿ äîïîëíèòåëüíûõ ýêñïåðèìåíòàëüíûõ ìåòîäîâ - ÄÑÊ, äèëàòîìåòðèè è äðóãèõ.

	Íå îñòàíàâëèâàÿñü íà äåòàëÿõ ïîëó÷åííûõ ðåçóëüòàòîâ (èõ äîñòàòî÷íî ïîëíûé îáçîð äàí íåäàâíî â [61] ), ñëåäóåò ïîä÷åðêíóòü íåìîíîòîííûé õàðàêòåð èçìåíåíèÿ ðàçëè÷íûõ ïàðàìåòðîâ ïðè íàãðåâå. Íàïðèìåð, íà Ðèñ.28 ïðèâåäåíû äàííûå èçìåíåíèé îñòàòî÷íîãî ýëåêòðîñîïðîòèâëåíèÿ, ìèêðîòâåðäîñòè, âíóòðåííèõ íàïðÿæåíèé è ðàçìåðà êðèñòàëëèòîâ (ïî äàííûì ÐÑÀ) â çàâèñèìîñòè îò òåìïåðàòóðû îòæèãà íàíîñòðóêòóðíîãî íèêåëÿ, ïîëó÷åííîãî ÈÏÄÊ ïðè êîìíàòíîé òåìïåðàòóðå [62]. Âèäíî, ÷òî ïðè îòæèãå äî òåìïåðàòóðû 450 Ê  çíà÷åíèÿ Hv è ( èçìåíÿþòñÿ îòíîñèòåëüíî ñëàáî, îäíàêî ïîñëå îòæèãà ïðè áîëåå âûñîêèõ òåìïåðàòóðàõ ïðîèñõîäèò èõ ðåçêîå èçìåíåíèå, ïðè÷åì â äîâîëüíî óçêîì òåìïåðàòóðíîì èíòåðâàëå 450-500 Ê, íî çàòåì èõ èçìåíåíèÿ îòíîñèòåëüíî íåçíà÷èòåëüíû. Ýòè èçìåíåíèÿ êîððåëèðóþò ñ èçìåíåíèåì ðàçìåðà êðèñòàëëèòîâ, ïîñêîëüêó ðîñò çåðåí òàêæå íà÷èíàåòñÿ ïðè îòæèãå âûøå 450 Ê. Â òîæå âðåìÿ, óìåíüøåíèå âíóòðåííèõ íàïðÿæåíèé ïðîèñõîäèò ïðè áîëåå íèçêèõ òåìïåðàòóðàõ. Ñëåäóÿ [47,61,100] â ðàçëè÷íûõ ÷èñòûõ ìåòàëëàõ, ïîäâåðãíóòûõ ÈÏÄ, íàáëþäàåòñÿ ïîõîæåå 3-õ ñòàäèéíîå èçìåíåíèå ðàçëè÷íûõ ïàðàìåòðîâ â çàâèñèìîñòè îò òåìïåðàòóðû îòæèãà. Áîëåå òîãî, â [100] áûëè îöåíåíû ýíåðãèè àêòèâàöèè ïðîöåññîâ êîíòðîëèðóþùèõ ñòðóêòóðíûå èçìåíåíèÿ íà ðàçëè÷íûõ ñòàäèÿõ âîçâðàòà â ìåäè ïîäâåðãíóòîé ÈÏÄÊ. Èõ âåëè÷èíû ñîñòàâèëè 55 êÄæ/ìîëü è 98 êÄæ/ìîëü äëÿ ñòàäèé 2 è 3, ñîîòâåòñòâåííî. Ýòè ðåçóëüòàòû, à òàêæå äàííûå äèëàòîìåòðèè [70] è ÄÑÊ èçìåðåíèé [101] ïîçâîëèëè âûäåëèòü îñíîâíûå ïðîöåññû, îïðåäåëÿþùèå ñòðóêòóðíûå èçìåíåíèÿ íà ðàçëè÷íûõ ñòàäèÿõ îòæèãà íàíîñòðóêòóðíûõ ìåòàëëîâ (Ðèñ.29). Íà ïåðâîé ñòàäèè îñíîâíûì ïðîöåññîì ÿâëÿåòñÿ âîçâðàò íåðàâíîâåñíîé ñòðóêòóðû ãðàíèö, ñâÿçàííûé ñ ÷àñòè÷íîé àííèãèëÿöèåé äåôåêòîâ íà ãðàíèöàõ è â òåëå çåðåí è ñîïðîâîæäàþùèéñÿ ðåëàêñàöèåé âíóòðåííèõ óïðóãèõ íàïðÿæåíèé. Âòîðàÿ ñòàäèÿ õàðàêòåðèçóåòñÿ íà÷àëîì ìèãðàöèè íåðàâíîâåñíûõ ãðàíèö, ïðèâîäÿùåé ÷àñòî ê àíîìàëüíîìó ðîñòó çåðåí. Äàëåå íà÷èíàåòñÿ  òðåòüÿ ñòàäèÿ, ñâÿçàííàÿ ñ ïîñëåäóþùèì íîðìàëüíûì ðîñòîì çåðåí.

	Êîíå÷íî ïðåäëîæåííàÿ ñõåìà ëèøü äîñòàòî÷íî ïðèìåðíî îòðàæàåò ýâîëþöèþ íàíîñòðóêòóð ïðè íàãðåâå ÈÏÄ ìàòåðèàëîâ, ïîñêîëüêó â çàâèñèìîñòè îò ñêîðîñòè íàãðåâà, âðåìåíè îòæèãà ðàçëè÷íûå ñòàäèè ÷àñòî ïåðåêðûâàþòñÿ. Áîëåå òîãî, â ÈÏÄ ñïëàâàõ êàðòèíà åùå áîëåå óñëîæíÿåòñÿ âñëåäñòâèå îáðàçîâàíèÿ è ðàñïàäà ïåðåñûùåííûõ òâåðäûõ ðàñòâîðîâ, ðàçóïîðÿäî÷åíèÿ è ïîâòîðíîãî ïåðåóïîðÿäî÷åíèÿ ïðè íàãðåâå [61].



3.2. Ðàçðàáîòêà ñòðóêòóðíîé ìîäåëè



	Ðåçóëüòàòû ïðîâåäåííûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ÿâëÿþòñÿ áàçèñîì äëÿ ðàçðàáîòêè ñòðóêòóðíîé ìîäåëè ÍÑÌ ïîëó÷åííûõ èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèåé [16]. Ïðåäìåòîì ýòîé ìîäåëè ÿâëÿåòñÿ îïèñàíèå äåôåêòíîé ñòðóêòóðû (òèïîâ äåôåêòîâ, èõ ïëîòíîñòè, ðàñïðåäåëåíèÿ) àòîìíî-êðèñòàëëè÷åñêîãî ñòðîåíèÿ ÍÑÌ, à çàäà÷åé - îáúÿñíåíèå íåîáû÷íûõ ñòðóêòóðíûõ îñîáåííîñòåé, íàáëþäàåìûõ ýêñïåðèìåíòàëüíî: âûñîêèõ âíóòðåííèõ íàïðÿæåíèé, èñêàæåíèé è äèëàòàöèé êðèñòàëëè÷åñêîé ðåøåòêè, ðàçóïîðÿäî÷åíèÿ íàíîñòðóêòóðíûõ èíòåðìåòàëëèäîâ, îáðàçîâàíèÿ ïåðåñûùåííûõ òâåðäûõ ðàñòâîðîâ â ñïëàâàõ, áîëüøîé çàïàñåííîé ýíåðãèè è äðóãèõ. Íà ýòîé îñíîâå ñòàíîâèòñÿ âîçìîæíûì îáúÿñíåíèå, à òàêæå ïðåäñêàçàíèå óíèêàëüíûõ ñâîéñòâ ÍÑÌ (Ðàçäåë 4). Âìåñòå ñ òåì, êàê áûëî ïîêàçàíî âûøå òèïè÷íûå íàíîñòðóêòóðû â ñïëàâàõ, ïîäâåðãíóòûõ ÈÏÄ, âåñüìà ñëîæíû. Áîëåå ïðîñòûì ÿâëÿåòñÿ ïðèìåð ÷èñòûõ ìåòàëëîâ, ãäå îñíîâíûì ýëåìåíòîì íàíîñòðóêòóðû âûñòóïàþò íåðàâíîâåñíûå ãðàíèöû çåðåí. Ñòðóêòóðíàÿ ìîäåëü ÈÏÄ ìåòàëëîâ ìîæåò áûòü ïðåäñòàâëåí ñëåäóþùèì îáðàçîì.

	Íåðàâíîâåñíûå ãðàíèöû çåðåí â ÍÑÌ, âñëåäñòâèå íàëè÷èÿ â èõ ñòðóêòóðå âíåñåííûõ äåôåêòîâ ñ ïðåäåëüíî âûñîêîé ïëîòíîñòüþ, îáëàäàþò èçáûòî÷íîé ýíåðãèåé è äàëüíåäåéñòâóþùèìè óïðóãèìè íàïðÿæåíèÿìè. Â ðåçóëüòàòå äåéñòâèÿ ýòèõ íàïðÿæåíèé âáëèçè ãðàíèö çåðåí âîçíèêàþò çíà÷èòåëüíûå èñêàæåíèÿ è äèëàòàöèè êðèñòàëëè÷åñêîé ðåøåòêè, êîòîðûå ýêñïåðèìåíòàëüíî îáíàðóæèâàþòñÿ ìåòîäàìè ÒÅÌ è ÐÑÀ. Â ñâîþ î÷åðåäü àòîìíûå ñìåùåíèÿ â ïðèãðàíè÷íûõ îáëàñòÿõ èçìåíÿþò äèíàìèêó êîëåáàíèé ðåøåòêè è, êàê ðåçóëüòàò, ïðèâîäÿò ê èçìåíåíèþ òàêèõ ôóíäàìåíòàëüíûõ ñâîéñòâ, êàê óïðóãèå ìîäóëè, òåìïåðàòóðû Äåáàÿ è Êþðè è äðóãèå (Ðàçäåë 4.1).

Ïîëàãàÿ, ÷òî â íåðàâíîâåñíûõ ãðàíèöàõ çåðåí íàíîñòðóêòóðíûõ ìåòàëëîâ ñóùåñòâóåò íåñêîëüêî òèïîâ âíåñåííûõ äåôåêòîâ [16,79], à èìåííî, ñèäÿ÷èå çåðíîãðàíè÷íûå äèñëîêàöèè (ÇÃÄ) ñ âåêòîðàìè Áþðãåðñà, íîðìàëüíûìè ê ïëîñêîñòè ãðàíèöû; ñêîëüçÿùèå èëè òàíãåíöèàëüíûå ÇÃÄ, ñ âåêòîðàìè Áþðãåðñà, êàñàòåëüíûìè ê ïëîñêîñòè ãðàíèöû, à òàêæå ñòûêîâûå äèñêëèíàöèè â òðîéíûõ ñòûêàõ, ñòðóêòóðíàÿ ìîäåëü ÍÑÌ ñ ðàçìåðîì çåðåí îêîëî 100 íì ìîæåò áûòü èçîáðàæåíà ñõåìîé, ïðèâåäåííîé íà Ðèñ.30à. Â ýòîì ñëó÷àå, ìîæíî ãîâîðèòü îá óïðóãî-èñêàæåííûõ çîíàõ - îáëàñòÿõ ðåøåòêè âáëèçè ãðàíèö øèðèíîé â íåñêîëüêî íàíîìåòðîâ è öåíòðàëüíûõ ÷àñòÿõ çåðåí ñ ñîâåðøåííîé êðèñòàëëè÷åñêîé ðåøåòêîé. Åñëè ðàçìåð çåðåí óìåíüøàåòñÿ äî 10-20 íì, òî äèñòîðñèè è äèëàòàöèè êðèñòàëëè÷åñêîé ðåøåòêè îõâàòûâàþò âñå çåðíî (Ðèñ.30á). Çäåñü ðåøåòêà òåðÿåò ñòðîãóþ ïåðèîäè÷íîñòü è ÍÑÌ ïðèîáðåòàåò ïñåâäîàìîðôíóþ ñòðóêòóðó. Ïîñëåäíåå áûëî ýêñïåðèìåíòàëüíî ïîäòâåðæäåíî ÐÑÀ è ÒÅÌ èññëåäîâàíèÿìè íàíîñòðóêòóðíûõ ìåòàëëîâ, ïîëó÷åííûõ ÈÏÄ êîíñîëèäàöèåé ïîðîøêîâ ïîñëå øàðîâîãî ðàçìîëà, èìåþùèõ ÷ðåçâû÷àéíî ìàëûé ðàçìåð çåðåí (ìåíüøå 15-20 íì) [21-23,44].

	À.À.Íàçàðîâûì è äð. [102-104] ñäåëàíû ïîïûòêè òåîðåòè÷åñêîãî îïèñàíèÿ ýòèõ ìîäåëüíûõ ïðåäñòàâëåíèé. Ïðåäïîëàãàåòñÿ, ÷òî â ãðàíèöàõ çåðåí ÍÑÌ ñóùåñòâóþò òðè íåðàâíîâåñíûõ àíñàìáëÿ äèñëîêàöèé: 1) äèïîëè ñòûêîâûõ äèñêëèíàöèé, îáóñëîâëåííûå íàêîïëåíèåì ñèäÿ÷èõ ÇÃÄ; 2) àíñàìáëè ñêîëüçÿùèõ ÇÃÄ è 3) íåóïîðÿäî÷íûå ñåòêè ÇÃÄ, ÿâëÿþùèåñÿ ðåçóëüòàòîì íåîäíîðîäíîãî ïîïàäàíèÿ ðåøåòî÷íûõ äèñëîêàöèé â ãðàíèöû. Âñå ýòè ñèñòåìû äåôåêòîâ ñîçäàþò äàëüíåäåéñòâóþùèå ïîëÿ íàïðÿæåíèé, ðàäèóñ ýêðàíèðîâêè êîòîðûõ íàìíîãî ïðåâûøàåò øèðèíó ãðàíèö çåðåí. Êàæäûé èç ýòèõ íåðàâíîâåñíûõ àíñàìáëåé äèñëîêàöèé â ãðàíèöàõ çåðåí äàåò íåçàâèñèìûé âêëàä â óïðóãèå äåôîðìàöèè, èçáûòî÷íóþ ýíåðãèþ è îáúåìíîå ðàñøèðåíèå ÍÑÌ.

Â ðàìêàõ ýòîãî ïîäõîäà â óïîìÿíóòûõ ðàáîòàõ ïîëó÷åíû âûðàæåíèÿ äëÿ îïðåäåëåíèÿ ñðåäíåêâàäðàòè÷íûõ óïðóãèõ äåôîðìàöèé (i, âûçâàííûõ àíñàìáëÿìè äèñëîêàöèé íà íåðàâíîâåñíûõ ãðàíèöàõ çåðåí; èçáûòî÷íîé ýíåðãèè ãðàíèö çåðåí (, à òàêæå èçìåíåíèÿ îáúåìà íàíîñòðóêòóðíûõ ìàòåðèàëîâ. Äëÿ ñëó÷àÿ íåóïîðÿäî÷åííûõ ñåòîê ÇÃÄ ýòè âûðàæåíèÿ èìåþò ñëåäóþùèé âèä [102,104]:

 

                                 (äèñë =  0.13( (vln(d/b)                                                  (9)



�EMBED Equation.3���                                                  (10)



                                           (V/V = 0.14 b2(v ln(d/b)                                                 (11)



ãäå: (v - îáúåìíàÿ ïëîòíîñòü äèñëîêàöèé â ìàòåðèàëå, d - ðàçìåð çåðíà, b - âåëè÷èíà âåêòîðà Áþðãåðñà, G - ìîäóëü ñäâèãà, ( - êîýôôèöèåíò Ïóàññîíà. 

Ïîñëåäíåå âûðàæåíèå (11) îïèñûâàåò èçáûòî÷íûé îáúåì ÍÑÌ, îáóñëîâëåííûé ïðèñóòñòâèåì íåóïîðÿäî÷åííûõ ñåòîê ÇÃÄ. Êàê èçâåñòíî [105], íàëè÷èå äèñëîêàöèé âñëåäñòâèå íåëèíåéíûõ ýôôåêòîâ ïðèâîäèò ê ðàñøèðåíèþ êðèñòàëëà, ïðîïîðöèîíàëüíîìó óïðóãîé ýíåðãèè. Ýòîò ôàêòîð ñòàíîâèòñÿ ñóùåñòâåííûì ïðè âûñîêèõ ïëîòíîñòÿõ äèñëîêàöèé, òèïè÷íûõ äëÿ ÈÏÄ ìåòàëëîâ.

Â ðàáîòå [104] äëÿ àíñàìáëåé äèñêëèíàöèé ïîëó÷åíû âûðàæåíèÿ è ïðîèçâåäåíà îöåíêà èõ âêëàäîâ â âåëè÷èíû âíóòðåííåé óïðóãîé äåôîðìàöèè ( è èçáûòî÷íîé ýíåðãèè ãðàíèö çåðåí ( .



                                              (äèñêë = 0,1<(2>1/2.                                              (12)



                                       (èçá=�EMBED Equation.3���                                       (13)



ãäå: ( -ìîùíîñòü äèñêëèíàöèè.

	Ñîãëàñíî [103] âêëàä òàíãåíöàëüíûõ ÇÃÄ ìåíüøå, ÷åì äðóãèõ íåðàâíîâåñíûõ àíñàìáëåé ÇÃÄ è â ïåðâîì ïðèáëèæåíèè ìîæåò áûòü îïóùåí ïðè àíàëèçå è îöåíêàõ.

Ñëåäóÿ ðàáîòàì [103,104], äàäèì íåêîòîðûå ÷èñëåííûå îöåíêè âêëàäà äèñëîêàöèé è äèñêëèíàöèé, à òàêæå äåôåêòîâ â öåëîì â âåëè÷èíû ñðåäíåêâàäðàòè÷íîé óïðóãîé äåôîðìàöèè, èçáûòî÷íîé ýíåðãèè ãðàíèö çåðåí è óâåëè÷åíèÿ îáúåìà â íàíîñòðóêòóðíûõ ÈÏÄ ìàòåðèàëàõ. 

