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Ðàññìîòðåíà çàäà÷à, ñâÿçàííàÿ ñ ðàçâèòèåì íåóñòîé÷èâîñòè îäíîðîäíîãî
ñîñòîÿíèÿ â àíñàìáëå ïàðàëëåëüíûõ âèíòîâûõ äèñëîêàöèé ïðè ïëàñòè÷åñêîé
äåôîðìàöèè ìåòàëëîâ. Èññëåäîâàíèå ðàçâèòèÿ íåóñòîé÷èâîñòè è ñòðóêòóðî-
îáðàçîâàíèÿ â àíñàìáëå äèñëîêàöèé ïðîâîäèòñÿ íà îñíîâå ìåòîäà, ðàçâèòîãî
äëÿ çàðÿæåííûõ ÷àñòèö â ïëàçìå è ñâÿçàííîãî ñ êîððåëÿöèîííûì âçàèìîäåé-
ñòâèåì ýëåêòðîíîâ è ïîëîæèòåëüíî çàðÿæåííûõ èîíîâ. Àíñàìáëü âèíòîâûõ
äèñëîêàöèé ïðåäñòàâëÿåòñÿ êàê ïëàçìîïîäîáíàÿ ñðåäà ñ ïðîòèâîïîëîæíûìè
äèñëîêàöèîííûìè çàðÿäàìè (ðîëü äèñëîêàöèîííûõ çàðÿäîâ èãðàþò äèñëîêà-
öèè, îáëàäàþùèå ïîëîæèòåëüíûì è îòðèöàòåëüíûì íàïðàâëåíèåì èõ âåêòîðà
Áþðãåðñà). Ñóììàðíûé äèñëîêàöèîííûé çàðÿä äèñëîêàöèîííîãî àíñàìáëÿ â
ñèëó çàêîíà ñîõðàíåíèÿ âåêòîðà Áþðãåðñà ðàâåí íóëþ. Â ýòîì ñëó÷àå ïðîèñõî-
äèò «îáðåçàíèå» óïðóãîãî ïîëÿ äèñëîêàöèé. Ïîëå íàïðÿæåíèé  îòäåëüíîé äèñ-
ëîêàöèè ýêðàíèðóåòñÿ ðàâíîìåðíî ðàñïðåäåëåííûì äèñëîêàöèîííûì «ôîíîì»
è õàðàêòåðèçóåòñÿ íåêîòîðûì ýôôåêòèâíûì ïîòåíöèàëîì. Óñòàíîâëåíî, ÷òî
íà äàëüíèõ ðàññòîÿíèÿõ îí ñïàäàåò ýêñïîíåíöèàëüíî. Ïîýòîìó âåëè÷èíó, ñòî-
ÿùóþ â àðãóìåíòå ñïàäàþùåãî ïîòåíöèàëà, ìîæíî ðàññìàòðèâàòü êàê ðàäèóñ
ýêðàíèðîâàíèÿ óïðóãîãî ïîëÿ äèñëîêàöèé. Ïîêàçàíî, ÷òî ðàäèóñ ýêðàíèðîâà-
íèÿ ðàâåí ðàäèóñó êîððåëÿöèè, ýòî ïîçâîëÿåò ïîñòðîèòü äâóõ÷àñòè÷íóþ êîð-
ðåëÿöèîííóþ ôóíêöèþ è íàéòè ýíåðãèþ êîððåëÿöèîííîãî âçàèìîäåéñòâèÿ
äèñëîêàöèé. Ñôîðìóëèðîâàíà ñèñòåìà êèíåòè÷åñêèõ óðàâíåíèé äëÿ äèñëîêà-
öèîííîãî àíñàìáëÿ ñ ó÷åòîì óïðóãîãî è êîððåëÿöèîííîãî âçàèìîäåéñòâèé
äèñëîêàöèé, à òàêæå ïðîöåññîâ èõ ãåíåðàöèè è àííèãèëÿöèè. Óñòàíîâëåí êðè-
òåðèé íåóñòîé÷èâîñòè îäíîðîäíîãî ðàñïðåäåëåíèÿ äèñëîêàöèé äëÿ ñôîðìó-
ëèðîâàííîé ñèñòåìû óðàâíåíèé è íàéäåíû óñëîâèÿ åãî âûïîëíåíèÿ. Â ðàìêàõ
ëèíåéíîãî àíàëèçà ïîêàçàíî, ÷òî ïðè ó÷åòå îäíîé ñèñòåìû ñêîëüæåíèÿ âèíòî-
âûõ äèñëîêàöèé â ìîìåíò âîçíèêíîâåíèÿ íåóñòîé÷èâîñòè ôîðìèðóåòñÿ îäíî-
ìåðíî-ïåðèîäè÷åñêàÿ äèñëîêàöèîííàÿ äèññèïàòèâíàÿ ñòðóêòóðà, à ïðè ó÷åòå
ìíîæåñòâåííîãî ñêîëüæåíèÿ ïîÿâëÿþòñÿ ðåøåíèÿ â âèäå ðàçëè÷íûõ âàðèàí-
òîâ ìíîãîãðàííûõ ðåøåòîê (ÿ÷åèñòûõ ñòðóêòóð). Óñòàíîâëåíî, ÷òî çàâèñèìîñòü
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õàðàêòåðíîãî ðàçìåðà ÿ÷åèñòîé ñòðóêòóðû îò ïëîòíîñòè äèñëîêàöèé ñîâïàäà-
åò ñ ýêñïåðèìåíòàëüíîé çàâèñèìîñòüþ êàê êà÷åñòâåííî, òàê è êîëè÷åñòâåííî.