Ïðåäïîëàãàåòñÿ, ÷òî òèïè÷íîå çíà÷åíèå ïëîòíîñòè äèñëîêàöèé â èíòåíñèâíî äåôîðìèðîâàííîì ìåòàëëå èìååò ïîðÿäîê (((((((((ì-2. Ìîùíîñòü äèñêëèíàöèé â ñòûêàõ íå ìîæåò ïðåâûñèòü 4(6°, ïîñêîëüêó ýòè çíà÷åíèÿ äîñòàòî÷íû, ÷òîáû ñîçäàòü ìèêðîòðåùèíû. Äàæå ïðè ìåíüøèõ çíà÷åíèÿõ ( äèñêëèíàöèè ìîãóò ðåëàêñèðîâàòü èíèöèèðóÿ ïðîöåññ ðàçðóøåíèÿ ãðàíèö çåðåí [104]. Ïîýòîìó ìîæíî ïðåäïîëîæèòü, ÷òî ((((((((0,03. Äàëåå, ïðèíèìàÿ b=0,25 íì è d=50 íì, èç óðàâíåíèé (9) è (12) ïîëó÷èì �EMBED Equation.3����EMBED Equation.3��� è �EMBED Equation.3����EMBED Equation.3���. Ó÷èòûâàÿ àääèòèâíûé õàðàêòåð ýòèõ âåëè÷èí, ñðåäíåêâàäðàòè÷íûå äåôîðìàöèè è óïðóãèå íàïðÿæåíèÿ äâóõ àíñàìáëåé ìîæíî ñóììèðîâàòü, ÷òîáû ïîëó÷èòü îáùèé ðåçóëüòàò äëÿ ýòèõ äåôåêòîâ. Òàêèì îáðàçîì, �EMBED Equation.3����EMBED Equation.3���. Ïîäîáíûå çíà÷åíèÿ ñðåäíåêâàäðàòè÷íîé äåôîðìàöèè íàáëþäàëèñü â íàíîêðèñòàëëè÷åñêîì Ni3Al ñ ðàçìåðîì çåðåí îêîëî 50 íì [59].

Äëÿ îöåíêè èçáûòî÷íîé ýíåðãèè ãðàíèö çåðåí â ÈÏÄ Al ñïëàâà, ìîæíî ïðèíÿòü G=2,65(10-4 MÏa, b=0,29 íì è d=100 íì. Èç óðàâíåíèé (10) è (13) äëÿ ðàññìàòðèâàåìîãî ñëó÷àÿ ïîëó÷àåòñÿ �EMBED Equation.3���=0,30 Äæ/ì2 and �EMBED Equation.3���=0,05 Äæ/ì2. Òàêèì îáðàçîì, îáùàÿ èçáûòî÷íàÿ ýíåðãèÿ äåôåêòîâ ðàâíà (èçá=0,35 Äæ/ì2.

Èçìåíåíèå îáúåìà ìàòåðèàëà, âûçâàííîå âíóòðåííèìè íàïðÿæåíèÿìè, ïðîïîðöèîíàëüíî óïðóãîé ýíåðãèè ñ êîýôôèöèåíòîì ïðîïîðöèîíàëüíîñòè, çàâèñÿùèì îò êîíñòàíò ìàòåðèàëà. Â ïåðâîì ïðèáëèæåíèè ýòîò êîýôôèöèåíò ìîæåò ñ÷èòàòüñÿ îäèíàêîâûì äëÿ äèñêëèíàöèé è äèñëîêàöèé. Ñëåäîâàòåëüíî, óâåëè÷åíèå îáúåìà áëàãîäàðÿ äèñêëèíàöèÿì â Al ïðèìåðíî â 6 ðàç ìåíüøå, ÷åì â ñëó÷àå äèñëîêàöèé. Èç óðàâíåíèÿ (11) ñëåäóåò, ÷òî ((V/V)äèñë(((((-4 è ((V/V)äèñêë(0,7(10-4, îòñþäà îáùàÿ äèëàòàöèÿ, âûçâàííàÿ äåôåêòàìè ðàâíà (V/V(4,7(10-4. Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ óâåëè÷åíèÿ îáúåìà, èçìåðåííûå ïðè äèëàòîìåòðè÷åñêèõ èññëåäîâàíèÿõ ÈÏÄ àëþìèíèåâîãî ñïëàâà ñ ïîäîáíûì ðàçìåðîì çåðåí èìåëè ïîðÿäîê 10-3 [82], ò.å. âåñüìà áëèçêè ïî âåëè÷èíå.

Àíàëîãè÷íî, â ñëó÷àå Ni, ïîäâåðãíóòîì ÈÏÄ êðó÷åíèþ, ñ ðàçìåðîì çåðåí d=200 íì ðàññ÷èòàííûå çíà÷åíèÿ óâåëè÷åíèÿ îáúåìà áëàãîäàðÿ äèñëîêàöèÿì, äèñêëèíàöèÿì è îáùåå èçìåíåíèå îáúåìà èç-çà äåôåêòîâ îêàçàëèñü ðàâíûìè: ((V/V)äèñë(2,7(10-4, ((V/V)äèñêë(0,5(10-4 and (V/V(3,2(10-4, ñîîòâåòñòâåííî. Â òî æå âðåìÿ ýêñïåðèìåíòàëüíîå çíà÷åíèå áûëî ðàâíûì ((V/V)ýêñï(6(10-4 [70].

Íàêîíåö, â ñëó÷àå Cu ñ ðàçìåðîì çåðåí 200 íì èç óðàâíåíèé (10) è (13) ìîæíî ïîëó÷èòü ñëåäóþùèå çíà÷åíèÿ èçáûòî÷íîé ýíåðãèè ãðàíèö çåðåí (èçá(1,2 Äæ/ì2. Ýòî ñîîòâåòñòâóåò çàïàñåííîé ýíåðãèè 1,35 Äæ/ã. Â òî æå âðåìÿ, èçìåðåíèÿ ìåòîäîì äèôôåðåíöèàëüíîé ñêàíèðóþùåé êàëîðèìåòðèè, ïîêàçàëè, ÷òî âî âðåìÿ íàãðåâà îáðàçöîâ Cu, ïîëó÷åííûõ ÈÏÄ êðó÷åíèåì, òåïëîâûäåëåíèå ñîñòàâëÿåò 4.58 Äæ/ã [106], ò.å. òàêæå áëèçêî ê ðàññ÷èòàííîìó çíà÷åíèþ. 

Â ðàáîòàõ [99,102,104] ïîêàçàíû òàêæå âîçìîæíîñòè èñïîëüçîâàíèÿ êîíöåïöèè íåðàâíîâåñíûõ ãðàíèö çåðåí äëÿ êîëè÷åñòâåííîãî îïèñàíèÿ êèíåòè÷åñêèõ ïðîöåññîâ, ïðîèñõîäÿùèõ ïðè íàãðåâå íàíîñòðóêòóðíûõ ìàòåðèàëîâ: íèçêîòåìïåðàòóðíîãî ðîñòà çåðåí [48], ðåçóëüòàòîâ äèëàòîìåòðè÷åñêèõ èçìåðåíèé [70].

	Êîíå÷íî, ðàçâèâàåìûå ìîäåëüíûå ïðåäñòàâëåíèÿ î íåðàâíîâåñíûõ çåðíîãðàíè÷íûõ äåôåêòàõ íîñÿò åùå óïðîùåííûé õàðàêòåð, ïîñêîëüêó ðàññìàòðèâàþò 2D, à íå òðåõìåðíûå äèñëîêàöèîííûå àíñàìáëè, ïðè ýòîì, ïîäñòàíîâî÷íûå ïàðàìåòðû, îïèñûâàþùèå äåôåêòíóþ ñòðóêòóðó ÍÊÌ - ïëîòíîñòè ÇÃÄ, èõ âåêòîðà Áþðãåðñà è ò.ä., èìåþò òîëüêî ïðèáëèæåííûå çíà÷åíèÿ, íî âîçìîæíîñòè äîñòàòî÷íî ðåàëüíûõ êîëè÷åñòâåííûõ îöåíîê, à òàêæå ïîòåíöèàë äëÿ êà÷åñòâåííîãî îáúÿñíåíèÿ îñíîâíûõ ôèçè÷åñêèõ ñâîéñòâ ÍÑÌ (ñì. ãë.4) äåìîíñòðèðóåò èõ ôèçè÷åñêóþ ðåàëüíîñòü è ïîëåçíîñòü.





ÃËÀÂÀ 4.



ÑÂÎÉÑÒÂÀ ÍÀÍÎÑÒÐÓÊÒÓÐÍÛÕ ÌÀÒÅÐÈÀËÎÂ, ÏÎËÓ×ÅÍÍÛÕ 

SPD ÌÅÒÎÄÀÌÈ.



Êàê óæå óïîìèíàëîñü, ïîâûøåííûé èíòåðåñ ê íàíîñòðóêòóðíûì ìàòåðèàëàì âûçâàí îæèäàíèåì â íèõ íîâûõ ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ âñëåäñòâèå èõ íåîáû÷íîé ñòðóêòóðû. Ê íàñòîÿùåìó âðåìåíè óæå óñòàíîâëåíî, ÷òî â íàíîñòðóêòóðíûõ ìàòåðèàëàõ, ïîëó÷åííûõ ìåòîäàìè ÈÏÄ, êàê è â íàíîêðèñòàëëàõ, ïîëó÷åííûõ äðóãèìè ìåòîäîìè, íàïðèìåð ãàçîâîé êîíäåíñàöèåé [2], íàáëþäàåòñÿ èçìåíåíèå ìíîãèõ ôóíäàìåíòàëüíûõ ïàðàìåòðîâ. Ñðåäè íèõ îñîáûé èíòåðåñ âûçâàëè èçìåíåíèÿ òåìïåðàòóð Êþðè è Äåáàÿ, à òàêæå íàìàãíè÷åííîñòè íàñûùåíèÿ, êîòîðûå îáû÷íî ñòðóêòóðíî íå÷óâñòâèòåëüíû, íî îòðàæàþò èçìåíåíèÿ â àòîìíî-êðèñòàëëè÷åñêîì ñòðîåíèè òâåðäûõ òåë. Äðóãèì ïðèìåðîì ÿâëÿåòñÿ èçìåíåíèå óïðóãèõ ñâîéñòâ, êîòîðûå òàêæå îïðåäåëÿþòñÿ ìåæàòîìíûìè âçàìîäåéñòâèÿìè. 

	Åùå îäíèì âàæíûì íàó÷íûì íàïðàâëåíèåì, àêòèâíî ðàçâèâàþùèìñÿ â ïîñëåäíèå ãîäû, ÿâëÿåòñÿ èçó÷åíèå ìåõàíè÷åñêîãî ïîâåäåíèÿ íàíîñòðóêòóðíûõ ìàòåðèàëîâ. Ñ òî÷êè çðåíèÿ ìåõàíè÷åñêèõ ñâîéñòâ ôîðìèðîâàíèå íàíîñòðóêòóð â ðàçëè÷íûõ ìåòàëëàõ è ñïëàâàõ äîëæíî ïðèâåñòè ê âûñîêîïðî÷íîìó ñîñòîÿíèþ â ñîîòâåòñòâèè ñ èçâåñòíûì ñîîòíîøåíèåì Õîëëà-Ïåò÷à [107,108], à òàêæå ê ïîÿâëåíèþ íèçêîòåìïåðàòóðíîé è/èëè âûñîêîñêîðîñòíîé ñâåðõïëàñòè÷íîñòè [109,110]. Áîëüøîé íàó÷íûé èíòåðåñ ê ôèçèêå ïðî÷íîñòè è ïëàñòè÷íîñòè óëüòðàìåëêîçåðíèñòûõ ìàòåðèàëîâ âûçâàí âîçìîæíûì èçìåíåíèåì ìåõàíèçìîâ ïëàñòè÷åñêîé äåôîðìàöèè, ïîñêîëüêó â ñîãëàñèè ñ òåîðåòè÷åñêèìè îöåíêàìè â íàíîðàçìåðíûõ çåðíàõ ìîæåò çàòðóäíÿòüñÿ çàðîæäåíèå è äâèæåíèå äèñëîêàöèé [107,111]. Ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ çäåñü èìåþòñÿ ïåðñïåêòèâû ñîçäàíèÿ íîâûõ âûñîêîïðî÷íûõ ìåòàëëîâ, à òàêæå äîñòèæåíèå ïîâûøåííûõ ñâåðõïëàñòè÷åñêèõ ñâîéñòâ. 

Äî íåäàâíåãî âðåìåíè áîëüøèíñòâî èññëåäîâàíèé ìåõàíè÷åñêèõ ñâîéñòâ íàíîêðèñòàëëîâ áûëî ñâÿçàíî ñ èçìåðåíèÿìè ìèêðîòâåðäîñòè â ìàëûõ îáðàçöàõ. Îäíàêî, ïîëó÷åííûå äàííûå áûëè âåñüìà ïðîòèâîðå÷èâû. Íàïðèìåð, â îäíèõ ðàáîòàõ [112,113] íàáëþäàëè íåîáû÷íîå íåãàòèâíîå îòêëîíåíèå îò ñîîòíîøåíèÿ Õîëëà-Ïåò÷à â îáëàñòè ìàëûõ çåðåí, â äðóãèõ èññëåäîâàíèÿõ [114,115] áûëà îáíàðóæåíà ïðîòèâîïîëîæíàÿ òåíäåíöèÿ. Îäíîé èç ïðè÷èí ýòîãî ìîæåò áûòü îñòàòî÷íàÿ ïîðèñòîñòü â îáðàçöàõ, ïîëó÷åííûõ êîìïàêòèðîâàíèåì ðàçëè÷íûõ ïîðîøêîâ. Âñå ýòî îáóñëîâèëî áîëüøîé èíòåðåñ ñðåäè èññëåäîâàòåëåé ìåõàíè÷åñêèõ ñâîéñòâ â ïîëó÷åíèè áîëüøèõ îáúåìíûõ îáðàçöîâ íàíîñòðóêòóðíûõ ìåòàëëîâ è ñïëàâîâ. Òàêèå îáðàçöû áûëè ïîëó÷åíû ìåòîäàìè ÈÏÄ, ÷òî ïîçâîëèëî íà÷àòü ñèñòåìàòè÷åñêîå èçó÷åíèå èõ ìåõàíè÷åñêîãî ïîâåäåíèÿ.

	Íèæå, â íàñòîÿùåé ãëàâå ðàññìîòðåíû îñíîâíûå ðåçóëüòàòû èññëåäîâàíèé ôóíäàìåíòàëüíûõ ïàðàìåòðîâ, à òàêæå ìåõàíè÷åñêèõ ñâîéñòâ ïðè êîìíàòíîé è ïîâûøåííîé òåìïåðàòóðàõ â íàíîñòðóêòóðíûõ ìåòàëëàõ è ñïëàâàõ, ïîëó÷åííûõ ìåòîäîìè ÈÏÄ. 



Ôóíäàìåíòàëüíûå ïàðàìåòðû.



Çíà÷åíèÿ íåêîòîðûõ ôóíäàìåíòàëüíûõ ïàðàìåòðîâ íàíîñòðóêòóðíûõ ÈÏÄ ìàòåðèàëîâ â ñðàâíåíèè ñ  êðóïíîçåðíèñòûìè àíàëîãàìè ïðèâåäåíû íèæå â Òàáëèöå 3. Âèäíî, ÷òî ôîðìèðîâàíèå íàíîñòðóêòóð ïðèâîäèò ê èçìåíåíèþ ôóíäàìåíòàëüíûõ ìàãíèòíûõ õàðàêòåðèñòèê, òàêèõ êàê òåìïåðàòóðà Êþðè è íàìàãíè÷åííîñòü íàñûùåíèÿ. Õîòÿ ýòè ñâîéñòâà ÿâëÿþòñÿ õàðàêòåðèñòèêàìè ôåððîìàãíèòíûõ ìàòåðèàëîâ, îíè îòðàæàþò îñîáåííîñòè íàíîñòðóêòóðíîãî ñîñòîÿíèÿ. 

	Ñóùåñòâåííûå èçìåíåíèÿ áûëè îáíàðóæåíû òàêæå â âåëè÷èíå òåìïåðàòóðû Äåáàÿ, êîòîðàÿ áûëà èçìåðåíà ìåòîäàìè ðåíòãåíîñòðóêòóðíîãî àíàëèçà è ìåññáàóýðîâñêîé ñïåêòðîñêîïèè. Êàê áóäåò ïîêàçàíî íèæå, îñíîâûâàÿñü íà ñòðóêòóðíîé ìîäåëè óäàåòñÿ ïðîâåñòè îöåíêó òåìïåðàòóðû Äåáàÿ â ïðèãðàíè÷íîé îáëàñòè. Ïðè ýòîì, óñòàíîâëåíî óìåíüøåíèå òåìïåðàòóðû Äåáàÿ, ÷òî îòðàæàåò ïîâûøåíèå äèíàìè÷åñêèõ ñâîéñòâ àòîìîâ ñ êîòîðûìè ñâÿçàíû òàêæå èçìåíåíèÿ êîýôôèöèåíòà äèôôóçèè. Â êà÷åñòâå ïðèìåðà, â Òàáëèöå 3 ïðèâåäåíû äàííûå äëÿ êîýôôèöèåíòîâ äèôôóçèè ìåäè â íàíîñòðóêòóðíîì íèêåëå, ïîëó÷åííîì ÐÊÓ ïðåññîâàíèåì. 

Ñðåäè äðóãèõ ïàðàìåòðîâ, äëÿ êîòîðûõ óñòàíîâëåíî èçìåíåíèå â íàíîñòðóêòóðíûõ ìàòåðèàëàõ ÿâëÿþòñÿ óïðóãèå ìîäóëè è ïðåäåëüíàÿ ðàñòâîðèìîñòü, íàïðèìåð,  óãëåðîäà â (-Fe (Òàáëèöà 3).

	Äàëåå ðàññìîòðèì âîçìîæíûå ïðè÷èíû óêàçàííûõ èçìåíåíèé.



Òàáëèöà 3. Íåêîòîðûå ôóíäàìåíòàëüíûå ñâîéñòâà ìåòàëëîâ â íàíîñòðóêòóðíîì (ÍÑ) è êðóïíîçåðíèñòîì (ÊÇ) ñîñòîÿíèÿõ.

Ñâîéñòâà�Ìàòåðèàë�Çíà÷åíèå�Ññûëêà����ÍÑ�ÊÇ���Òåìïåðàòóðà Êþðè, K�Ni�595�631�[118]��Íàìàãíè÷åííîñòü íàñûùåíèÿ, Am2/kg�Ni�38,1�56,2�[118]��Òåìïåðàòóðà Äåáàÿ, Ê�Fe�240*�467�[98]��Êîýôôèöèåíò äèôôóçèè, ì2/ñ�Ñu â Ni�1(10-14�1(10-20�[125]��Ïðåäåë ðàñòâîðèìîñòè ïðè 293 Ê, %�Ñ â (-Fe�1,2�0,06�[57]��Ìîäóëü Þíãà, ÃÏà�Cu�115�128�[129]��	* äëÿ ïðèãðàíè÷íîé îáëàñòè

	



	Òåìïåðàòóðà Êþðè è íàìàãíè÷åííîñòü íàñûùåíèÿ. 

	Åùå â ïåðâûõ èññëåäîâàíèÿõ íàíîñòðóêòóðíîãî íèêåëÿ, ïîëó÷åííîãî èíòåíñèâíîé äåôîðìàöèåé êðó÷åíèåì ìîíîëèòíûõ îáðàçöîâ áûëî îáíàðóæåíî, ÷òî åãî íàìàãíè÷åííîñòü íàñûùåíèÿ (s ïðè êîìíàòíîé òåìïåðàòóðå íà 3-5 % ìåíüøå, ÷åì â êðóïíîçåðíèñòûõ îáðàçöàõ [116,117]. Áîëåå çíà÷èòåëüíûå èçìåíåíèÿ ìàãíèòíûõ õàðàêòåðèñòèê áûëè óñòàíîâëåíû ïðè èññëåäîâàíèè íàíîñòðóêòóðíîãî íèêåëÿ, èìåâøåãî ñðåäíèé ðàçìåð çåðåí ìåíåå 20 íì è ïîëó÷åííîãî ïóòåì ÈÏÄ êîíñîëèäàöèè ïîðîøêà èçìåëü÷åííîãî â øàðîâîé ìåëüíèöå [118].

	Âèä êðèâûõ òåìïåðàòóðíîé çàâèñèìîñòè íàìàãíè÷åííîñòè íàñûùåíèÿ (S (T) äëÿ ýòîãî îáðàçöà íàíîñòðóêòóðíîãî íèêåëÿ ïîêàçàë, ÷òî êàæäûé öèêë, ñîñòîÿùèé èç íàãðåâà äî ðàçëè÷íûõ òåìïåðàòóð, âûäåðæêè è îõëàæäåíèÿ, ïðèâîäèò ê èçìåíåíèÿì â ôîðìå êðèâûõ (Ðèñ. 31). Â ÷àñòíîñòè, íàìàãíè÷åííîñòü íàñûùåíèÿ íàíîñòðóêòóðíîãî îáðàçöà ïîñëå ÈÏÄ áûëà íà 31% ìåíüøå, ÷åì â êðóïíîçåðíèñòîì Ni. Ïîñëå îòæèãà ïðè ïðîìåæóòî÷íûõ òåìïåðàòóðàõ îò 473 Ê äî 873 Ê â íàíîñòðóêòóðíîì íèêåëå íàáëþäàëñÿ ïîñòåïåííûé âîçâðàò â âåëè÷èíå íàìàãíè÷åííîñòè íàñûùåíèÿ, õàðàêòåðíîé äëÿ êðóïíîçåðíèñòîãî ñîñòîÿíèÿ. Â ðåçóëüòàòå îòæèãà íàíîñòðóêòóðíîãî îáðàçöà áûëè îáíàðóæåíû òàêæå íåêîòîðûå èçìåíåíèÿ â ôîðìå êðèâûõ (S (T). Â ÷àñòíîñòè, ïîñëå îòæèãà ïðè 373 Ê íàáëþäàëñÿ íåáîëüøîé èçãèá, êîòîðûé ñâèäåòåëüñòâîâàë î ñóùåñòâîâàíèè åùå îäíîé ìàãíèòíîé ôàçû ñ ìåíüøåé òåìïåðàòóðîé Êþðè [118]. Îòæèã îáðàçöà ïðè áîëåå âûñîêîé òåìïåðàòóðå ïðèâåë ê èñ÷åçíîâåíèþ ýòîãî èçãèáà, è êðèâûå (S(T) ïðèíÿëè îáû÷íóþ (íîðìàëüíóþ) âûïóêëóþ ôîðìó.

	Èíòåðåñíîé ïðåäñòàâëÿåòñÿ òàêæå õàðàêòåð èçìåíåíèÿ òåìïåðàòóðû Êþðè. Íàïðèìåð, ïîñëå îòæèãà ïðè 573 Ê òåìïåðàòóðà Êþðè áûëà ðàâíà 607 Ê, ÷òî çíà÷èòåëüíî ìåíüøå ñòàíäàðòíîãî çíà÷åíèÿ TC äëÿ ÷èñòîãî Ni ðàâíîãî 631 Ê. Ïðè ýòîì ïîëíûé âîçâðàò TC ê ñâîåìó îáû÷íîìó çíà÷åíèþ 631 Ê íàáëþäàëñÿ ëèøü ïîñëå îòæèãà ïðè òåìïåðàòóðå 873 Ê. 

	×òîáû âûäåëèòü âëèÿíèå ïðîöåññà êîíñîëèäàöèè íà èçìåíåíèå ìàãíèòíûõ ñâîéñòâ íàíîñòðóêòóðíîãî Ni, èññëåäîâàëè òàêæå çàâèñèìîñòü (S(T) ïîðîøêà ïîäâåðãíóòîãî øàðîâîìó ðàçìîëó. Ïðè ýòîì, äëÿ ïîðîøêà (Ðèñ.32) íàáëþäàëè àíàëîãè÷íûé âèä çàâèñèìîñòè íàìàãíè÷åííîñòè íàñûùåíèÿ îò òåìïåðàòóðû, ÷òî è äëÿ êîíñîëèäèðîâàííîãî îáðàçöà (Ðèñ.31). Îäíàêî, â ñëó÷àå ïîðîøêà ìàêñèìàëüíàÿ ðàçíèöà ìåæäó (S â èñõîäíîì è îòîææåííîì ñîñòîÿíèÿõ ñîñòàâëÿëà òîëüêî 16%, à åãî òåìïåðàòóðà Êþðè ïîñëå îòæèãà ïðè 573 Ê áûëà ðàâíà 618 Ê. 

	Íàáëþäàåìîå óìåíüøåíèå (S è TÑ  â ïîðîøêå è â îáðàçöå, ïîäâåðãíóòîì ÈÏÄ êîíñîëèäàöèè íåëüçÿ ñâÿçàòü òîëüêî ñ ìàëûì ðàçìåðîì çåðåí â ñòðóêòóðå îáðàçöîâ, ïîñêîëüêó èõ ðàçìåð çåðåí áûë ïî÷òè îäèíàêîâ. Â òî æå âðåìÿ, èõ ìàãíèòíûå õàðàêòåðèñòèêè ñóùåñòâåííî îòëè÷àëèñü. Ñ äðóãîé ñòîðîíû, äëÿ èçó÷àåìûõ îáðàçöîâ, êàê îòìå÷àëîñü âûøå, áûëè õàðàêòåðíû çíà÷èòåëüíûå èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè, ïðè÷åì ïîñëå ÈÏÄ îíè áûëè ñóùåñòâåííî áîëüøå. Â ðåçóëüòàòå ñòðóêòóðà íàíîñòðóêòóðíîãî ÈÏÄ íèêåëÿ ïðèáëèæàåòñÿ ê ñòðóêòóðå, â êîòîðîé ðàñïîëîæåíèå àòîìîâ â òåëå çåðåí ñòàíîâèòñÿ íåñòðîãî ïåðèîäè÷åñêèì (Ðàçäåë 3.2). Íåïåðèîäè÷íîñòü êðèñòàëëè÷åñêîé ðåøåòêè àíàëîãè÷íî àìîðôíîìó ñîñòîÿíèþ ìîæåò ïðèâîäèòü ê ðåçêîìó óìåíüøåíèþ âåëè÷èí (S è TÑ [119]. Ïðè ýòîì, êàê ïîêàçàíî â [120], íàëè÷èå øèðîêîãî ñïåêòðà ìåæàòîìíûõ ðàññòîÿíèé â íåêîòîðîé îáëàñòè êðèñòàëëà ïðèâîäèò ê ñèëüíîìó èçìåíåíèþ â íåé ýíåðãèè îáìåííîãî âçàèìîäåéñòâèÿ, âñëåäñòâèå åå îñîáîé ÷óâñòâèòåëüíîñòè ê àòîìíî-êðèñòàëëè÷åñêîé ñòðóêòóðå. Ýòî, â ñâîþ î÷åðåäü, óìåíüøàåò ñïîíòàííóþ íàìàãíè÷åííîñòü âî âñåì îáúåìå ôåððîìàãíèòíîé ôàçû è çíà÷åíèå òåìïåðàòóðû Êþðè. Ïðè íàãðåâå åùå äî íà÷àëà èíòåíñèâíîãî ðîñòà çåðåí ïðîèñõîäèò óìåíüøåíèå èñêàæåíèé êðèñòàëëè÷åñêîé ðåøåòêè è ýòî ïðèâîäèò ê âîçâðàòó çíà÷åíèé íàìàãíè÷åííîñòè è òåìïåðàòóðû Êþðè [118]. 



	Òåìïåðàòóðà Äåáàÿ. 

	Â ÈÏÄ ìåòàëëàõ òåìïåðàòóðó Äåáàÿ îïðåäåëÿëè íà îñíîâå çàâèñèìîñòè ïàðàìåòðà Äåáàÿ-Óîëëåðà îò òåìïåðàòóðû (93(. Ðåçóëüòàòû âû÷èñëåíèé ïîêàçàëè, ÷òî äëÿ íàíîñòðóêòóðíîãî Ni òåìïåðàòóðà Äåáàÿ îêàçàëàñü ðàâíîé 293 Ê, ÷òî çíà÷èòåëüíî ìåíüøå, ÷åì òàáëè÷íîå çíà÷åíèå äëÿ îáû÷íîãî íèêåëÿ ðàâíîå 375 Ê. Â òî æå âðåìÿ, òåìïåðàòóðà Äåáàÿ â íàíîñòðóêòóðíîé Cu áûëà ðàâíà 233 Ê, ÷òî íà 23% ìåíüøå òàáëè÷íîãî çíà÷åíèÿ 304 Ê.

Èçìåíåíèÿ òåìïåðàòóðû Äåáàÿ áûëè âïåðâûå îáíàðóæåíû â íàíîñòðóêòóðíûõ îáðàçöàõ ïîëó÷åííûõ ãàçîâîé êîíäåíñàöèåé [2,121]. Â ýòèõ ðàáîòàõ â êà÷åñòâå ïðè÷èí, êîòîðûå âûçûâàþò èçìåíåíèÿ òåìïåðàòóðû Äåáàÿ íàíîñòðóêòóðíûõ ìàòåðèàëîâ, óêàçûâàþò óâåëè÷åíèå àìïëèòóäû òåïëîâûõ êîëåáàíèé àòîìîâ â ãðàíèöàõ çåðåí è ïîâûøåíèå êîíöåíòðàöèè òî÷å÷íûõ äåôåêòîâ â ïðèãðàíè÷íûõ îáëàñòÿõ.

	Íàíîñòðóêòóðíûå ìåäü è íèêåëü, ïîëó÷åííûå ÈÏÄ, îáëàäàþò ðàçìåðîì çåðåí çàìåòíî áîëüøèì, ÷åì òèïè÷íûå íàíîêðèñòàëëû, ïîëó÷åííûå ãàçîâîé êîíäåíñàöèåé. Âñëåäñòâèå ýòîãî, íàáëþäàâøèåñÿ èçìåíåíèÿ òåìïåðàòóðû Äåáàÿ â íèõ íåëüçÿ ñâÿçàòü òîëüêî ñ àòîìàìè â ãðàíèöàõ çåðåí, êîòîðûõ äëÿ ýòîãî íåäîñòàòî÷íî. Îäíàêî, íàíîñòðóêòóðíûå ÈÏÄ ìàòåðèàëû, âñëåäñòâèå íåðàâíîâåñíîñòè ãðàíèö çåðåí è äàëüíîäåéñòâóþùèõ ïîëåé óïðóãèõ íàïðÿæåíèé ïðîÿâëÿþò ïîâûøåííûå ñòàòè÷åñêèå è äèíàìè÷åñêèå àòîìíûå ñìåùåíèÿ â íåêîòîðîé çîíå - ïðèãðàíè÷íûõ îáëàñòÿõ (Ãëàâà 3). Ïðèíèìàÿ âî âíèìàíèå äàííûé ôàêò, ìîæíî ïîëàãàòü, ÷òî îñíîâíîé ïðè÷èíîé óìåíüøåíèÿ òåìïåðàòóðû Äåáàÿ â íàíîñòðóêòóðíûõ ÈÏÄ ìåäè è íèêåëå ÿâëÿåòñÿ åå ïîíèæåííîå çíà÷åíèå â óïðóãîèñêàæåííûõ ïðèãðàíè÷íûõ îáëàñòÿõ, â òî âðåìÿ êàê âíóòðè çåðåí òåìïåðàòóðà Äåáàÿ îñòàåòñÿ òàêîé æå êàê è â êðóïíîçåðíèñòûõ îáðàçöàõ.

	Ðåçóëüòàòû âû÷èñëåíèé [93] òåìïåðàòóðû Äåáàÿ ïðèãðàíè÷íûõ îáëàñòåé äàëè äëÿ íàíîñòðóêòóðíîãî íèêåëÿ çíà÷åíèå 127 Ê, ò.å. ñóùåñòâåííî íèæå (ïî÷òè íà 200 Ê), ÷åì ñîîòâåòñòâóþùåå çíà÷åíèå äëÿ îáû÷íîãî íèêåëÿ. 

	Àíàëîãè÷íîå çàêëþ÷åíèå áûëî ñäåëàíî íåäàâíî èñõîäÿ èç ðåçóëüòàòîâ ìåññáàóýðîâñêèõ èññëåäîâàíèé íàíîñòðóêòóðíîãî æåëåça ïîëó÷åííîãî ÈÏÄÊ [98] (Ðàçäåë 3.1). Â ýòîì ñëó÷àå èçó÷àëè îòíîñèòåëüíóþ èíòåíñèâíîñòü ïîäñïåêòðîâ çåðíîãðàíè÷íîé è çåðåííîé ôàç ïðè ðàçëè÷íûõ òåìïåðàòóðàõ è óñòàíîâèëè, ÷òî òåìïåðàòóðà Äåáàÿ çåðíîãðàíè÷íîé ôàçû â íàíîñòðóêòóðíîì æåëåçå òàêæå íà 200 îÑ íèæå, ÷åì ó çåðåííîé ôàçû.

	Ïîíèæåííàÿ òåìïåðàòóðà Äåáàÿ â ïðèãðàíè÷íûõ îáëàñòÿõ íàíîñòðóêòóðíûõ ÈÏÄ ìàòåðèàëîâ ñâèäåòåëüñòâóåò î ïîâûøåííîé â íèõ äèíàìè÷åñêîé àêòèâíîñòè àòîìîâ, âñëåäñòâèå ÷åãî â íàíîñòðóêòóðíûõ ìàòåðèàëàõ ìîæíî òàêæå îæèäàòü ïîâûøåííîé äèôôóçèîííîé ïðîíèöàåìîñòè.



	Diffusivity. 

	Äèôôóçèîííûå ïðîöåññû â íàíîñòðóêòóðíûõ ìàòåðèàëàõ áûëè îáúåêòîì èíòåíñèâíûõ èññëåäîâàíèé [122-124]. Îäíàêî ïîëó÷åííûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû çäåñü íåîäíîçíà÷íû âñëåäñòâèå íåñòàáèëüíîñòè ñòðóêòóðû â ïðîöåññå äèôôóçèîííûõ ýêñïåðèìåíòîâ, õîòÿ íå âûçûâàåò ñîìíåíèÿ ðåçêîå óñêîðåíèå äèôôóçèîííûõ ïðîöåññîâ â ýòèõ ìàòåðèàëàõ. 

	Â íàíîñòðóêòóðíûõ ÈÏÄ ìàòåðèàëàõ êèíåòèêà äèôôóçèîííûõ ïðîöåññîâ èññëåäîâàëàñü â íåñêîëüêèõ ðàáîòàõ [125-127]. Â ÷àñòíîñòè, â ðàáîòå [125] áûëè ïðîâåäåíû èññëåäîâàíèÿ äèôôóçèè ìåäè â íàíîñòðóêòóðíîì íèêåëå, èìåþùåì ìåäíîå ïîêðûòèå. Ïðè ýòîì, ýêñïåðèìåíòàëüíî îïðåäåëÿëè ãëóáèíó ïðîíèêíîâåíèÿ ìåäè â íèêåëü ìåòîäîì âòîðè÷íîé èîííîé ìàññ-ñïåêòðîìåòðèè. Ñðàâíèòåëüíûå äèôôóçèîííûå ýêñïåðèìåíòû áûëè ïðîâåäåíû ïðè òåìïåðàòóðàõ 423Ê è 523 Ê â òå÷åíèå 3 ÷àñîâ, èñïîëüçóÿ íàíîñòðóêòóðíûé, ïîëó÷åííûé ÐÊÓ ïðåññîâàíèåì, è êðóïíîçåðíèñòûé íèêåëü. Under the given conditions Cu atoms were not detected in the coarse-grained crystalline Ni even at the depth of 2 (m. At the same time, the diffusion of Cu fluxes in nanostructured Ni penetrated to depth greater than 25 and 35 (m at 423 and 573 K, respectively (Ðèñ. 33). The calculations of the grain-boundary diffusion coefficients of Cu in nanostructured Ni were based on these data. The volume diffusion was assumed to be practically absent.

	At 423 K grain boundaries were found not to migrate in nanostructured Ni. Accordingly, the diffusion coefficient could be determined using the equation describing the change of the grain-boundary impurity concentration vs time in the C regime [128]:



�EMBED Equation.3���                                                 (14)



where ñ and co are the concentrations of Cu on the source(s surface and x - the depth, respectively; t is the time of the diffusive annealing. The value x is the distance from the surface at which lg c = -1 (c = 0.1%, which corresponds to the resolution limit of the SIMC instrument. The value of co was obtained by extrapolation of the experimental concentration curve at x (0. In this case Db = 1(10-14 m2/sec (t = 3h).

	During annealing at 573 K â íàíîñòðóêòóðíîì íèêåëå ïðîèñõîäèò ðîñò çåðåí. Èñõîäÿ èç åãî êèíåòèêè îöåíèëè, ÷òî the Ni GBs migrate with the velocity of V( 7(10-11 m2/sec. In this case Db could be calculated from the equation [128]:



�EMBED Equation.3���                                               (15)



	Considering äèôôóçèîííóþ øèðèíó ãðàíèöû ( = 10-8 m one can obtain that Db = 1.4(10-12 m2/sec.

	These experimental data demonstrate the increased grain-boundary diffusion coefficients of Cu in nanostructured Ni to compare with the coarse-grained Ni. Ïî äàííûì [125] ýòà ðàçíèöà ñîñòàâëÿåò 4-6 ïîðÿäêîâ.

	Ïîâûøåííàÿ äèôôóçèîííàÿ ïðîíèöàåìîñòü ãðàíèö çåðåí îáíàðóæåííàÿ è â äðóãèõ íàíîñòðóêòóðíûõ ÈÏÄ ìàòåðèàëàõ [126,127] ÿâëÿåòñÿ âàæíûì ñâèäåòåëüñòâîì “ñïåöèôè÷åñêîé” ñòðóêòóðû èõ ãðàíèö. Çäåñü òðåáóþòñÿ äàëüíåéøèå èññëåäîâàíèÿ íàïðàâëåííûå íà ðàçâèòèå êîëè÷åñòâåííûõ ìîäåëåé äèôôóçèè â íàíîñòðóêòóðíûõ ìàòåðèàëàõ. Âìåñòå ñ òåì, ìîæíî ïîëàãàòü, ÷òî äëÿ ðàçâèòèÿ ýòèõ ðàáîò ïîëåçíûì áàçèñîì ìîãóò áûòü ðàçâèâàåìûå ïðåäñòàâëåíèÿ î íåðàâíîâåñíûõ ãðàíèöàõ çåðåí (Ðàçäåë 3.2).