Ïîêàçàíî, ÷òî çàðîæäåíèå ïðîñòðàíñòâåííî íåîäíîðîäíûõ äèñëîêàöèîí-
íûõ ñòðóêòóð, îñíîâàííîå íà êîððåëÿöèîííîé íåóñòîé÷èâîñòè, çàâèñèò â îñ-
íîâíîì îò îñîáåííîñòåé óïðóãîãî âçàèìîäåéñòâèÿ äèñëîêàöèé è íåêðèòè÷íî
ê âûáîðó ìåõàíèçìîâ èõ êèíåòèêè (òî åñòü ìåõàíèçìîâ ãåíåðàöèè, àííèãèëÿ-
öèè è ñòîêà äèñëîêàöèé).

Êëþ÷åâûå ñëîâà: äèñëîêàöèîííûé àíñàìáëü, âèíòîâûå äèñëîêàöèè, ðà-
äèóñ ýêðàíèðîâàíèÿ, êîððåëÿöèîííàÿ íåóñòîé÷èâîñòü, ÿ÷åèñòàÿ ñòðóêòóðà.

Ââåäåíèå

Îäíîé èç ôóíäàìåíòàëüíûõ ïpîáëåì ôèçè÷åñêîãî ìåòàëëîâåäåíèÿ ÿâëÿåòñÿ
îáúÿñíåíèå íàáëþäàþùèõñÿ íà îïûòå ñëîæíûõ çàêîíîìåpíîñòåé âîçíèêíîâåíèÿ è
pàçâèòèÿ äèñëîêàöèîííûõ ñòpóêòóp, ôîpìèpóþùèõñÿ ïpè ïëàñòè÷åñêîé äåôîpìàöèè
ìàòåpèàëà [1, 2].

Äåôîðìèðóåìûé êðèñòàëë ïðåäñòàâëÿåò ñîáîé ñëîæíóþ äèíàìè÷åñêóþ ñèñòå-
ìó, â êîòîðîé ïîä âîçäåéñòâèåì âíåøíåé íàãðóçêè ìàòåðèàë ïåðåâîäèòñÿ â ñîñòîÿ-
íèå, äàëåêîå îò òåðìîäèíàìè÷åñêîãî ðàâíîâåñèÿ [3, 4]. Ýòî ïðèâîäèò ê ðàçâèòèþ â
ñèñòåìå äèññèïàòèâíûõ íåóñòîé÷èâîñòåé, ïðèâîäÿùèõ ê îáðàçîâàíèþ ðàçëè÷íîãî ðîäà
íåîäíîðîäíûõ äåôåêòíûõ ñòðóêòóð, â òîì ÷èñëå äèñëîêàöèîííûõ [5].