	Óïðóãèå ñâîéñòâà.

Ïîäðîáíûå èññëåäîâàíèÿ óïðóãèõ ñâîéñòâ íàíîñòðóêòóðíûõ îáðàçöîâ Cu, ïîëó÷åííûõ ÐÊÓ ïðåññîâàíèåì áûëè ïðîâåäåíû â [129], ãäå âåëè÷èíû óïðóãèõ ìîäóëåé îïðåäåëÿëè óëüòðàçâóêîâûì ìåòîäîì. Â ýòîé ðàáîòå, ÷òîáû îöåíèòü âîçìîæíóþ àíèçîòðîïèþ óïðóãèõ ñâîéñòâ èç-çà òåêñòóðû, âîçíèêàþùåé ïðè äåôîðìàöèè, èçìåðåíèÿ ñêîðîñòåé ïðîäîëüíûõ âîëí ïðîâîäèëèñü â òðåõ ïðîñòðàíñòâåííûõ íàïðàâëåíèÿõ. Êðîìå òîãî, äëÿ ïîïåðå÷íûõ âîëí èçìåðåíèÿ âûïîëíÿëèñü ïðè äâóõ ðàçëè÷íûõ ïîëÿðèçàöèÿõ â ïëîñêîñòè êîëåáàíèé. 

	Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî õàðàêòåð çàâèñèìîñòè ñêîðîñòåé ïðîäîëüíûõ è ïîïåðå÷íûõ óëüòðàçâóêîâûõ âîëí îò òåìïåðàòóðû îòæèãà, äëÿ íàíîñòðóêòóðíîé Cu ÷èñòîòîé 99,997%, ìîæíî ðàçáèòü íà òðè ó÷àñòêà (Ðèñ. 34). Íà ïåðâîì (äî 100 °Ñ) çàìåòíûõ èçìåíåíèé ñêîðîñòåé ïðîäîëüíûõ âîëí íå ïðîèñõîäèò, ñêîðîñòè ïîïåðå÷íûõ âîëí â äâóõ íàïðàâëåíèÿõ ïî îäíîé èç ïîëÿðèçàöèé íåñêîëüêî óâåëè÷èâàþòñÿ. Ïðè ýòîì íàáëþäàþòñÿ íåáîëüøèå ðàçëè÷èÿ â àáñîëþòíûõ âåëè÷èíàõ ñêîðîñòåé âäîëü ðàçíûõ íàïðàâëåíèé ðàñïðîñòðàíåíèÿ, ñâÿçàííûå, âèäèìî, ñ òåêñòóðîé äåôîðìàöèè. 

	Îòæèã ïðè òåìïåðàòóðàõ îêîëî 125 °Ñ ïðèâîäèò ê ðåçêîìó óâåëè÷åíèþ ñêîðîñòåé ïî âñåì íàïðàâëåíèÿì. Äëÿ ïðîäîëüíûõ âîëí ýòîò ðîñò ñîñòàâëÿåò äî 3%, äëÿ ïîïåðå÷íûõ - 8%. Ïðè äàëüíåéøåì óâåëè÷åíèè òåìïåðàòóðû îòæèãà äî 150 °Ñ è âûøå (âïëîòü äî 500 °Ñ) ñêîðîñòè ìåíÿþòñÿ íåçíà÷èòåëüíî. Õàðàêòåð èçìåíåíèÿ ñêîðîñòåé çâóêà ñ òåìïåðàòóðîé îòæèãà â Cu ÷èñòîòîé 99,98% àíàëîãè÷åí èçìåíåíèÿì â Cu ñ ÷èñòîòîé 99,997 % (Ðèñ. 34), õîòÿ óìåíüøåíèå ÷èñòîòû ìàòåðèàëà ïðèâåëî ê ïîâûøåíèþ òåìïåðàòóðû, ïðè êîòîðîé íàáëþäàåòñÿ ðåçêîå óâåëè÷åíèå ñêîðîñòåé çâóêà, äî 175°Ñ.

	Ïî ðåçóëüòàòàì èçìåðåíèé ñêîðîñòåé óëüòðàçâóêîâûõ âîëí áûëè ðàññ÷èòàíû óïðóãèå ìîäóëè, âåëè÷èíà êîòîðûõ â íàíîñòðóêòóðíîé ìåäè îêàçàëàñü íà 10-15 % ìåíüøå ïî ñðàâíåíèþ ñ êðóïíîçåðíèñòûì îáðàçöîì [129]. Ïðè ýòîì, ñîïîñòàâëåíèå çàâèñèìîñòè óïðóãèõ ìîäóëåé îò ðàçìåðà çåðíà ñ äàííûìè ýëåêòðîííîìèêðîñêîïè÷åñêèõ èññëåäîâàíèé ïîçâîëèëî ñäåëàòü çàêëþ÷åíèå, ÷òî îñíîâíîé âîçâðàò óïðóãèõ ìîäóëåé â íàíîñòðóêòóðíîé ìåäè ïðîèñõîäèò ïðè ïåðåõîäå ãðàíèö çåðåí èç íåðàâíîâåñíîãî â ðàâíîâåñíîå ñîñòîÿíèå. Òîãäà êàê, ñ óâåëè÷åíèåì ñðåäíåãî ðàçìåðà çåðíà áîëåå 1 ìêì è íåèçìåííîì ñòðóêòóðíîì ñîñòîÿíèè ãðàíèö, âåëè÷èíà óïðóãèõ ìîäóëåé ïðàêòè÷åñêè íå èçìåíèëàñü.

	Ðàññìîòðèì, ñ ÷åì ìîæåò áûòü ñâÿçàíî ñòîëü ñèëüíîå èçìåíåíèå ýôôåêòèâíûõ óïðóãèõ ìîäóëåé íàíîñòðóêòóðíîé ìåäè â ðåçóëüòàòå îòæèãà. Îöåíêè âêëàäîâ ðàçëè÷íûõ ìåõàíèçìîâ ïîêàçàëè [129], ÷òî íè âíóòðåííèå íàïðÿæåíèÿ, íè ðåøåòî÷íûå äèñëîêàöèè íå ìîãóò âûçâàòü ñòîëü ñèëüíîå èçìåíåíèå óïðóãèõ ìîäóëåé íàíîñòðóêòóðíîé ìåäè. Â òî æå âðåìÿ, åñëè ïðåäïîëîæèòü, ÷òî óïðóãèå ìîäóëè ïðèãðàíè÷íîé îáëàñòè îòëè÷àþòñÿ îò óïðóãèõ ìîäóëåé èäåàëüíîãî êðèñòàëëà, òî ýôôåêòèâíûå ìîäóëè íàíîêðèñòàëëè÷åñêîãî ìàòåðèàëà áóäóò êîìáèíàöèåé óïðóãèõ ìîäóëåé ìàòðèöû è ïðèãðàíè÷íîé îáëàñòè. Â ýòîì ñëó÷àå, ïðè çíà÷èòåëüíîì îáúåìå, çàíèìàåìîì ïðèãðàíè÷íûìè îáëàñòÿìè â íàíîñòðóêòóðíûõ ìàòåðèàëàõ ìîæåò íàáëþäàòüñÿ çàìåòíîå èçìåíåíèå ýôôåêòèâíûõ ìîäóëåé. Îöåíêè ïîêàçàëè, ÷òî íàáëþäàåìîå èçìåíåíèå óïðóãèõ ìîäóëåé â íàíîñòðóêòóðíîé ìåäè ìîæíî îáúÿñíèòü, åñëè ïðèíÿòü, ÷òî óïðóãèå ìîäóëè ïðèãðàíè÷íûõ îáëàñòåé ñîñòàâëÿþò âåëè÷èíó ðàâíóþ 15-17% îò ìîäóëåé êðóïíîçåðíèñòîãî îáðàçöà.

Ïîíèæåíûå çíà÷åíèÿ ìîäóëåé óïðóãîñòè â Cu è ìåäíûõ êîìïîçèòàõ ïîäâåðãíóòûõ ÐÊÓ ïðåññîâàíèþ, áûëè îáíàðóæåíû è â äðóãèõ ðàáîòàõ [130-132], ãäå èñïîëüçîâàëè óëüòðàçâóêîâîé ìåòîä, à òàêæå èçìåðåíèÿ âíóòðåííåãî òðåíèÿ.



	Âíóòðåííåå òðåíèå. 

	Èçó÷åíèå âíóòðåííåãî òðåíèÿ â íàíîñòðóêòóðíîé ìåäè, ïîëó÷åííîé ÐÊÓ ïðåññîâàíèåì, ïðîâåäåíî â ðàáîòàõ [132,133], ãäå èññëåäîâàëè åãî àìïëèòóäíóþ è òåìïåðàòóðíóþ çàâèñèìîñòè ìåòîäîì êðóòèëüíîãî ìàÿòíèêà.

	Ïðè ýòîì, áûëî âûÿâëåíî, ÷òî â íàíîñòðóêòóðíîé ìåäè íàáëþäàåòñÿ âûñîêèé óðîâåíü ôîíà (àìïëèòóäíîçàâèñèìîé ÷àñòè) âíóòðåííåãî òðåíèÿ. Óðîâåíü ôîíà â íàíîñòðóêòóðíîé ìåäè áûë â 4-5 ðàç âûøå, ÷åì ó êðóïíîçåðíèñòûõ îáðàçöîâ, ïîëó÷åííûõ îòæèãîì ïðè âûñîêèõ òåìïåðàòóðàõ è â 2-3 ðàçà âûøå, ÷åì óðîâåíü äåìïôèðîâàíèÿ ñåðîãî ÷óãóíà (50(10-4), êîòîðûé ÿâëÿåòñÿ êðèòåðèåì ïðè îïðåäåëåíèè óñëîâíîé ãðàíèöû [134,135] âûñîêîãî äåìïôèðîâàíèÿ.

	Ïðè îïðåäåëåíèè òåìïåðàòóðíîé çàâèñèìîñòè âíóòðåííåãî òðåíèÿ (ÒÇÂÒ) [132] îáðàçåö èññëåäóåìîãî ìàòåðèàëà âíà÷àëå íàãðåâàëè îò 4 äî 400 Ê. Çàòåì îáðàçåö âíîâü îõëàæäàëè äî 4 Ê è ïðîâîäèëè èçìåðåíèÿ ÒÇÂÒ ïðè íàãðåâå äî áîëåå âûñîêîé òåìïåðàòóðû 500 Ê. Òàêóþ ýêñïåðèìåíòàëüíóþ ïðîöåäóðó îñóùåñòâëÿëè íåñêîëüêî ðàç, ïîñëåäîâàòåëüíî ïîâûøàÿ âåðõíþþ òåìïåðàòóðó äî 500, 600 è 650 Ê, ò.å. èçìåðåíèÿ ïðîâîäèëè â íåñêîëüêî öèêëîâ.

	Ðåçóëüòàòû èññëåäîâàíèé (Ðèñ.35) ïîêàçàëè, ÷òî â íàíîñòðóêòóðíîé ìåäè (êðèâûå 1 è 2) íàáëþäàåòñÿ ñèëüíîå ðàçëè÷èå ÒÇÂÒ ïî ñðàâíåíèþ ñ îáðàçöîì êðóïíîçåðíèñòîé ìåäè (êðèâàÿ 4). Â ÷àñòíîñòè, â íàíîñòðóêòóðíîé ìåäè ñóùåñòâåííî (íà ( 120 Ê) ñíèæàåòñÿ íà÷àëî èíòåíñèâíîãî ðîñòà âíóòðåííåãî òðåíèÿ è èìååòñÿ ñèëüíî âûðàæåííûé ìàêñèìóì ÒÂÇÒ ïðè 475 Ê. Íàëè÷èå ýòîãî ïèêà, íàçûâàåìîãî çåðíîãðàíè÷íûì, îáóñëîâëåíî èíòåíñèôèêàöèåé çåðíîãðàíè÷íîãî ïðîñêàëüçûâàíèÿ â ìàòåðèàëå. Ñîãëàñíî [132,133] îáíàðóæåííîå ñóùåñòâåííîå ðàçëè÷èå ÒÇÂÒ â íàíîñòðóêòóðíîé è êðóïíîçåðíèñòîé ìåäè, îáóñëîâëåíî íå òîëüêî ðàçíûì ðàçìåðîì çåðåí, íî è ïåðåõîäîì ãðàíèö çåðåí èç íåðàâíîâåñíîãî ñîñòîÿíèÿ â ðàâíîâåñíîå ïðè íàãðåâå âûøå 500îÑ .

	Â çàêëþ÷åíèå ýòîãî ðàçäåëà îòìåòèì, ÷òî íåäàâíèå èññëåäîâàíèÿ äåìîíñòðèðóþò öåëûé ðÿä “àíîìàëèé” ôóíäàìåíòàëüíûõ õàðàêòåðèñòèê â íàíîñòðóêòóðíûõ ÈÏÄ ìàòåðèàëàõ. Ýòè èçìåíåíèÿ îáóñëîâëåíû íå òîëüêî ìàëûì ðàçìåðîì çåðåí â èññëåäîâàííûõ îáðàçöàõ, íî è ñïåöèôè÷åñêîé äåôåêòíîé ñòðóêòóðîé, ñâÿçàííîé ñ íåðàâíîâåñíûìè ãðàíèöàìè çåðåí. Â ýòîé ñâÿçè, ðàçâèâàåìàÿ ñòðóêòóðíàÿ ìîäåëü íàíîñòðóêòóðíûõ ìàòåðèàëîâ (Ðàçäåë 3.2) ìîæåò áûòü ïîëåçíûì áàçèñîì äëÿ îáüÿñíåíèÿ è ïðåäñêàçàíèÿ òàêèõ “àíîìàëèé”. 



4.2. Ìåõàíè÷åñêèå ñâîéñòâà è ïîâåäåíèå.



	Áîëüøîé èíòåðåñ ñðåäè èññëåäîâàòåëåé â îáëàñòè ôèçè÷åñêîãî ìàòåðèàëîâåäåíèÿ âûçûâàþò ìåõàíè÷åñêèå ñâîéñòâà íàíîñòðóêòóðíûõ ìàòåðèàëîâ â ñâÿçè ñ îæèäàíèåì â íèõ ïîâûøåííûõ ïðî÷íîñòíûõ è ñâåðõïëàñòè÷åñêèõ ñâîéñòâ. Îäíàêî íàíîêðèñòàëëè÷åñêèå ìàòåðèàëû ñ ðàçìåðîì çåðåí 20-40 íì ïîëó÷åííûå ìåòîäàìè ãàçîâîé êîíäåíñàöèè èëè øàðîâîãî ðàçìîëà ñ ïîëåäóþùåé êîíñîëèäàöèåé îáû÷íî äåìîíñòðèðóþò ïðè ðàñòÿæåíèè î÷åíü íèçêóþ ïëàñòè÷íîñòü è ñêëîííû ê ñèëüíîé ëîêàëèçàöèè äåôîðìàöèè [3,5]. Âìåñòå ñ òåì, òðóäíî ïîêà îäíîçíà÷íî ñêàçàòü, ýòî ñâÿçàíî ñ ïëîõîé êîíñîëèäàöèåé èëè èìååò ôèçè÷åñêèå ïðè÷èíû. Â ýòîé ñâÿçè, âàæíû ðåçóëüòàòû èçó÷åíèÿ ìåõàíè÷åñêîãî ïîâåäåíèÿ ðÿäà íàíîñòðóêòóðíûõ ìåòàëëîâ è ñïëàâîâ, ïîëó÷åííûõ ìåòîäàìè ÈÏÄ, êîòîðûå ïðèâåäåíû â ýòîì ðàçäåëå. Îñîáîå âíèìàíèå óäåëåíî èçó÷åíèþ âëèÿíèÿ îñîáåííîñòåé ñòðóêòóðû íà âûñîêîïðî÷íîå ñîñòîÿíèå è óñòàëîñòíîå ïîâåäåíèå, èññëåäóåìûå ïðè êîìíàòíîé òåìïåðàòóðå, à òàêæå ñâåðõïëàñòè÷åñêèå ñâîéñòâà, îáíàðóæåííûå ïðè ïîâûøåííûõ òåìïåðàòóðàõ.

	Ïðî÷íîñòíûå ñâîéñòâà. Íà÷íåì ðàññìîòðåíèå âîïðîñà ñ ðåçóëüòàòîâ ìåõàíè÷åñêèõ èñïûòàíèé íàíîñòðóêòóðíîé ìåäè, êîòîðàÿ áûëà èñïîëüçîâàíà â êà÷åñòâå ìîäåëüíîãî ìàòåðèàëà â ðÿäå íåäàâíèõ èññëåäîâàíèé [48,52,108,136]. Êàê áûëî ïîêàçàíî âûøå â ðàçäåëå 2.2, ÐÊÓ ïðåññîâàíèå ìåäè ïî îïòèìàëüíûì ðåæèìàì ïðèâîäèò ê ôîðìèðîâàíèþ äîñòàòî÷íî ðàâíîîñíîé ìèêðîñòðóêòóðû ñî ñðåäíèì ðàçìåðîì çåðåí 200-300 íì, è ïðåèìóùåñòâåííî áîëüøåóãëîâûìè ãðàíèöàìè çåðåí, êîòîðûå, îäíàêî, ÿâëÿþòñÿ ñèëüíî íåðàâíîâåñíûìè. Íà Ðèñ. 36à ïðåäñòàâëåíû äèàãðàììû "èñòèííûå íàïðÿæåíèÿ-äåôîðìàöèè" ìåäè ïîñëå ÐÊÓ ïðåññîâàíèÿ ïðè ðàñòÿæåíèè è ñæàòèè, â ñðàâíåíèè ñ äèàãðàììàìè îòîææåííûõ îáðàçöîâ [108,136]. Êàê âèäíî èç Ðèñ.36à, íàíîñòðóêòóðíàÿ Cu â ñðàâíåíèè ñ õîðîøî îòîææåííûì êðóïíîçåðíèñòûì ñîñòîÿíèåì, ïðîÿâëÿåò äâà íàèáîëåå ñóùåñòâåííûõ ðàçëè÷èÿ: âî-ïåðâûõ, â íåñêîëüêî ðàç áîëåå âûñîêîå çíà÷åíèå ïðåäåëà òåêó÷åñòè, áëèçêîå ê 400 ÌÏà è, âî-âòîðûõ, çíà÷èòåëüíî ìåíåå âûðàæåííîå äåôîðìàöèîííîå óïðî÷íåíèå íà ñòàäèè ïëàñòè÷åñêîãî òå÷åíèÿ ïðè äîñòàòî÷íî âûñîêîé ïëàñòè÷íîñòè. Íà Ðèñ. 36á ïðèâåäåíà äèàãðàììà "íàïðÿæåíèå-äåôîðìàöèÿ" äëÿ òàêîãî æå îáðàçöà Ñu, ïîäâåðãíóòîãî äîïîëíèòåëüíîìó 3-õ ìèíóòíîìó îòæèãó ïðè 473 Ê. Òàêîé êîðîòêèé îòæèã íå ïðèâîäèò ê çàìåòíîìó ðîñòó çåðåí, îäíàêî âåäåò ê âîçâðàòó äåôåêòíîé ñòðóêòóðû èõ ãðàíèö, âûðàæåííîìó â ðåçêîì óìåíüøåíèè âíóòðåííèõ íàïðÿæåíèé [136]. Âèäíî, ÷òî íåñìîòðÿ íà àíàëîãè÷íûé ðàçìåð çåðåí, èìååòñÿ âåñüìà ñóùåñòâåííàÿ ðàçíèöà äåôîðìàöèîííîãî ïîâåäåíèÿ â ýòèõ äâóõ ñîñòîÿíèÿõ. Ïîñëå êðàòêîâðåìåííîãî îòæèãà âèä êðèâîé ñòàíîâèòñÿ ïîõîæèì íà ïîâåäåíèå êðóïíîçåðíèñòîé ìåäè. Ýòîò ðåçóëüòàò î÷åíü âàæåí è ïîêàçûâàåò, ÷òî íà ïðî÷íîñòíûå ñâîéñòâà íàíîñòðóêòóðíûõ ìàòåðèàëîâ âëèÿþò íå òîëüêî ñðåäíèé ðàçìåð çåðíà, íî è ïîâûøåííàÿ ïëîòíîñòü äåôåêòîâ â ãðàíèöàõ çåðåí. 

	Àíàëèç ïðèðîäû ýòèõ ýôôåêòîâ [52,108] ñâèäåòåëüñòâóåò, ÷òî îí ìîæåò áûòü ñâÿçàí ñ àêòèâèçàöèåé ïðîöåññîâ âîçâðàòà íà ãðàíèöàõ çåðåí è èçìåíåíèåì ìåõàíèçìîâ äåôîðìàöèè íàíîñòðóêòóðíûõ ìåòàëëîâ. Äåéñòâèòåëüíî, â óñëîâèÿõ ñòàöèîíàðíîé ïëîòíîñòè äèñëîêàöèé ïðè äåôîðìàöèè, âåëè÷èíà (  âûðàæàåòñÿ ñîîòíîøåíèåì [52](

�EMBED Equation.3���                                                    (16)

ãäå (  - ïëîòíîñòü äèñëîêàöèé, b - âåêòîð Áþðãåñà, d - ðàçìåð çåðåí, �EMBED Equation.3���- ñêîðîñòü äåôîðìàöèè, ( - ãåîìåòðè÷åñêèé ôàêòîð è ( - âðåìÿ àáñîðöèè äèñëîêàöèè íà ãðàíèöàõ çåðåí.

	Âçÿâ äëÿ èññëåäîâàííîãî ñëó÷àÿ ( ( 1015ì-2, b=2.5(10-10 ì, d = 2.1(10-7 ì, �EMBED Equation.3���=1.4(10-3c-1  è ( =2.4, ñëåäóÿ (16) ýòî äàåò ( = 15 ñåê.

	Â ñîãëàñèè ñ ìîäåëüíûìè ïðåäñòàâëåíèÿìè î âîçâðàòå íà ãðàíèöàõ çåðåí [137,138] âåëè÷èíà ( îïèñûâàåòñÿ âûðàæåíèåì:  



�EMBED Equation.3���                                                      (17)



ãäå Ê, Ò, G èìåþò îáùåïðèíÿòûå îáîçíà÷åíèÿ, ( = 10-9 ì - òîëùèíà ãðàíèöû çåðåí, ( - àòîìíûé îáúåì è Í ( 30 íì - äèñòàíöèÿ ïðè êîòîðîé èçîáðàæåíèå äèñëîêàöèé èñ÷åçàåò. Ïîëàãàÿ Db = Doexp(-Q/RT), ãäå Do=2.35(10-5 ì2/c, çíà÷åíèå ýíåðãèè àêòèâàöèè çåðíîãðàíè÷íîé äèôôóçèè â óëüòðàìåëêîçåðíèñòîé ìåäè ñîñòàâëÿåò Q = 78 êÄæ/ìîëü [52]. Ýòà âåëè÷èíà ñóùåñòâåííî íèæå ýíåðãèè àêòèâàöèè çåðíîãðàíè÷íîé äèôôóçèè â îáû÷íîé êðóïíîçåðíèñòîé ìåäè, êîòîðàÿ ñîñòàâëÿåò 107 êÄæ/ìîëü. Ýòè äàííûå, êàê è ðåçóëüòàòû äðóãèõ èññëåäîâàíèé (Ðàçäåë 2.1), ñâèäåòåëüñòâóþò î ïîâûøåííîé äèôôóçèîííîé ïðîíèöàåìîñòè ãðàíèö çåðåí â íàíîñòðóêòóðíûõ ìàòåðèàëàõ. Â ñâîþ î÷åðåäü, óñêîðåííàÿ äèôôóçèÿ ïðèâîäèò ê àêòèâèçàöèè ïðîöåññîâ âîçâðàòà íà ãðàíèöàõ çåðåí è ðàçâèòèþ çåðíîãðàíè÷íîãî ïðîñêàëüçûâàíèÿ, ÷òî ìîæåò áûòü îòâåòñòâåííûì çà íàáëþäàåìîå îòñóòñòâèå çàìåòíîãî óïðî÷íåíèÿ íà ñòàäèè ïëàñòè÷åñêîãî òå÷åíèÿ ïðè äåôîðìàöèè óëüòðàìåëêîçåðíèñòûõ ìåòàëëîâ. Ñ äðóãîé ñòîðîíû, âûñîêîå çíà÷åíèå ïðåäåëà òåêó÷åñòè ñâÿçûâàþò ñ òðóäíîñòüþ ãåíåðàöèè äèñëîêàöèé ñ íåðàâíîâåñíûõ ãðàíèö çåðåí â íàíîñòðóêòóðíûõ ìåòàëëàõ [99]. Ñ ýòîé òî÷êè çðåíèÿ îáíàðóæåííîå âëèÿíèå êðàòêîâðåìåííîãî îòæèãà ïðè 473 Ê íà ðåçêîå óìåíüøåíèå ïðåäåëà òåêó÷åñòè è ïîÿâëåíèå äåôîðìàöèîííîãî óïðî÷íåíèÿ â óëüòðàìåëêîçåðíèñòûõ ìåäè (Ðèñ. 36á) ìîæíî îáüÿñíèòü ñ îáëåã÷åíèåì çàðîæäåíèÿ äèñëîêàöèé è óìåíüøåíèåì ñêîðîñòè âîçâðàòà íà ãðàíèöàõ çåðåí ñ áîëåå ðàâíîâåñíîé ñòðóêòóðîé.

	Äðóãèì èíòåðåñíûì ïðèìåðîì äåôîðìàöèîííîãî ïîâåäåíèÿ íàíîñòðóêòóðíûõ ìàòåðèàëîâ ÿâëÿþòñÿ ìåõàíè÷åñêèå ñâîéñòâà òèòàíà, ïîäâåðãíóòîãî èíòåíñèâíîé äåôîðìàöèè êðó÷åíèåì [50]. Ïîëó÷åííûå îáðàçöû èìåëè ôîðìó äèñêîâ îêîëî 10 ìì â äèàìåòðå, ïîýòîìó äëÿ èõ èññëåäîâàíèÿ áûëè èñïîëüçîâàíû èñïûòàíèÿ íà èçãèá. Ïðîâåäåííûå èñïûòàíèÿ ïîçâîëèëè îïðåäåëèòü ïðåäåëû òåêó÷åñòè (((), ïðåäåë ïðî÷íîñòè ((u) è ìàêñèìàëüíóþ âåëè÷èíó ïðîãèáà (().

	ÒÅÌ èññëåäîâàíèÿ îáðàçöîâ òèòàíà, ïîäâåðãíóòûõ äåôîðìàöèè êðó÷åíèåì (Ðèñ. 37) âûÿâèëè â íèõ ñðåäíèé ðàçìåð çåðåí îêîëî 100 íì è áîëüøåóãëîâûå ðàçîðèåíòèðîâêè ñîñåäíèõ çåðåí. Íà òåìíîïîëüíûõ èçîáðàæåíèÿõ íàáëþäàëè ñëîæíûé íåîäíîðîäíûé êîíòðàñò âíóòðè çåðåí, ÷òî ñâèäåòåëüñòâîâàëî î íàëè÷èè â íèõ çíà÷èòåëüíûõ óïðóãèõ äåôîðìàöèé è ñèëüíûõ èñêàæåíèé êðèñòàëëè÷åñêîé ðåøåòêè. Â ïðîöåññå íàãðåâà ýòèõ îáðàçöîâ, êàê ïîêàçûâàåò ÒÝÌ, çàìåòíûå ñòðóêòóðíûå èçìåíåíèÿ íà÷èíàþòñÿ ïðè îòæèãå 250îÑ è âûøå. Ýòî ïðåæäå âñåãî îòíîñèòñÿ ê óìåíüøåíèþ óïðóãèõ èñêàæåíèé êðèñòàëëè÷åñêîé ðåøåòêè, ÷òî îò÷åòëèâî íàáëþäàåòñÿ íà òåìíîïîëüíîì èçîáðàæåíèè. Â ýòîì ñëó÷àå èçìåðÿåìûé ïî äàííûì ñíèìêàì ñðåäíèé ðàçìåð çåðåí ñòàíîâèòñÿ íåñêîëüêî áîëüøå, õîòÿ ìèãðàöèÿ ãðàíèö çåðåí åùå íå ïðîèñõîäÿò. Ðîñò çåðåí â òèòàíå ïîäâåðãíóòîì ÈÏÄ, íà÷èíàåòñÿ ïîñëå îòæèãà ïðè òåìïåðàòóðå 350îÑ. Ãðàíèöû çåðåí ñòàíîâÿòñÿ áîëåå ïðÿìûìè, íà íèõ ÷àñòî íàáëþäàåòñÿ ïîëîñ÷àòûé êîíòðàñò, õàðàêòåðíûé äëÿ ðàâíîâåñíûõ, îòîææåííûõ ãðàíèö.

Ðåçóëüòàòû èçìåðåíèé ìèêðîòâåðäîñòè è èñïûòàíèé íà èçãèá (Ðèñ. 38) ïîêàçàëè, ÷òî ïîñëå ÈÏÄ ìèêðîòâåðäîñòü è ïðî÷íîñòü òèòàíà äîñòèãàþò ìàêñèìàëüíûõ çíà÷åíèé, êîòîðûå áîëåå, ÷åì â òðè ðàçà âûøå, ÷åì â îòîææåííîì êðóïíîçåðíèñòîì ñîñòîÿíèè. Ïîñëå ïîñëåäóþùåãî îòæèãà, çíà÷åíèÿ Ív  îñòàþòñÿ ïî÷òè ïîñòîÿííûìè äî òåìïåðàòóð 300-350îÑ, íî çàòåì âûøå 350îÑ îíè ðåçêî óìåíüøàþòñÿ. Â òî æå âðåìÿ, âåëè÷èíà ïðåäåëà òåêó÷åñòè çíà÷èòåëüíî óìåíüøàåòñÿ óæå ïîñëå îòæèãà ïðè 250îÑ. Ïëàñòè÷íîñòü íàíîñòðóêòóðíîãî òèòàíà, èçìåðÿåìàÿ ïî âåëè÷èíå ìàêñèìàëüíîãî ïðîãèáà, ìàëà â èñõîäíîì ñîñòîÿíèè, íî çíà÷èòåëüíî óâåëè÷èâàåòñÿ ïîñëå îòæèãà, ñîñòàâëÿÿ 0,35 ìì ïðè 250îÑ, ãäå ìàêñèìàëüíû çíà÷åíèÿ Hv è ïðåäåëà ïðî÷íîñòè. Òàêîå ñî÷åòàíèå î÷åíü âûñîêîé ïðî÷íîñòè ïðè çíà÷èòåëüíîé ïëàñòè÷íîñòè ìàòåðèàëà ïîñëå íèçêîòåìïåðàòóðíîãî îòæèãà ñîîòâåòñòâóåò ïðèíöèïàì ôèçè÷åñêîé ìåçîìåõàíèêè è î÷åíü ïðèâëåêàòåëüíî äëÿ åãî êîíñòðóêöèîííûõ ïðèìåíåíèé. Êðîìå òîãî ýòè äàííûå ïîäòâåðæäàþò, ÷òî èçìåíåíèå ñîñòîÿíèÿ ãðàíèö çåðåí ñóùåñòâåííî âëèÿåò íà ìåõàíè÷åñêèå ñâîéñòâà íàñíîñòðóêòóðíûõ ìàòåðèàëîâ.

	Èç ïîëó÷åííûõ ðåçóëüòàòîâ âûòåêàåò äâà âàæíûõ ñëåäñòâèÿ. Âî-ïåðâûõ, ñòàíîâèòñÿ î÷åâèäíûì, ÷òî èçâåñòíîå ýìïèðè÷åñêîå ñîîòíîøåíèå Hv=3(y íå âûïîëíÿåòñÿ â íàíîñòðóêòóðíûõ ìàòåðèàëàõ, åñëè èññëåäóþòñÿ èñõîäíûå è îòîææåííûå ñîñòîÿíèÿ. Ýòîò ôàêò ìîæåò áûòü îáúÿñíåí ñëåäóþùèì îáðàçîì. Êàê èçâåñòíî, ïðåäåë òåêó÷åñòè ñîîòâåòñòâóåò íà÷àëó ïëàñòè÷åñêîé äåôîðìàöèè, íî ïðè èçìåðåíèÿõ ìèêðîòâåðäîñòè ñðåäíÿÿ âåëè÷èíà äåôîðìàöèè ñîñòàâëÿåò 9-10% [139]. Ñëåäîâàòåëüíî, ìîæíî îæèäàòü, ÷òî â ñëó÷àå ñèëüíîãî äåôîðìàöèîííîãî óïðî÷íåíèÿ â îòîææåííûõ îáðàçöàõ áóäåò ñóùåñòâîâàòü çíà÷èòåëüíîå ðàçëè÷èå â ñîîòíîøåíèè ìåæäó Hv  è (y â ñðàâíåíèè ñ èñõîäíûìè íàíîñòðóêòóðíûìè îáðàçöàìè, ãäå äåôîðìàöèîííîå óïðî÷íåíèå íåçíà÷èòåëüíî. Ýòè ðåçóëüòàòû óêàçûâàþò íà îñòîðîæíîñòü â èñïîëüçîâàíèè ñîîòíîøåíèÿ Hv=3(y ïðè èññëåäîâàíèè ìåõàíè÷åñêèõ ñâîéñòâ ÍÑÌ.

	Âî-âòîðûõ, òîò ôàêò, ÷òî âåëè÷èíà ïðåäåëà òåêó÷åñòè â íàíîñòðóêòóðíûõ ìàòåðèàëàõ ìîæåò ñóùåñòâåííî âàðüèðîâàòüñÿ â çàâèñèìîñòè îò äåôåêòíîé ñòðóêòóðû ãðàíèö çåðåí (Ðèñ. 36, 38) ïðè îäèíàêîâîì ðàçìåðå çåðåí, óêàçûâàåò íà íåîáõîäèìîñòü ó÷åòà ðîëè äåôåêòíîé ñòðóêòóðû ãðàíèö ïðè èññëåäîâàíèè ñîîòíîøåíèÿ Õîëëà-Ïåò÷à. Î÷åâèäíî, íåâíèìàíèåì ê ñòðóêòóðíîìó ñîñòîÿíèþ ãðàíèö çåðåí ìîæíî îáúÿñíèòü áîëüøóþ ïðîòèâîðå÷èâîñòü â èìåþùèõñÿ äàííûõ ïî ýòîé ïðîáëåìå [107].

	Ïðèìåíåíèå èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè ê ñïëàâàì ìîæåò îáåñïå÷èòü äîñòèæåíèå äàæå áîëåå âûñîêîé ïðî÷íîñòè âñëåäñòâèå ôîðìèðîâàíèÿ íàðÿäó ñ íàíîñòðóêòóðîé ìåòàñòàáèëüíûõ ñîñòîÿíèé è ïîñëåäóþùåãî ñòàðåíèÿ. 

	Íàïðèìåð, äëÿ äîñòèæåíèÿ âûñîêèõ ïðî÷íîñòíûõ ñâîéñòâ àëþìèíèåâîãî ñïëàâà 1420 (Al-5.5%Mg-2.2%Li-0.12%Zr) [140], åãî ïîäâåðãàëè ïîñëåäîâàòåëüíî çàêàëêå, èíòåíñèâíîé äåôîðìàöèè êðó÷åíèåì è ñòàðåíèþ ïðè 120îÑ. Äàííàÿ òåìïåðàòóðà ñòàðåíèÿ áûëà âûáðàíà ñ öåëüþ ñîõðàíèòü ìàëûé ðàçìåð çåðåí, îáåñïå÷èâ ïðè ýòîì âûäåëåíèå ìåëêîäèñïåðñíûõ ÷àñòèö âòîðûõ ôàç. Ñòðóêòóðíûå èññëåäîâàíèÿ ñïëàâà, ïîäâåðãíóòîãî çàêàëêå, ïîêàçàëè îòñóòñòâèå â íèõ ÷àñòèö âòîðûõ ôàç, ïðè÷åì ñðåäíèé ðàçìåð çåðåí ìàòðè÷íîãî ñïëàâà íà îñíîâå àëþìèíèÿ ðàâíÿëñÿ âåëè÷èíå 10 ìêì. Ïðè ýòîì, âåëè÷èíà ìèêðîòâåðäîñòè çàêàëåííîãî îáðàçöà ñîñòàâèëà 540 ÌÏà (Òàáëèöà 7).