Ïî-âèäèìîìó, âïåðâûå íà ýòè îñîáåííîñòè ïðîöåññà ïëàñòè÷åñêîé äåôîðìà-
öèè áûëî îáðàùåíî âíèìàíèå â ñòàòüÿõ [6, 7], ãäå íà îñíîâå íåêîòîðûõ ìîäåëüíûõ
óðàâíåíèé äèôôóçèîííîãî òèïà äëÿ ïëîòíîñòè äèñëîêàöèé áûëà îïèñàíà íåóñòîé-
÷èâîñòü Òüþðèíãà, à òàêæå åå ðàçâèòèå, ïðèâîäÿùåå ê âîçíèêíîâåíèþ ÿ÷åèñòîé
äèñëîêàöèîííîé ñòðóêòóðû [8–10].

Â áîëüøèíñòâå ïåðå÷èñëåííûõ ïóáëèêàöèé îñíîâíîé àêöåíò äåëàëñÿ íà ðàñ-
ñìîòðåíèå ýâîëþöèè ñóììàðíîé ïëîòíîñòè äèñëîêàöèé è íåÿâíî ïðåäïîëàãàëîñü,
÷òî ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå äèñëîêàöèîííîãî çàðÿäà îäíîðîäíî è ðàâíî
íóëþ. Ýòî ïðèâîäèëî ê òîìó, ÷òî ðîëü ïîëÿðèçàöèîííûõ ýôôåêòîâ â ýâîëþöèè äèñ-
ëîêàöèîííîãî àíñàìáëÿ ó÷èòûâàëàñü íåäîñòàòî÷íî. Ìåæäó òåì ïîëÿðèçàöèîííûå
ýôôåêòû îáóñëîâëèâàþò ðàçâèòèå â äèñëîêàöèîííîì àíñàìáëå ÿâëåíèé, õàðàêòåð-
íûõ äëÿ ñèñòåìû çàðÿæåííûõ ÷àñòèö. Îäíî èç íàèáîëåå ñóùåñòâåííûõ òàêèõ ÿâëå-
íèé – ýôôåêò ýêðàíèðîâàíèÿ óïðóãîãî ïîëÿ äèñëîêàöèé [11, 12]. Êàê èçâåñòíî èç
ôèçèêè ïëàçìîïîäîáíûõ ñðåä, ýêðàíèðîâàíèå äàëüíîäåéñòâóþùåãî ïîëÿ ïðèâîäèò
ê ýôôåêòèâíîìó (êîððåëÿöèîííîìó) âçàèìîäåéñòâèþ ïîðîæäàþùèõ ýòî ïîëå ÷àñ-
òèö [13] è îáóñëîâëèâàåò ðàññëîåíèå îäíîðîäíîãî ñîñòîÿíèÿ ñèñòåìû è âîçíèêíî-
âåíèå ñòðóêòóð [14].

Â íàñòîÿùåé ñòàòüå íà îñíîâå ñôîðìóëèðîâàííûõ êèíåòè÷åñêèõ óðàâíåíèé äëÿ
äèñëîêàöèîííîãî àíñàìáëÿ ñ ó÷åòîì óïðóãîãî è êîððåëÿöèîííîãî âçàèìîäåéñòâèÿ
äèñëîêàöèé, à òàêæå ïðîöåññîâ èõ ãåíåðàöèè è àííèãèëÿöèè ðàññìîòðåíà íåóñòîé-
÷èâîñòü îäíîðîäíîãî ñîñòîÿíèÿ â ñèñòåìå âèíòîâûõ äèñëîêàöèé.