	ÈÏÄ êðó÷åíèåì ñïëàâà 1420 ïðèâåëà ê ôîðìèðîâàíèþ íàíîñòðóêòóðû ñî ñðåäíèì ðàçìåðîì çåðåí 70 íì (Ðèñ. 39) [140], ñîäåðæàùåé âûñîêèé óðîâåíü âíóòðåííèõ óïðóãèõ íàïðÿæåíèé è ñèëüíûå èñêàæåíèÿ êðèñòàëëè÷åñêîé ðåøåòêè. Ïîñëå ÈÏÄ ïðîèçîøåë çíà÷èòåëüíûé ðîñò ìèêðîòâåðäîñòè ñïëàâà äî 1750 ÌÏà. Ýòîò óðîâåíü ìèêðîòâåðäîñòè ñîõðàíÿëñÿ äî òåìïåðàòóðû îòæèãà 150îÑ, 30 ìèíóò. Ñ äàëüíåéøèì óâåëè÷åíèåì òåìïåðàòóðû îòæèãà íàáëþäàëè  çíà÷èòåëüíîå óìåíüøåíèå ìèêðîòâåðäîñòè îáðàçöîâ, ñâÿçàííîå ñ ðåëàêñàöèåé ñòðóêòóðû è íà÷àëîì ðîñòà çåðåí. Ñòàðåíèå îáðàçöîâ ïðè òåìïåðàòóðå 120îÑ, 24 ÷àñà ñîõðàíèëî ñðåäíèé ðàçìåð çåðåí ìàòðè÷íîãî ñïëàâà, íî ïðèâåëî ê âûäåëåíèþ ÷àñòèö âòîðûõ ôàç, èìåþùèõ ðàçìåð îêîëî 20 íì. Ïðè ýòîì âåëè÷èíà ìèêðîòâåðäîñòè íàíîñòðóêòóðíîãî ñïëàâà 1420 ïîñëå ñòàðåíèÿ óâåëè÷èëàñü äî 2300 ÌÏà. 



Òàáëèöà 7. Ìèêðîòâåðäîñòü îáðàçöîâ àëþìèíèåâûõ ñïëàâîâ (ÌÏà).
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	Âåñüìà èíòåðåñíû ïðîöåññû ñòàðåíèÿ â ñïëàâàõ ñèñòåìû Al-Fe, êîìïîíåíòû êîòîðîé âçàèìíî íåðàñòâîðèìû â îáû÷íîì ñîñòîÿíèè, íî ôîðìèðóþò ïåðåñûùåííûé òâåðäûé ðàñòâîð ïîñëå èíòåíñèâíîé äåôîðìàöèè (Ðàçäåë 1.2) [141]. Íàïðèìåð, ñïëàâ Al-11%Fe â èñõîäíîì ëèòîì ñîñòîÿíèè èìåë äåíäðèòíóþ ñòðóêòóðó ñîäåðæàùóþ ìàòðè÷íóþ ôàçó Al èìåþùóþ ñðåäíèé ðàçìåð çåðåí îêîëî 15 ìèêðîí è äåíäðèòû ôàçû Al13Fe4 ñ ìîíîêëèííîé ñòðóêòóðîé. Ïîñëå ÈÏÄ íàáëþäàëè îäíîðîäíóþ óëüòðàìåëêîçåðíèñòóþ ñòðóêòóðó, â êîòîðîé ìàòðèöà èç Al èìåëà ñðåäíèé ðàçìåð çåðåí îêîëî 100 íì, à ôàçà Al13Fe4 áûëà îäíîðîäíî ðàñïðåäåëåíà â âèäå îòäåëüíûõ ÷àñòèö ñ ðàçìåðîì 0,3 ìêì äî 1 ìêì. EDS àíàëèç Al ìàòðèöû ïîêàçàë, ÷òî îíà ñîäåðæèò äîïîëíèòåëüíî 0,89 àò% Fe â òâåðäîì ðàñòâîðå (Ðèñ.40), â òî âðåìÿ êàê â ÷àñòèöàõ ôàçû Al13Fe4 ñîäåðæàíèå Fe áûëî 22,6 àò%. 

	Âåëè÷èíà ìèêðîòâåðäîñòè ñïëàâà â èñõîäíîì ëèòîì ñîñòîÿíèè áûëà 750 ÌÏà, íî ïîñëå ÈÏÄ ñîñòàâèëà 1700 ÌÏà è çíà÷èòåëüíî ïîâûñèëàñü ïîñëå îòæèãà ïðè 100îÑ â òå÷åíèå 5 ÷àñîâ (Òàáëèöà 7), ñâèäåòåëüñòâóÿ îá èíòåíñèâíîì ñòàðåíèè ñïëàâà. Ïðè ýòîì, óðîâåíü ìèêðîòâåðäîñòè â ñïëàâå Al-11%Fe ïðåâûñèë 3000 Ìïà, ÷òî ÿâëÿåòñÿ ðåêîðäíûì äëÿ àëþìèíèåâûõ ñïëàâîâ.

	Óñòàëîñòü. Óñòàëîñòü - õàðàêòåðèñòèêà öèêëè÷åñêîãî ïîâåäåíèÿ ìàòåðèàëîâ è ïîâûøåíèå ïðî÷íîñòè ìåòàëëîâ è ñïëàâîâ â íàíîñòðóêòóðíîì ñîñòîÿíèè ïîçâîëÿåò îæèäàòü óâåëè÷åíèÿ òàêæå èõ óñòàëîñòíîé ïðî÷íîñòè. Îäíàêî, ïîêà äîâîëüíî ìàëî èçâåñòíî îá óñòàëîñòíîì ïîâåäåíèè íàíîñòðóêòóðíûõ ìàòåðèàëîâ [142-144], õîòÿ òåíäåíöèÿ çíà÷èòåëüíîãî ïîâûøåíèÿ óñòàëîñòíîé ïðî÷íîñòè è äîëãîâå÷íîñòè ïðè ñîçäàíèè íàíîñòðóêòóð ìåòîäàìè ÈÏÄ íàáëþäàåòñÿ äîñòàòî÷íî îò÷åòëèâî (Ðàçäåë 4.4). Âìåñòå ñ òåì, íåêîòîðûå ïîëó÷åííûå äàííûå î ìàëîöèêëîâîé óñòàëîñòè ìåäè [143,144], ïîäâåðãíóòîé ÐÊÓ ïðåññîâàíèþ, êàæóòñÿ ïðîòèâîðå÷èâûìè. Â ðàáîòå [144] èññëåäîâàëè óñòàëîñòíîå ïîâåäåíèå ïðè êîíòðîëå âåëè÷èíû äåôîðìàöèè â èíòåðâàëå ((pl= 4(10-4 ( 1(10-3. Íà Ðèñ. 40à ïîêàçàíû êðèâûå öèêëè÷åñêîãî óïðî÷íåíèÿ 4-õ îáðàçöîâ ìåäè - äâóõ ïîñëå ÐÊÓ ïðåññîâàíèÿ, òðåòüåãî - ïîñëå äîïîëíèòåëüíîãî êðàòêîâðåìåííîãî îòæèãà ïðè 473 Ê, 3 min, ñîõðàíÿþùåãî ðàçìåð çåðåí è, íàêîíåö, ÷åòâåðòûé îáðàçåö áûë ïîñëå îòæèãà ïðè 773 Ê ïðèâîäÿùåãî ê çíà÷èòåëüíîìó ðîñòó çåðåí äî 50 ìêì. Âèäíî, ÷òî ïîñëå íåñêîëüêèõ öèêëîâ âñå îáðàçöû îáíàðóæèâàþò íàñûùåíèå, íî íàïðÿæåíèÿ íàñûùåíèÿ, (s, ñóùåñòâåííî ðàçëè÷íû è çàâèñÿò îò îáðàáîòêè ìåäè. 

	Çíà÷èòåëüíûå ðàçëè÷èÿ â óñòàëîñòíîì ïîâåäåíèè óëüòðàìåëêîçåðíèñòîé è êðóïíîçåðíèñòîé ìåäè âèäíû èç Ðèñ.41á, ïîêàçûâàþùåãî èçìåíåíèÿ â ïàðàìåòðå ýíåðãèè Áàóøèíãåðà (Å â çàâèñèìîñòè îò àêêóìóëèðîâàííîé ïëàñòè÷åñêîé äåôîðìàöèè. Âåëè÷èíó (Å îöåíèâàëè èñõîäÿ èç ôîðìû ãèñòåðåçèñíîé ïåòëè, èñïîëüçóÿ ñîîòíîøåíèå [144]:



                                 �EMBED Equation.3���                                                 (18)



ãäå �EMBED Equation.3���p - ìàêñèìàëüíîå íàïðÿæåíèå, äîñòèãàåìîå ïðè ðàñòÿæåíèè è ñæàòèè.

	×åì áîëüøå âåëè÷èíà (Å, òåì áîëåå âûðàæåí ýôôåêò Áàóøåíãåðà. Êàê âèäíî èç Ðèñ.40á, âåëè÷èíà (Å äëÿ âñåõ ñîñòîÿíèé ñëàáî çàâèñèò îò àêêóìóëèðîâàííîé äåôîðìàöèè, íî åå ìàêñèìàëüíîå çíà÷åíèå íàáëþäàåòñÿ â ÐÊÓ ïðåññîâàííîé Cu, ïîäâåðãíóòîé äîïîëíèòåëüíîìó êðàòêîâðåìåííîìó îòæèãó, ÷òî óêàçûâàåò íà çàìåòíîå âëèÿíèå âîçâðàòà íåðàâíîâåñíîãî ñîñòîÿíèÿ ãðàíèö çåðåí íà óñòàëîñòíîå ïîâåäåíèå óëüòðàìåëêîçåðíèñòîé ìåäè.

	Â ïðîòèâîïîëîæíîñòü ýòîìó, â ðàáîòå [143] ÐÊÓ ïðåññîâàííàÿ ìåäü ïðîÿâëÿëà öèêëè÷åñêîå ðàçóïðî÷íåíèå ïîõîæåå íà ïîâåäåíèå îáû÷íîé õîëîäíî-äåôîðìèðîâàííîé ìåäè. Äëÿ óñòàíîâëåíèÿ ïðè÷èí ýòèõ ðàçëè÷èé óñòàëîñòíîãî ïîâåäåíèÿ Cu ïîñëå ÐÊÓ ïðåññîâàíèÿ, ñïåöèàëüíîå èññëåäîâàíèå áûëî ïðîâåäåíî íåäàâíî â ðàáîòå [145]. Êàê îòìå÷àëîñü âûøå â ðàçäåëå 1.2 â çàâèñèìîñòè îò ðåæèìîâ ÐÊÓ ïðåññîâàíèÿ ìîãóò áûòü ïîëó÷åíû ðàçëè÷íûå òèïû íàíîñòðóêòóð, ñóùåñòâåííî îòëè÷àþùèåñÿ îäíîðîäíîñòüþ ïî îáðàçöó è ðàçîðèåíòèðîâêàì ôîðìèðóþùèõñÿ çåðåí. Ýòîò ïîäõîä áûë èñïîëüçîâàí â [145], ãäå áûëî èçó÷åíî ñðàâíèòåëüíîå ïîâåäåíèå äâóõ âèäîâ îáðàçöîâ ÐÊÓ ìåäè. Îäíîãî - ñ âåñüìà îäíîðîäíîé óëüòðàìåëêîçåðíèñòîé, à äðóãîãî - ñ íàëè÷èåì ïîëîñîâûõ ñòðóêòóð, ãäå çåðíà áûëè óäëèíåíû è ïðèñóòñòâîâàëè ôðàãìåíòû ñ ìàëîóãëîâûìè ãðàíèöàìè. Óñòàëîñòíûå èñïûòàíèÿ ïîêàçàëè, ÷òî â ïåðâîì îáðàçöå ïðè ïîñòîÿííîé àìïëèòóäå äåôîðìàöèé íàáëþäàåòñÿ ñòàäèÿ öèêëè÷åñêîãî íàñûùåíèÿ, íî âî âòîðîì îáðàçöå - öèêëè÷åñêîå ðàçóïðî÷íåíèå. Çíà÷èòåëüíî ðàçëè÷àëèñü òàêæå çíà÷åíèÿ ïàðàìåòðà ýíåðãèè Áàóøèíãåðà, à òàêæå êàðòèíû ëîêàëèçàöèè äåôîðìàöèè è ïîâåðõíîñòíîé ìîðôîëîãèè. Ïîëó÷åííûå ðåçóëüòàòû äåìîíñòðèðóþò ñóùåñòâåííîå âëèÿíèå òèïà íàíîñòðóêòóð, ôîðìèðóþùèõñÿ ïðè èíòåíñèâíûõ äåôîðìàöèÿõ, íà óñòàëîñòíîå ïîâåäåíèå è ýòîò âîïðîñ òðåáóåò äàëüíåéøèõ èññëåäîâàíèé.

	Ñâåðõïëàñòè÷íîñòü. Ñâåðõïëàñòè÷íîñòü ìàòåðèàëîâ - ýòî ÿâëåíèå ÷ðåçâû÷àéíî âûñîêîé ïëàñòè÷íîñòè, ñîñòàâëÿþùåé ñîòíè è òûñÿ÷è ïðîöåíòîâ óäëèíåíèÿ ïðè ðàñòÿæåíèè (íàèáîëåå "æåñòêîé" ñõåìå ìåõàíè÷åñêèõ èñïûòàíèé) è íàáëþäàþùååñÿ â ïîëèêðèñòàëëè÷åñêèõ ìàòåðèàëàõ ñ ðàçìåðîì çåðåí (êðèñòàëëèòîâ) îáû÷íî ìåíåå 10 ìèêðîí è äåôîðìèðîâàíèè â îïðåäåëåííîì òåìïåðàòóðíî-ñêîðîñòíîì èíòåðâàëå, êàê ïðàâèëî Ò = 0,5-0,6 Òïë (Òïë - òåìïåðàòóðà ïëàâëåíèÿ) ïðè ñêîðîñòÿõ äåôîðìàöèè 10-4 - 10-3 ñ-1 [146,147]. 

Õîðîøî òàêæå èçâåñòíî, ÷òî ñâåðõïëàñòè÷åñêîå òå÷åíèå òàêèõ ìèêðîêðèñòàëëè÷åñêèõ ìàòåðèàëîâ ÷àñòî îïèñûâàåòñÿ óðàâíåíèåì ñîñòîÿíèÿ â âèäå:

�EMBED Equation.3���                                           (19)

ãäå �EMBED Equation.3��� - ñêîðîñòü äåôîðìàöèè, D - êîýôôèöèåíò çåðíîãðàíè÷íîé äèôôóçèè, G - ìîäóëü ñäâèãà, b - âåêòîð Áþðãåðñà, Ê - êîíñòàíòà Áîëüöìàíà, Ò - òåìïåðàòóðà èñïûòàíèÿ, d - ðàçìåð çåðíà, ð - ýêñïîíåíòà ðàçìåðà çåðåí (îáû÷íî ðàâíà 2), ( - íàïðÿæåíèå òå÷åíèÿ.

	Based on this constitutive law of superplastic flow one can expect [148,149] that a decriase in grain size should provide a sharp increase in superplastic properties and obtaining of superplasticity at relatively low temperatures and/or high strain rares. Therefore the development of SPD methods for processing of nanostructured materials has provided new opportunities in investigations of superplasticity in metallic materials and gave a possibility to bedin systematic experimental studies in this field [110]. These investigations were started in two directions: first, processing of bulk samples with homogeneous structure with a grain size of less than micrometer (submicrocrystalline level) by means of ECAP or multiple forging; secondly, processing of nanocrystalline structures in small samples by means of severe plastic torsion straining (SPTS).

	We shall consider below some achievements in this area and comparative features of superplastic behaviour of several ultrafinegrained alloys processed by two techniques - ECAP and SPTS.

	Nanocrystalline Alloys. Superplastic behaviour was studied in alloys, because nanostructures are characterized usually by low stability at elevated temperatures and, in fact, nanocrystalline pure metals are unstable often even at room temperature. However, nanostructures in alloys and intermetallics are more stable. Such structures were processed in boron doped intermetallic compound Ni3Al (Ni-3.5%Al-7.8%Cr-0.6%Zr-0.02%B) [150] and Russian light weight aluminium alloy 1420 (Al-5.5%Mg-2.2Li-0.12%Zr) [151,152] by means of SPTS. This technique (see part 1.1) has the advantage of that one can produce small discs (12 mm in diameter and 0.5 mm in thickness) having uniform nanoscale microstructures. Tensile specimens of 1 mm gauge length were electro discharge machined from SPTS processed discs. The tensile tests were performed on a custom-built computer-controlled constant strain rate testing machine [150,152]. 

After SPTS a strong refinement of structure was revealed in intermetallics Ni3Al. The mean grain size was about 50 nm. This value remained almost unchanged after annealing at T=650�SYMBOL 176 \f "Symbol" \s 12�°�C (Fig. 42a) and even after heating to 750�SYMBOL 176 \f "Symbol" \s 12�°�C the grain size did not exceed 100 nm. Microdiffraction patterns taken from two neighbouring grains show that they are characterized by high angle misorientation (Fig 42b). Moreover, the appearance of some extra-spots on the diffraction patterns indicates a reordering in the alloy subjected to annealing at 650�SYMBOL 176 \f "Symbol" \s 12�°�C. TEM/HREM observations indicated that grains are almost free from lattice dislocations, but grain boundaries still retain their non-equilibrium character because they are usually wavy and contain many defects such as facets, steps and grain boundary dislocations (Fig. 42c). This effect as it was show in part 1.2 is typical for other metals processed by SPTS.

At temperature 650�SYMBOL 176 \f "Symbol" \s 12�°�C nanostructured Ni3Al have revealed superplastic behaviour and the appearance of the Ni3Al specimen after testing is recorded in Fig. 43 in which the upper specimen is the untested ones. It is apparent from Fig. 43 that the specimens exhibit very high tensile ductilities (several hundred percent elongation to failure) without visible macroscopic necking. This confirms the manifestation of superplastic behaviour. However, such superplastic behaviour has several unusual features. 

In particular, the stress-strain curves for Ni3Al at a strain rate of 10-3 s-1 and 650°C and 725°C show an extensive region of strain hardening at both temperatures with the peak flow stresses ranging from 0.9-1.5 GPa [150], which is the highest flow stress reported in literature for Ni3Al intermetallics. There have also found an unusual influence of heat treatment on the tensile behaviour. When one sample was heat treated for 1 min at 750°C in argon before tensile testing, the sample did not show superplastic behaviour even though there was no grain growth. It should be noted, that superplasticity in nanostructured Ni3Al has been observed at temperatures which are more than 400°C lower when compared with microcrystalline Ni3Al [153]. 

In order to understand mechanisms of unusual superplasticity in this nanostructured alloy, special TEM/HREM investigations have been performed where a thin foil was prepared from a gauge section of Ni3Al sample strained about 300% (see Fig. 43). Although there is some grain growth during superplastic deformation, the grain size remained less than 100 nm (Fig. 44a). Grains were not elongated and we could not find any evidence of dislocation activity inside the grains even though careful HREM investigations were conducted taking advantage of annealing twins (Fig. 44b). Such twin boundaries are known to trap and retain lattice dislocations easily [154]. However, we could not detect any dislocations at these interfaces. This experiment supports theoretical calculations demonstrating a difficulty of accommodation for grain boundary sliding through generation of lattice dislocations in nanograins during superplastic deformation [155]. Probably superplastic deformation of nanomaterials occurs as a result of grain boundary sliding and some diffusional accommodation without visible dislocation activity in grains. 

TEM micrographs of the nanostructured Al 1420 alloy produced by SPTS are shown in Fig. 39. The average grain size of as-prepared sample is less than 100 nm. The selected area diffraction pattern is shown as the inset and the diffraction pattern is consistent with the ultrafine grained microstructure. The grains have mostly equiaxed shape. After heating up 300�SYMBOL 176 \f "Symbol" \s 12�°�C there was some grain growth, but a mean grain size is less than 200 nm.