1. Ýâîëþöèîííûå óðàâíåíèÿ äèíàìèêè äèñëîêàöèé

Ñèñòåìà ñàìîñîãëàñîâàííûõ óðàâíåíèé, îïèñûâàþùàÿ íåëèíåéíóþ äèíàìèêó
àíñàìáëÿ äèñëîêàöèé, õàðàêòåðèçóåìûõ ïëîòíîñòüþ ρa(r, t), ìîæåò áûòü ïðåäñòàâ-
ëåíà â âèäå [11]:
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Çäåñü è äàëåå â èíòåãðàëàõ òèïà (3) èíòåãðèðîâàíèå ïðîâîäèòñÿ ïî ñå÷åíèþ öèëèíäðè-
÷åñêîãî îáðàçöà S; va(r, t) – ñðåäíÿÿ ñêîpîñòü äèñëîêàöèé; Va – ïîñòîÿííàÿ ñîñòàâ-
ëÿþùàÿ ñêîðîñòè äèñëîêàöèé, îáóñëîâëåííàÿ íàïðÿæåíèåì òå÷åíèÿ σe â ïëîñêîñòè
ñêîëüæåíèÿ; fa – ñèëà, äåéñòâóþùàÿ íà åäèíèöó äëèíû äèñëîêàöèè ñî ñòîðîíû ñè-
ñòåìû äèñëîêàöèé; M̂  – òåíçîð ïîäâèæíîñòè äèñëîêàöèé, îïðåäåëÿþùèé ïîäâèæ-
íîñòü äèñëîêàöèé â ïëîñêîñòÿõ ñêîëüæåíèÿ; a – èíäåêñ, ïðèíèìàþùèé çíà÷åíèÿ
«+» è «–», êîòîðûå ñîîòâåòñòâóþò íàïpàâëåíèÿì âåêòîpà Áþpãåpñà äèñëîêàöèè b ïî
îòíîøåíèþ ê l (l – åäèíè÷íûé âåêòîp, êàñàòåëüíûé ê ëèíèè äèñëîêàöèè); Fa(ρa) –
íåëèíåéíûå ôóíêöèè, îïðåäåëÿåìûå ñïåöèôèêîé êèíåòè÷åñêèõ ìåõàíèçìîâ äèñ-
ëîêàöèîííûõ ðåàêöèé; Wac(r) – ýíåðãèÿ óïðóãîãî âçàèìîäåéñòâèÿ äâóõ âèíòîâûõ
äèñëîêàöèé íà åäèíèöó äëèíû; ϕc(r) – ïîòåíöèàë ïîëÿ íàïðÿæåíèé îòäåëüíîé äèñ-
ëîêàöèè íà åäèíèöó äëèíû; r – ðàññòîÿíèå ìåæäó äèñëîêàöèÿìè; G – ìîäóëü ñäâè-
ãà; Rc – âíåøíèé ðàäèóñ ýêðàíèðîâàíèÿ (íàïðèìåð, ðàçìåð êðèñòàëëà) [15].

Òîãäà ñèëó fa ìîæíî ïðåäñòàâèòü â ôîðìå
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Ïðèìåì âî âíèìàíèå, ÷òî íà ïëîñêîñòè )(2=)/(ln rπδΔ cRr  (Δ – äâóìåðíûé ëàïëà-
ñèàí, δ(r) – äåëüòà-ôóíêöèÿ) [15]. Òîãäà, ó÷èòûâàÿ ñâîéñòâà δ(r), ïîëó÷èì
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Ñèñòåìà óðàâíåíèé (1)–(4) äîïóñêàåò ñòàöèîíàðíîå îäíîðîäíîå ðåøåíèå ρa =
= ρ0a, îïðåäåëÿåìîå èç óñëîâèÿ Fa(ρa) = 0. Ñóììàðíûé äèñëîêàöèîííûé çàðÿä äèñ-
ëîêàöèîííîãî àíñàìáëÿ â ýòîì ñëó÷àå â ñèëó çàêîíà ñîõðàíåíèÿ âåêòîðà Áþðãåðñà
ðàâåí íóëþ, ïîýòîìó ðàâíî íóëþ è åãî ñðåäíåå çíà÷åíèå 0,=0aaab ρ∑  êîòîðîå ÿâ-
ëÿåòñÿ óñëîâèåì íåéòðàëüíîñòè äèñëîêàöèîííîãî àíñàìáëÿ îòíîñèòåëüíî åãî äèñ-
ëîêàöèîííîãî çàðÿäà. Â ýòîì ñëó÷àå, êàê áûëî îòìå÷åíî [3, 16], äîëæíî èìåòü ìåñ-
òî «îáðåçàíèå» óïðóãîãî ïîëÿ äèñëîêàöèé. Ïîëå íàïðÿæåíèé îòäåëüíîé äèñëîêà-
öèè ýêðàíèðóåòñÿ ðàâíîìåðíî ðàñïðåäåëåííûì äèñëîêàöèîííûì «ôîíîì» è õàðàê-
òåðèçóåòñÿ íåêîòîðûì ýôôåêòèâíûì ïîòåíöèàëîì ϕeff(r) äëÿ âèíòîâûõ äèñëîêàöèé
è ýôôåêòèâíîé ôóíêöèåé íàïðÿæåíèé Ýéðè ψeff(r) äëÿ êðàåâûõ [17].

Äëÿ ïîòåíöèàëà ϕeff(r) ïîëó÷åíî âûðàæåíèå [12]:
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Çäåñü K0(r/rd) – ôóíêöèÿ Ìàêäîíàëüäà íóëåâîãî ïîðÿäêà, êîòîðàÿ ïðè r >> rd ñïàäà-
åò ýêñïîíåíöèàëüíî [18], ïîýòîìó âåëè÷èíó ext0

22 /= TGbrd ρ−
 ìîæíî ðàññìàòðèâàòü

êàê ðàäèóñ ýêðàíèðîâàíèÿ óïðóãîãî ïîëÿ äèñëîêàöèé; LbMVT eστ =/= 2
relext  – ðà-

áîòà ïî ïåðåìåùåíèþ äèñëîêàöèè íà åäèíèöó äëèíû â ïîëå âíåøíåãî íàïðÿæåíèÿ
σe, êîòîðàÿ èãðàåò ðîëü âíåøíåãî ïàðàìåòðà, êîíòðîëèðóþùåãî ïðîöåññû ðåëàêñà-
öèè äèñëîêàöèîííîãî àíñàìáëÿ ê ñòàöèîíàðíîìó ñîñòîÿíèþ çà õàðàêòåðíîå âðåìÿ

relrel =; ττ VL  – äëèíà ñâîáîäíîãî ïðîáåãà äèñëîêàöèè; V = Mbσe è M – ñîîòâåò-
ñòâåííî ñêîðîñòü è ïîäâèæíîñòü â çàäàííîé ñèñòåìå ñêîëüæåíèÿ.

Óñëîâèå íåéòðàëüíîñòè 0=0aaab ρ∑  ïðèâîäèò ê òîìó, ÷òî ñðåäíÿÿ ýíåðãèÿ óïðó-
ãîãî âçàèìîäåéñòâèÿ äèñëîêàöèé ïðè èõ ðàâíîìåðíîì ðàñïðåäåëåíèè ðàâíà íóëþ.
Ïîïðàâêè ê íóëåâîìó çíà÷åíèþ âîçíèêàþò ïðè ó÷åòå êîððåëÿöèè ìåæäó ïîëîæåíè-
ÿìè ðàçëè÷íûõ äèñëîêàöèé. Ñðåäíåå çíà÷åíèå ýíåðãèè (íà åäèíèöó äëèíû), îáóñ-
ëîâëåííîå êîððåëÿöèîííûì âçàèìîäåéñòâèåì, ìîæåò áûòü íàéäåíî ïî îáùåé ôîð-
ìóëå [13]

,),(|)(|
2
1= 00

,
rrrrrr ′′′−ρρ ∫∫∑ ddfWU acac

SS
ca

ca
(8)

ãäå  fac – äâóõ÷àñòè÷íàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ, òðåáóþùàÿ îïðåäåëåíèÿ; S – ñå÷å-
íèå öèëèíäðà, â êîòîðîì ñîñðåäîòî÷åíû äèñëîêàöèè.

Íà êîíå÷íûõ ðàññòîÿíèÿõ ),( rr ′acf  äîëæíà îáåñïå÷èâàòü êîððåëÿöèþ ÷àñòèö,
ïîýòîìó ââèäó èçîòðîïèè ýôôåêòèâíîãî âçàèìîäåéñòâèÿ äèñëîêàöèé ìîæíî ïðåä-
ïîëîæèòü  fac(r) = 1 + gac(r), ãäå gac – ïàðíàÿ êîððåëÿöèîííàÿ ôóíêöèÿ. Ôóíêöèþ gac
(ñëåäóÿ ëîãèêå [13]) âûáåðåì â âèäå
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Âûðàæåíèå (9) îáåñïå÷èâàåò êîððåëÿöèþ äèñëîêàöèé íà ðàññòîÿíèè rcorr = rd.
Äëÿ âû÷èñëåíèÿ ýíåðãèè U äîñòàòî÷íî ïîäñòàâèòü (9) â (8), ïîñêîëüêó ââèäó

óñëîâèÿ íåéòðàëüíîñòè ïåðâîå ñëàãàåìîå â âûðàæåíèè äëÿ fac(r) íå äàåò âêëàäà.
Ïåðåõîäÿ ê èíòåãðèðîâàíèþ ïî îòíîñèòåëüíûì êîîðäèíàòàì äâóõ äèñëîêàöèé, ñ
èñïîëüçîâàíèåì [13] íàõîäèì
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ãäå N – ïîëíîå ÷èñëî äâèæóùèõñÿ äèñëîêàöèé â êðèñòàëëå.
Â ðàñ÷åòå íà äâå äèñëîêàöèè ýíåðãèÿ êîððåëÿöèîííîãî âçàèìîäåéñòâèÿ, êàê