The specimens before and after testing at various temperatures are shown in Fig. 45. The specimens show neck free elongation that is characteristic of superplastic flow. Another important feature is the shape of flow curves, where a significant work hardening at all strain rates was observed and the work hardening rate was higher at higher strain rates [152]. Nevertheless, this alloy demonstrates superplasticity at very high strain rates up to 5x10-1s-1 at relatively low temperature of 300�SYMBOL 176 \f "Symbol" \s 12�°�C [152]. This is the highest reported strain rate for commercial alloys at such low temperatures.

Submicrocrystalline alloys. Recent investigations have shown that the application of ECAP not only decreases significantly the temperature of superplastic flow but also produce high strain rate superplasticity in UFG alloys having a grain size of 0.5-1.0 �SYMBOL 109 \f "Symbol" \s 12�m�m [156,157] and it was shown [158] that the presence of mainly high angle grain boundaries is one of the most important requirements to obtain high strain rate superplasticity in cast aluminium alloys.

Further works on decreasing temperature of ECAP in alloy 1420 resulted in obtaining a grain size of 0.4 �SYMBOL 109 \f "Symbol" \s 12�m�m and a two-phase structure containing coagulated particles of the second-phase, 0.1-0.2 �SYMBOL 109 \f "Symbol" \s 12�m�m in size [159]. Using EDS analysis it was shown that these particles are T-Al2LiMg -phase which can be formed in Al-Li-Mg alloys at temperatures above 200�SYMBOL 176 \f "Symbol" \s 12�°�C [160]. This alloy is reasonably stable up to high temperatures of 400�SYMBOL 176 \f "Symbol" \s 12�°�C since grain size during heating remains less than 1 �SYMBOL 109 \f "Symbol" \s 12�m�m, though some relaxation of the structure occurs, attributed to some decrease in a level of internal stresses (Fig. 46). The alloy with the processed structure demonstrates high strain rate superplastic properties. In particular, testing at 400�SYMBOL 176 \f "Symbol" \s 12�°�C and the strain rate of 10-1 s-1 showed that elongation to failure of 1240% (Fig. 47). At the same time low flow stress less than 30 MPa was observed. And even at the strain rate 1 s-1 the alloy exhibits enhanced superplasticity. Under these conditions elongation to failure is of about 1000%. A view of samples, presented in Fig.47, testifies their uniform elongation without necking during deformation. The presented results demonstrate the manifestation of superplasticity at highest strain rates known from literature for commercial cast alloys. 

Note that elongation to failure of more than 1000% was also observed in submicrocrystalline Ti alloy processed by multiple forging [161], but the stain rate did not exceed 10-3s-1 in that case. 

Thus the application of SPD techniques for processing of ultrafine-grained structures provided an opportunity to attain enhanced superplastic properties, namely low temperature and high strain rate superplasticity, in a number of alloys. Nanocrystalline alloys exhibit enhanced superplastic behaviour but this behaviour is connected with significant strain hardening that is, evidently, caused by a change in deformation mechanisms due a difficulty of dislocation accommodation of grain boundary sliding in small grains [154]. High superplastic properties revealed in submicrocrystalline alloys depend not only on a grain size but also on a type of forming microstructure. 

The observations of superplasticity in ultrafine-grained materials at relatively low temperatures and very high strain rates demonstrate a potential of different commercial alloys for significant and effective extending the range of superplastic forming operations employed in current practice. However, to obtain outstanding superplastic properties in UFG alloys a precise control of their microstructure and phase composition is required. 



4.3. Äðóãèå èíæåíåðíûå ñâîéñòâà.



Ôîðìèðîâàíèå íàíîñòðóêòóð ìåòîäîìè ÈÏÄ âåäåò ê èçìåíåíèþ äðóãèõ ñâîéñòâ, ìíîãèå èç êîòîðûõ ïðåäñòàâëÿþò íåïîñðåäñòâåííûé èíæåíåðíûé èíòåðåñ. Ê èõ ÷èñëó ìîæíî îòíåñòè ãèñòåðåçèñíûå ñâîéñòâà ìàãíèòíûõ ìàòåðèàëîâ, îïòè÷åñêèå ñâîéñòâà ïîëóïðîâîäíèêîâ è êîðððîçèîííûå ñâîéñòâà ÷èñòûõ ìåòàëëîâ, êîòîðûå áóäóò ðàññìîòðåíû íèæå. 

	Ãèñòåðåçèñíûå ìàãíèòíûå ñâîéñòâà.

Ðÿä íåäàâíèõ èññëåäîâàíèé ñâèäåòåëüñòâóåò î ñèëüíîì âëèÿíèè èíòåíñèâíûõ äåôîðìàöèé íà âåëè÷èíû ìàãíèòíûõ ãèñòåðåçèñíûõ õàðàêòåðèñòèê ìàãíèòîìÿãêèõ ìåòàëëîâ (Ni (117,118(, Cî (162() è ìàãíèòîòâåðäûõ ñïëàâîâ (Fe-Cr-Co (163(, Pr-Fe-Â-Cu (164().

	Â ÷èñòûõ ìåòàëëàõ îáíàðóæåíî ðåçêîå óâåëè÷åíèå êîýðöèòèâíîé ñèëû ïîñëå ÈÏÄ, ïðè ýòîì ðåçóëüòàòû èññëåäîâàíèÿ çàâèñèìîñòè êîýöèòèâíîé ñèëû îò òåìïåðàòóðû îòæèãà â íàíîñòðóêòóðíîì íèêåëå (Ðèñ. 31) (118( ïîêàçàëè åå òåñíóþ ñâÿçü ñî ñðåäíèì ðàçìåðîì çåðåí è íåðàâíîâåñíûì ñîñòîÿíèåì ãðàíèö çåðåí. Íàïðèìåð, íàíîñòðóêòóðíûå îáðàçöû ïîäâåðãíóòûå îòæèãàì ïðè òåìïåðàòóðàõ 100 è 200(Ñ, ðàçëè÷àþòñÿ â âåëè÷èíå êîýðöèòèâíîé ñèëû ïî÷òè íà 40%, õîòÿ ðàçìåð çåðåí â íèõ ïðàêòè÷åñêè íå èçìåíèëñÿ. Âìåñòå ñ òåì, ïðè òåìïåðàòóðå 200(Ñ íàáëþäàëè èíòåíñèâíûé âîçâðàò íåðàâíîâåñíûõ ãðàíèö çåðåí. Äàëüíåéøåå óìåíüøåíèå âåëè÷èíû ÍÑ ïðè ïîâûøåíèè òåìïåðàòóðû îòæèãà êîððåëèðîâàëî ñ óâåëè÷åíèåì ðàçìåðà çåðåí. Òàêèì îáðàçîì, ðåçêîå ïîâûøåíèå êîýðöèòèâíîé ñèëû â íàíîñòðóêòóðíîì Ni ïîñëå ÈÏÄ ñâÿçàíî íå òîëüêî ñ ìàëûì ðàçìåðîì çåðåí, íî è íåðàâíîâåñíûì ñîñòîÿíèåì ãðàíèö çåðåí. Àíàëîãè÷íûå çàêîíîìåðíîñòè áûëè îáíàðóæåíû è â êîáàëüòå, ïîäâåðãíóòîì ÈÏÄ êðó÷åíèþ. Äëÿ àíàëèçà ïðè÷èí äàííîãî ýôôåêòà èíòåðåñíû ÒÅÌ èññëåäîâàíèÿ ìåòîäîì Ëîðåíöà (165( äîìåííîé ñòðóêòóðû Co, ïîäâåðãíóòîãî ÈÏÄ êðó÷åíèþ è èìåþùåãî ðàçìåð çåðåí îêîëî 100 íì. Áûëî óñòàíîâëåíî ÷òî ðàçìåðû ìàãíèòíûõ äîìåíîâ áûëè çàìåòíî áîëüøå ðàçìåðîâ çåðåí è ïåðåìàãíè÷åâàíèå áûëî îáóñëîâëåíî äâèæåíèåì äîìåííûõ ñòåíîê, êîòîðûå, îäíàêî, çàòðóäíÿëîñü ãðàíèöàìè çåðåí ñ âûñîêîé ïëîòíîñòüþ äåôåêòîâ.

Â èññëåäîâàííûõ ìàãíèòîòâåðäûõ ñïëàâàõ ÈÏÄ òàêæå ïðèâåëà ê çíà÷èòåëüíîìó ðîñòó êîýðöèòèâíîé ñèëû è ýòî èìååò âàæíîå ïðàêòè÷åñêîå çíà÷åíèå äëÿ ñîçäàíèÿ ïîñòîÿííûõ ìàãíèòîâ. Îäíàêî, ïðèðîäà èçìåíåíèÿ ÍÑ â ýòèõ ñïëàâàõ íîñèò áîëåå ñëîæíûé õàðàêòåð è îáóñëîâëåíà íå òîëüêî ôîðìèðîâàíèåì íàíîñòðóêòóð, íî è èçìåíåíèÿìè ôàçîâîãî ñîñòàâà. Ðàññìîòðèì áîëåå ïîäðîáíî ýòè âîïðîñû â ñïëàâàõ ñèñòåìû R-Fe-B(R=Nd,B), êîòîðûå â ïîñëåäíèå ãîäû âûçûâàþò áîëüøîé íàó÷íûé è ïðàêòè÷åñêèé èíòåðåñ. Èç ýòèõ ñïëàâîâ èçãîòàâëèâàþòñÿ ñïå÷åííûå (166( è ãîðÿ÷åäåôîðìèðîâàííûå [167( ïîñòîÿííûå ìàãíèòû ñ ðåêîðäíûìè çíà÷åíèÿìè ìàãíèòíîé ýíåðãèè. Âëèÿíèå ÈÏÄ êðó÷åíèåì ïðè êîìíàòíîé òåìïåðàòóðå è ïîñëåäóþùåãî îòæèãà íà ìàãíèòíûå ñâîéñòâà è ñòðóêòóðíûå èçìåíåíèÿ ëèòèãî ñïëàâà Rr20Fe73.5B5Cu5 áûëè âûïîëíåíû â ðàáîòàõ (164(

Ïî äàííûì ìåòàëëîãðàôè÷åñêîãî è ðåíòãåíîãðàôè÷åñêîãî (Ðèñ. 48à) àíàëèçîâ, â îáðàçöàõ èñõîäíîãî ëèòîãî ñïëàâà êðîìå îñíîâíîé òåòðàãîíàëüíîé ôàçû R2Fe14B (2:14:1) ïðèñóòñòâîâàëè ÎÖÊ (òèïà (-Få) è ÃÏÓ (áîãàòàÿ Ðr) ôàçû, ïðè ýòîì îñíîâíàÿ ìàãíèòíàÿ ôàçà 2:14:1 ïðèñóòñòâîâàëà â âèäå íåðàâíîîñíûõ çåðåí-äåíäðèòîâ ñî ñðåäíèìè ðàçìåðàìè äëèíîé 14 ìêì è òîëùèíîé 3 ìêì, íàáëþäàþòñÿ âêëþ÷åíèÿ (-Få, çàíèìàþùèå îêîëî 8 îá. % îáðàçöà. Îêîëî 25% îáúåìà ñïëàâà çàíÿòî íåôåððîìàãíèòíîé ÃÏÓ ôàçîé.

Ïðè ìàëûõ äåôîðìàöèÿõ ñïëàâ õàðàêòåðèçóåòñÿ íåèçìåííûì ôàçîâûì ñîñòàâîì è óøèðåíèåì ðåíòãåíîâñêèõ äèôðàêöèîííûõ ëèíèé è ðåôëåêñîâ íà ýëåêòðîíîãðàììàõ (Ðèñ. 48á). Îñîáåííî ñèëüíî óøèðÿþòñÿ ëèíèè ôàçû 2:14:1. Óøèðåíèå ðåôëåêñîâ ñâÿçàíî ñ ôîðìèðîâàíèåì íàíîñòðóêòóðû ñî ñðåäíèì ðàçìåðîì çåðíà ìåíåå 300 íì è âûñîêîé ïëîòíîñòüþ äèñëîêàöèé.

Ñ óâåëè÷åíèåì ñòåïåíè äåôîðìàöèè óìåíüøàåòñÿ êîëè÷åñòâî ôàçû 2:14:1 ïo îòíîøåíèþ ê êîëè÷åñòâó ÎÖÊ ôàçû, à â îáðàçöå ñ áîëüøîé ñòåïåíüþ äåôîðìàöèè (Ðèñ. 48â) àìîðôíàÿ ôàçà íàáëþäàåòñÿ óæå âî âñåì îáúåìå îáðàçöà, òîãäà êàê ëèíèè îñíîâíîé ôàçû 2:14:1 è äðóãèõ íå îáíàðóæåíû.

Èíòåíñèâíàÿ ïëàñòè÷åñêàÿ äåôîðìàöèÿ ñèëüíî âëèÿåò íà ãèñòåðåçèñíûå ñâîéñòâà ëèòîãî ñïëàâà Pr20Fe73.5B5Cu1.5. Íà Ðèñ. 49 ïðåäñòàâëåíû çíà÷åíèÿ ÍÑ. îáðàçöîâ, ïîëó÷åííûõ ïðè ðàçëè÷íûõ óãëàõ ïîâîðîòà íàêîâàëåí. Åñëè â èñõîäíîì ñîñòîÿíèè ÍÑ. ñïëàâà ñîñòàâëÿëà 20 êÀ/ì (ýòî çíà÷åíèå îòìå÷åíî òðåóãîëüíèêàìè íà ðèñ. 49), òî â ðåçóëüòàòå äåôîðìàöèè îñàäêîé îíà ðåçêî âîçðàñòàåò äî 192 êÀ/ì (ðèñ. 5, êðèâàÿ 7) è äàëåå ïðîäîëæàåò ïîâûøàòüñÿ ñ óâåëè÷åíèåì óãëà ïîâîðîòà, äîñòèãàÿ ìàêñèìóìà â èíòåðâàëå óãëîâ (2-5)(. 

Âìåñòå ñ òåì, îòæèã äåôîðìèðîâàííûõ îáðàçöîâ âîññòàíàâëèâàåò ôàçîâûé ñîñòàâ èñõîäíîãî ñïëàâà, íî ðàçìåð çåðíà ôàçû 2:14:1 íå ïðåâûøàåò 300 íì, à êîëè÷åñòâî ôàçû íà îñíîâå ((-Få ðåçêî ñíèæàåòñÿ. Â èòîãå îòæèã ïðèâîäèò ê çíà÷èòåëüíîìó ïîâûøåíèþ âåëè÷èíû ÍÑ (ñì. Ðèñ. 49).

Òàêèì îáðàçîì, ìåòîäîì èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè ïðè êîìíàòíîé òåìïåðàòóðå è ïîñëåäóþùèì îòæèãîì íà ñïëàâå Pr20Fe73,5B5Cu1,5 ðåàëèçîâàíû çíà÷åíèÿ ÍÑ > 1600 êÀ/ì, çàìåòíî ïðåâûøàþùèå çíà÷åíèÿ ÍÑ ïîëó÷àåìûå â ïîñòîÿííûõ ìàãíèòàõ, ïðèãîòîâëåííûõ èç ýòîãî ñïëàâà êàê ñïåêàíèåì, òàê è ãîðÿ÷åé äåôîðìàöèåé.

	Îïòè÷åñêèå ñâîéñòâà ïîëóïðîâîäíèêîâ

	Âûøå â Ðàçäåëå 1.2 áûëî ïîêàçàíî, ÷òî ìåòîäû ÈÏÄ ìîãóò áûòü èñïîëüçîâàíû äëÿ ïîëó÷åíèÿ íàíîñòðóêòóð íå òîëüêî â ÷èñòûõ ìåòàëëàõ è ñïëàâàõ, íî è â ïîëóïðîâîäíèêîâûõ ìàòåðèàëàõ øèðîêî èñïîëüçóåìûõ â ýëåêòðîííîé òåõíèêå. Â ïîñëåäíèå ãîäû, çíà÷èòåëüíûé èíòåðåñ âûçâàëè îïòè÷åñêèå ñâîéñòâà íàíîñòðóêòóðíûõ êðåìíèÿ è ãåðìàíèÿ, â êîòîðûõ íàáëþäàëîñü ëþìèíåñöåíòíîå ñâå÷åíèå â âèäèìîé îáëàñòè ñïåêòðà. Ýòè ýôôåêòû áûëè îáíàðóæåíû â ïîðèñòîì êðåìíèè, ïîëó÷åííîì õèìè÷åñêèì òðàâëåíèåì [168,169], â îáðàçöàõ êðåìíèÿ ïîëó÷åííûõ ýëåêòðîííîëó÷åâûì ðàñïûëåíèåì [170] è â íàíîêðèñòàëëàõ ãåðìàíèÿ ïîëó÷åííûõ ìàãíåòðîííûì ðàñïûëåíèåì [171]. Âìåñòå ñ òåì, â ýòèõ ðàáîòàõ èññëåäîâàííûå îáðàçöû áûëè â âèäå ïîðèñòîãî ìàòåðèàëà èëè òîíêèõ ïëåíîê. Â ýòîé ñâÿçè èíòåðåñ ïðåäñòàâëÿåò èçó÷åíèå îïòè÷åñêèõ ñâîéñòâ îáúåìíûõ íàíîñòðóêòóðíûõ ãåðìàíèÿ è êðåìíèÿ ïîëó÷åííûõ ìåòîäàìè ÈÏÄ, êîòîðûå ïðîâåäåíû ïóòåì èññëåäîâàíèÿ ñïåêòðîâ ðàìàíîâñêîãî ðàññåÿíèÿ è ôîòîëþìèíåñöåíöèè. 

	Èñïîëüçóÿ ÈÏÄ êðó÷åíèåì â ãåðìàíèè è êðåìíèè áûëà ïîëó÷åíà äîñòàòî÷íî îäíîðîäíàÿ çåðåííàÿ íàíîñòðóêòóðà, â êîòîðîé íàáëþäàëîñü ëîãàðèôìè÷åñêè íîðìàëüíîå ðàñïðåäåëåíèå çåðåí ïî ðàçìåðàì ñî ñðåäíèìè ðàçìåðàìè 24 íì è 17 íì, ñîîòâåòñòâåííî (Ðàçäåë 1.2)

Èññëåäîâàíèÿ ïîêàçàëè, ÷òî â èñõîäíîì ìîíîêðèñòàëëå êðåìíèÿ ñïåêòð ðàìàíîâñêîãî ðàññåíèÿ âûãëÿäåë â âèäå ñèììåòðè÷íîãî ïèêà ñ ïîëîæåíèåì ìàêñèìóìà ïèêà ïðè 521 ñì-1 è ñ øèðèíîé ïèêà íà ïîëîâèíå âûñîòû ðàâíîé 5,0 ñì-1 (Ðèñ. 50) [63]. Â òîæå âðåìÿ, â íàíîñòðóêòóðíîì êðåìíèè, ïî ñðàâíåíèþ ñî ñïåêòðîì èñõîäíîãî ìîíîêðèñòàëëà, áûëè âûÿâëåíû çíà÷èòåëüíûå èçìåíåíèÿ. Â ÷àñòíîñòè, áûëî âûÿâëåíî óìåíüøåíèå èíòåíñèâíîñòè ïèêà, óâåëè÷åíèå åãî øèðèíû íà ïîëîâèíå âûñîòû ïèêà äî 14,2 ñì-1, ïîÿâèëèñü àññèìåòðèÿ ïèêà è åãî ñäâèã â íèçêî÷àñòîòíóþ îáëàñòü íà 2,5 ñì-1 .