ñëåäóåò èç (10), ðàâíà )./(ln)/2(= 2
corr dc rRGbW π−  Íåòðóäíî çàìåòèòü, ÷òî êîððåëÿ-

öèîííîå âçàèìîäåéñòâèå îáåñïå÷èâàåò ýôôåêòèâíîå ïðèòÿæåíèå äèñëîêàöèé íåçà-
âèñèìî îò íàïðàâëåíèÿ èõ âåêòîðîâ Áþðãåðñà.

Èñïîëüçóÿ íàéäåííîå âûðàæåíèå äëÿ äâóõ÷àñòè÷íîé êîððåëÿöèîííîé ôóíêöèè,
ìîæíî îïðåäåëèòü ïîòîê äèñëîêàöèé, îáóñëîâëåííûé èõ êîððåëÿöèîííûì âçàèìî-
äåéñòâèåì:

,|)(||)(|)()(ˆ=)(corr r
r

rrrrrrrJ ′
∂
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c
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ñ ó÷åòîì ãðàíè÷íûõ óñëîâèé [17] èìååì

.|)(||)(|)()(ˆ=)(corr rrrrrrrrJ ′′−′−′ρ∇ρ− ∫∑ dWgM acacc
c

aa (11)
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2. Íåóñòîé÷èâîñòü îäíîðîäíîãî ñîñòîÿíèÿ

Ýâîëþöèîííûå óðàâíåíèÿ ñ ó÷åòîì (11) äëÿ àíñàìáëÿ âèíòîâûõ äèñëîêàöèé ïðè-
íèìàþò âèä:

),(=)( div corr
aaaa

a F
t

ρ++
∂
ρ∂ JJ (12)

),,(ˆ),(),(=),( tbMttt aaaaa rrVrrJ ϕ∇ρ−ρ (13)

).,(=),( tbGt aa
a

rr ρ−ϕΔ ∑ (14)

Çäåñü â ïðàâîé ÷àñòè óðàâíåíèÿ (12), îòâå÷àþùåé çà êèíåòè÷åñêèå ïðîöåññû ãåíå-
ðàöèè è àííèãèëÿöèè äèñëîêàöèé, ó÷òåíî, ÷òî ïðè ãåíåðàöèè äèñëîêàöèé ïîñðåäñò-
âîì ìåõàíèçìà äâîéíîãî ïîïåðå÷íîãî ñêîëüæåíèÿ âîçìîæíà ïîïåðå÷íàÿ äèôôóçèÿ
äèñëîêàöèé, ñâÿçàííàÿ ñ ýòèì ìåõàíèçìîì [10].

Äàëåå áóäåì ïîëàãàòü, ÷òî â äèíàìèêå àíñàìáëÿ äèñëîêàöèé ó÷àñòâóþò âèíòî-
âûå äèñëîêàöèè ñ âåêòîðàìè Áþðãåðñà ðàçíûõ çíàêîâ (ba = ±b), äâèæóùèåñÿ ïîä
äåéñòâèåì âíåøíåãî íàïðÿæåíèÿ σe â íàïðàâëåíèè îñè 0x (ïîä äåéñòâèåì âíóòðåí-
íèõ íàïðÿæåíèé äèñëîêàöèè ìîãóò ïåðåìåùàòüñÿ òàêæå â ïîïåðå÷íîé ïëîñêîñòè).
Ïîñêîëüêó ïîäâèæíîñòü âèíòîâûõ äèñëîêàöèé â íàïðàâëåíèÿõ ïî x è y îäèíàêîâà,
òî òåíçîð ïîäâèæíîñòè M̂  â óðàâíåíèÿõ ìîæíî çàìåíèòü ñêàëÿðîì.