Â èñõîäíîì ìîíîêðèñòàëëå ãåðìàíèÿ ñïåêòð ðàìàíîâñêîãî ðàññåíèÿ èìåë âèä ñèììåòðè÷íîãî ïèêà ñ ìàêñèìóìîì ïðè 301 ñì-1 è øèðèíîé ïèêà íà ïîëîâèíå âûñîòû ðàâíîé 5,1 ñì-1 (Ðèñ.51). Â íàíîñòðóêòóðíîì ãåðìàíèè íàáëþäàëèñü àíàëîãè÷íûå èçìåíåíèÿ â ôîðìå ïðîôèëÿ ïèêà ðàìàíîâñêîãî ðàññåÿíèÿ ïîñëå ÈÏÄ: áûëî âûÿâëåíî óìåíüøåíèå èíòåíñèâíîñòè ïèêà, óâåëè÷åíèå åãî øèðèíû íà ïîëîâèíå âûñîòû ïèêà äî 14 ñì-1, àñèììåòðèÿ ïèêà è åãî ñäâèã â íèçêî÷àñòîòíóþ îáëàñòü [62]. 

Ñïåêòð ôîòîëþìèíåñöåíöèè íàíîñòðóêòóðíîãî êðåìíèÿ îáíàðóæåííûé ïðè êîìíàòíîé òåìïåðàòóðå èìåë âèä àññèìåòðè÷íîãî ïèêà ðàñïîëîæåííîãî â âèäèìîé îáëàñòè ñïåêòðà ñ ìàêñèìóìîì ïèêà ïðè 650 íì è øèðèíîé ïèêà íà ïîëîâèíå âûñîòû îêîëî 80 íì (Ðèñ. 52). Àíàëîãè÷íûé ñïåêòð ôîòîëþìèíåñöåíöèè â âèäèìîé îáëàñòè ñïåêòðà íàáëþäàëñÿ â ïîðèñòûõ îáðàçöàõ êðåìíèÿ [169], à òàêæå â òîíêèõ ïëåíêàõ êðåìíèÿ ïîëó÷åííûõ ýëåêòðîííîëó÷åâûì íàïûëåíèåì [170]. 

Â êà÷åñòâå âîçìîæíîãî ìåõàíèçìà îïèñûâàþùåãî ñïåêòð ôîòîëþìèíåñöåíöèè â ïîðèñòûõ è òîíêîïëåíî÷íûõ îáðàçöàõ êðåìíèÿ è ãåðìàíèÿ ÷àñòî èñïîëüçóþò ïðåäñòàâëåíèÿ î êâàíòîðàçìåðíîì ýôôåêòå [171]. Ýòîò ýôôåêò ïîäðàçóìåâàåò ïîÿâëåíèå äîïîëíèòåëüíûõ óðîâíåé ýíåðãèè â ýíåðãåòè÷åñêîì ñïåêòðå ïîëóïðîâîäíèêîâ, âñëåäñòâèå ÷ðåçâû÷àéíî ìàëûõ ðàçìåðîâ èõ êðèñòàëëèòîâ. Ïðè ýòîì ïîÿâëåíèå äîïîëíèòåëüíûõ óðîâíåé ýíåðãèè ïðèâîäèò ê èçìåíåíèÿì â ñïåêòðå ôîòîëþìèíåñöåíöèè. 

Äëÿ òîãî, ÷òîáû îñóùåñòâèëñÿ êâàíòîðàçìåðíûé ýôôåêò, ñðåäíèé ðàçìåð çåðåí â íàíîñòðóêòóðíûõ ïîëóïðîâîäíèêàõ äîëæåí áûòü ìåíüøå íåêîòîðîãî êðèòè÷åñêîãî ðàçìåðà, ðàñ÷åòíàÿ âåëè÷èíà êîòîðîãî äëÿ êðåìíèÿ è ãåðìàíèÿ ðàâíà 5 íì [169]è 24 íì [171], ñîîòâåòñòâåííî. Áîëåå òîãî, ÷òîáû ïðîèçîøåë çíà÷èòåëüíûé ñäâèã ñïåêòðà ôîòîëþìèíåñöåíöèè èç èíôðàêðàñíîé îáëàñòè â âèäèìóþ îáëàñòü ñïåêòðà, ñðåäíèé ðàçìåð çåðåí äîëæåí áûòü åùå ìåíüøå - ìåíåå 3 íì â êðåìíèè è ìåíåå 3,5 íì â ãåðìàíèè, ò.å. ñóùåñòâåííî ìåíüøå, ÷åì íàáëþäàëè â ÒÅÌ. Îáúÿñíèòü ýòî ðàçëè÷èå âîçìîæíî, åñëè ïðèíÿòü, ÷òî îñíîâíîé âêëàä â ñïåêòð ôîòîëþìèíåñöåíöèè â íàíîñòðóêòóðíûõ ïîëóïðîâîäíèêàõ âíîñèò òîëüêî öåíòðàëüíàÿ ÷àñòü çåðåí, èìåþùàÿ ìàëîèñêàæåííóþ êðèñòàëëè÷åñêóþ ðåøåòêó. Â ñîãëàñèè ñ ðàçâèâàåìîé ñòðóêòóðíîé ìîäåëüþ ÍÑÌ (Ðàçäåë 2.2) íåèñêàæåííûå îáëàñòè â ÈÏÄ ìàòåðèàëàõ ñóùåñòâåííî ìåíüøå ñðåäíåãî ðàçìåðà çåðåí, âêëþ÷àþùèõ â ñåáÿ ïðèãðàíè÷íûå ñèëüíîèñêàæåííûå îáëàñòè.

Corrosion behaviour. The corrozion behaviour of nanostructured materials has been just scarcely studied to date. Aust and co-authors have shown that this kind of material may posses enhanced corrosion properties in comparison with both their cristalline and amorphous counterparts [172]. On the other hand significant degration of corrosion resistance in nanocrystalline Ni-P has also been reported for two nanoscopic grain sizes of 8.4 and 44.6 nm [173]. Moreover, the same researches have shown that the good corrosoin properties of pure Ni retain unchanged in the nanostructured state [174]. This ambiguity makes it still difficult to predict the electromechanical behaviour of nanomaterials from the known properties of their coarse-grained and amorphous analogs. One can slso reasonably suppose that the corrosion properties of NCM depend stongly on the processing technique, thermal history and material purity and they need futher investigations including SPD materials. 

However, there is the only report on a general corrosion behaviour of ultrafine-grained Cu produced by severe plastic deformation via ECA pressinf [175]. The samples were either left in the as-deformed state (State 1) or subjected to a short time isothermal annealing in a muffle furnace at 473 K for 3 min (State 2) or 10 min (State 3). For comparison the coarse-grain reference specimens with mean grain size of 50(m were obtained from the as-received ECAP state by annealing at 823 K for 30 min in vacuum (State 4). Potentiodynamic electrochemical measurements were carried out in a standard cell containing a saturated calomel reference electrode. All tests were performed in the modified Livingston etchant [176] (HCl:30 ml + CH3COOH:10 ml + H2O:410 ml).

Fig. 53 shows typical potentiodynamic anodic polarization curves obtained at 303 K for ultrafine-grained and for annealed Cu samples. Two active-possive transitions are revealed from the polarization curves as-known high purity copper immeresed into sulfuric acid or alkaline solution usually shows a single passive rigion associated with the cuprous oxide Cu2O film formation on the specimen surface. The presence of the secondary active-passive transition from 100 to 300 mVSCE  and possive region from about 300 mVSCE for given UFG copper immersed into theLivingston electrolyte cannot be explained by significant impurity content of this material because 99.9999% purity Cu shows similar polarization behaviour, Fig. 53b. Two stages of passivation can be presumably associated with two stages of protective film formation [177,178]. The steady-state anodic current is achieved at secondary passivation. Together with passivation potential this current density serves as a quantitative characteristic of general corrosion. One can see that the active-passive behaviour of UFG Cu (Fig.53a, curve 'State 1') is similar to that of conventional Cu (Fig.53a, curve 'State 3'). However, some differences can be noticed. 

The shape of polarization curves was not changed substantially with testing temperature and the open circuit corrosion potential, Ecorr , is approximately the same for all the specimens tested (-200±10 mV). All other characteristics of polarization curves were sensitive to the structural state of material, changing uniformly with solution temperature. Lowering the electrolyte temperature necessarily shifts the passivation potential in the active direction and reduces the primary critical passivation current density for all states of marerial. This behaviour is usually observed for passivating conventional metals. The differences between the ultrafine-grained and conventional polycrystals tend to diminish at high potentials (in the transpassive region). At all testing temperatures the secondary passive current density in copper in State 1 is higher in comparison with results on coarse-grain reference samples (State 4). This means that the steady-state rate of dissolution in State 1 is greater than in State 4. The latter undoubtedly demonstrates the decreased general corrosion resistance of UFG copper in comparison with the relatively coarse-grained sample. This is consistent, in principal, with findings reported in [173,174] for nanostructured Ni and Ni-P alloy which possesses lower general corrosion properties than their coarse-grain counterparts.

B ðàáîòå [175] áûëè òàêæå èññëåäîâàíû morphology of corrosion demage and the effect of head treatment on corrosion behaviour of ultrafine-grained copper. All that enabled to make three main conclusions:

First, a rate of dissolution at a given potential in the ultrafine-grained is of 10% higher in comparison with relatively coarse grain polycrystalline copper of the same purity. This rate depends strongly on the heat treatment applied to the initial ECA pressed material: short time (3 min) annealing at 473 K results in partial recovery of internal stresses and partial recrystallization but significantly reduces corrosion properties. Second, significant differences in the corrosion behaviour of the as-received ECAP Cu samples and the samples subjected to preliminary annealing, is related to the degree of corrosion localization. Highly localized corrosion was observed also in relatively coarse grain copper where corrosive damage is almost entirely associated with grain boundaries. Although the total fraction of grain boundaries in the ECA pressed materials is much greater than that in conventional polycrystals, the surface relief in the nanostructured state is rather smooth and corrosion pits are distributed almost uniformly. Third, homogeneity of corrosive damages makes the ECA pressed structure more attractive for practical applications in aggressive media in comparison with conventional polycrystals susceptible to localized intergranular corrosion. 



4.4. Ïåðñïåêòèâû ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ ÍÑÌ.



Â çàêëþ÷èòåëüíîé ÷àñòè êðàòêî ðàññìîòðèì íàïðàâëåíèÿ, êîòîðûå ïðåäñòàâëÿþòñÿ íàèáîëåå ïåðñïåêòèâíûìè äëÿ ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ ÈÏÄ íàíîñòðóêòóðíûõ ìàòåðèàëîâ óæå â áëèæàéøèå ãîäû è ïðîáëåìû òðåáóþùèå äàëüíåéøèõ ðåøåíèé. Ìíîãèå èç ðàññìîòðåííûõ âûøå ñâîéñòâ ÍÑÌ âåñüìà ïðèâëåêàòåëüíû äëÿ èõ ïðàêòè÷åñêîãî ïðèìåíåíèÿ. Áîëåå òîãî ïîëó÷åíèå áîëüøèõ îáüåìíûõ çàãîòîâîê ÈÏÄ ìåòîäàìè äàåò âîçìîæíîñòü èçãîòîâëåíèÿ pilot asticles è èõ àïðîáàöèè. Ñ ýòîé òî÷êè çðåíèÿ ê ÷èñëó íàèáîëåå âàæíûõ ïðàêòè÷åñêèõ íàïðàâëåíèé ñëåäóåò îòíåñòè ñîçäàíèå íîâûõ, ìîùíûõ, ïîñòîÿííûõ ìàãíèòîâ íà îñíîâå íàíîñòðóêòóðíûõ ôåððîìàãíèòîâ, ïîñêîëüêó èíòåíñèâíûå ïëàñòè÷åñêèå äåôîðìàöèè ïîçâîëÿþò î÷åíü ñóùåñòâåííî ïîâûñèòü ìàãíèòíûå ãèñòåðåçèñíûå ñâîéñòâà â ìàãíèòîòâåðäûõ ñïëàâàõ (Ðàçäåë 4.3.). 

	Õîðîøî èçâåñòíî (146,147(, ÷òî ñâåðõïëàñòè÷åñêàÿ ôîðìîâêà ÿâëÿåòñÿ âûñîêîýôôåêòèâíûì ñïîñîáîì ïîëó÷åíèÿ èçäåëèé ñëîæíîé ôîðìû. Â ýòîé ñâÿçè ïîâûøåííàÿ ñâåðõïëàñòè÷íîñòü óëüòðàìåëêîçåðíèñòûõ ÈÏÄ ìàòåðèàëîâ, íàáëþäàëèñü ïðè îòíîñèòåëüíî íèçêèõ òåìïåðàòóðàõ è èëè âûñîêèõ ñêîðîñòÿõ äåôîðìàöèè âåñüìà ïåðñïåêòèâíà ñ òî÷êè çðåíèÿ ïîâûøåíèÿ ïðîèçâîäèòåëüíîñòè ôîðìîâêè è óâåëè÷åíèþ ñòîéêîñòè øòàìïîâûõ îñíàñòîê.

	Äî íåäàâíåãî âðåìåíè ñïîðíûì îñòàâàëñÿ âîïðîñ î ïðèìåíåíèè íàíîñòðóêòóðíûõ îáðàçöîâ â êà÷åñòâå êîíñòðóêöèîííûõ ìàòåðèàëîâ. Âàæíûì òðåáîâàíèåì çäåñü ÿâëÿåòñÿ ñîñòîÿíèå âûñîêîé ïðî÷íîñòè è ïëàñòè÷íîñòè, ïîâûøåííûõ óñòàëîñòíûõ õàðàêòåðèñòèê. Ïðîãðåññ çäåñü áûë äîñòèãíóò ïðè ïîâûøåíèè îäíîðîäíîñòè íàíîñòðóêòóð â ïîëó÷åííûõ çàãîòîâêàõ è ôîðìèðîâàíèè íàíîñòðóêòóð ñ ïðåèìóùåñòâåííî áîëüøåóãëîâûìè ãðàíèöàìè çåðåí. Ïîêàçàòåëüíûì ïðèìåðîì ÿâëÿåòñÿ ðàçðàáîòêà (179( íàíîñòðóêòóðíîãî òèòàíîâîãî ñïëàâà äëÿ âûñîêîïðî÷íûõ ðåçüáîâûõ ñîåäèíåíèé, øèðîêî èñïîëüçóåìûõ â àâòî-è àâèàñòðîåíèè è ê êîòîðîìó ïðåäúÿâëÿþòñÿ ïîâûøåííûå òðåáîâàíèÿ ê êîìïëåêòó ñëóæåáíûõ ñâîéñòâ (180(.

	Processing of bulk nanostructured billets out of Russian alloy VT1-0 (commercial pure Ti)  was realized via ECA pressing. of rods, up to 30 mm in diameter and 120 mm in length. Two routes of passing were studied. In the first case (route 1) a billet was rotated at an angle of 90( after each pass. In the second case (route 2) an angle of rotation was 180(. Structural investigations were conducted by TEM using thin foils cut out in parallel and perpendicular sections of billets after ECA pressing. Mechanical tensile tests were conducted using standard samples (Russian standard "GOST 1497-84"). A value of fatigue endurance was determined by Locatti’s method for accelerated testing [181]. 

Typical microstructures of the alloy VT1-0 after ECA pressing by route 1 (a) and route 2 (b) are shown in Figure 54. It is seen that in the first case the homogeneity of the processed ultra fine-grained structure much higher than in the second one. Moreover, the analysis of electron diffraction patterns show that ECA pressing by route 1 leads to formation of a mean grain size of 200-300 nm and grained structure with mostly high angle grain boundaries. ECA pressing by route 2 results in similar a mean grain size but structure of a mixed type, which contains small and high angle grain boundaries. These results confirm the importance of applied routs for structure formation via ECA pressing [30]. 

The results of mechanical and fatigue tests of the ECA pressed billets of the VT 1-0 alloy are presented in the Table.



Table. Mechanical and fatigue properties of the processed billets and cyclic endurance of fasteners out of the VT1-0 alloy in the as-received state and after ECA pressing by two different routes. 





�

�Tensile mechanical properties�

Fatigue�

Cyclic��¹�State�(s, 

ÌPà�(0,2,

ÌPà�(,

%�(,

%�limit (-1 

 MPa�endurance

N��1. �as-received state�460�400�27�60�252�4.211��2. �after ECA pressing by route 1 �816�800�15,5�60�403�34.504��3. �after ECA pressing by route 2�772�732�14�59�354�17.504��

The tabular data show that formation of nanostructures by ECA pressing leads to a considerable increase of strength properties and satisfactory ductility. This effect is especially attainable by ECA pressing on route 1. The fatigue limit of the VT1-0 alloy after ECA pressing reaches its considerable increase as well: 60% after ECA pressing by route 1 and 40% after ECA pressing by route 2. This difference in the obtained values is due to variation of ECA pressing regimes and resulting nanostructures. Thus the forming type of nanostructure makes strong influence on mechanical and fatigue properties of ultrafine-grained metals, even if a mean grain size is approximately the same. Recently it was demonstrated [108] that defect structure of grain boundaries is a key factor influencing on mechanical behaviour of nanostructured materials. The presented data show therefore an important role of uniform microstructure and a character of the forming interfaces.

Now let us consider one of the interesting examples of the application of the processed nanostructured material. This is high strength thread articles for application as fasteners widely used in aircraft and automobile industries and medical practice (Fig.55).

According to the developed technology [182] thread was made on billets out of the alloy VT1-0, in the initial as-received state, and processed by ECA pressing. This thread was formed by plastic forming using a special set for this procedure. The obtained stud-bolts were used as samples for low cyclic fatigue tests. These stud-bolts were tested on a special testing machine [183]. A scheme of loading: tension at pulsing cycle at ((max=450 MPa, (min=0). Three samples of each state were tested. The results of testing are also shown in Table.

It is seen that formation of nanostructures in these articles provides an essential increase of cyclic endurance of thread in a low cyclic area, but it depends again from the processing route. The conducted investigations have demonstrated that the preliminary formation of nanostructure contributes to a significant increase in cyclic fatigue endurance of thread in fastener titanium articles. 
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