Ââåäåì íîâûå ïåðåìåííûå ρ = ρ
+
 + ρ– è I = ρ

+
 – ρ– , îïðåäåëÿþùèå, ñîîòâåò-

ñòâåííî, ñóììàðíóþ è èçáûòî÷íóþ ïëîòíîñòè äèñëîêàöèé. Â ýòèõ ïåðåìåííûõ ñè-
ñòåìà (12)–(14) áóäåò èìåòü âèä:

[ ] ),,(=)(G),(),(),(),( IFdttM
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∫ rrrrrrr (15)
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tI rrrr
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+
∂

∂ (16)

),,(=),( tGbIt rr −ϕΔ (17)

ãäå |)(||)(|)(G rrr acac Wg= – ôóíêöèÿ Ãðèíà [17].
Ââèäó òîãî, ÷òî ýíåðãèÿ êîððåëÿöèîííîãî âçàèìîäåéñòâèÿ (10) ÿâëÿåòñÿ îòðè-

öàòåëüíîé âåëè÷èíîé, äîëæíî èìåòü ìåñòî ýôôåêòèâíîå ïðèòÿæåíèå äèñëîêàöèé.
Ýòî, â ñâîþ î÷åðåäü, äîëæíî ïîðîæäàòü ðàññëîåíèå îäíîðîäíîãî ðàñïðåäåëåíèÿ
äèñëîêàöèé è ïîëÿðèçàöèþ äèñëîêàöèîííîé ñòðóêòóðû. Îáîñíîâàíèå ýòîãî ïîëî-
æåíèÿ ïðîâåäåì, óñòàíîâèâ êðèòåðèé íåóñòîé÷èâîñòè îäíîðîäíîãî ñîñòîÿíèÿ â
ðàìêàõ ïîëó÷åííîé ñèñòåìû óðàâíåíèé (15)–(17).

Êðèòåðèé íåóñòîé÷èâîñòè áóäåì èñêàòü, èñïîëüçóÿ ïåðâûé ìåòîä Ëÿïóíîâà [11],
îñíîâàííûé íà ëèíåàðèçàöèè èñõîäíûõ íåëèíåéíûõ óðàâíåíèé â îêðåñòíîñòè ñî-
ñòîÿíèÿ ðàâíîâåñèÿ ρ = ρ0, I = 0, êîòîðîå íàõîäèì èç óñëîâèÿ ðàâåíñòâà íóëþ ïðà-
âîé ÷àñòè ýòîé ñèñòåìû.

Ëèíåàðèçóÿ (15)–(17) â îêðåñòíîñòè îäíîðîäíîãî ðåøåíèÿ, ïîëó÷èì:
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),,(=),( tGbIt rr −ϕΔ (20)

ãäå τ – âðåìÿ ðåëàêñàöèè ê ñòàöèîíàðíîìó ñîñòîÿíèþ ρ0 , îïðåäåëÿåìîå ñïåöèôè-
êîé êèíåòèêè äèñëîêàöèîííûõ ðåàêöèé.

Èç óðàâíåíèé (18)–(20) íàõîäèì äëÿ Ôóðüå-ãàðìîíèê }){exp( krit −λ∝  ñèñòå-
ìó, îòêóäà ïîëó÷àåì õàðàêòåðèñòè÷åñêîå óðàâíåíèå
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èç êîòîðîãî îïðåäåëÿåì óñëîâèå íåóñòîé÷èâîñòè (Re {λ} > 0, Im {λ} = 0):
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ãäå )( 4
0

2/= drL ρη  – åäèíñòâåííûé óïðàâëÿþùèé áèôóðêàöèîííûé ïàðàìåòð.
Èç àíàëèçà (22) íåïîñðåäñòâåííî ñëåäóåò, ÷òî ïðè íåïðåðûâíîì óâåëè÷åíèè

ïàðàìåòðà η íåóñòîé÷èâîñòü âîçíèêàåò â òî÷êå η = ηc = 4πe ïðè çíà÷åíèè âîëíîâî-
ãî âåêòîðà k = {kx, ky} = {kc, 0}, ãäå .1= / dc rek −

Çàêëþ÷åíèå

Êðèòåðèåì íåóñòîé÷èâîñòè îäíîðîäíîãî ðàñïðåäåëåíèÿ äèñëîêàöèé ÿâëÿåòñÿ
âûïîëíåíèå óñëîâèÿ η > ηc = 4πe èëè

.4=>
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2 ⎟
⎠
⎞

⎜
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⎛ σπ

ρρ
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e e
c (23)

Â ìîìåíò âîçíèêíîâåíèÿ íåóñòîé÷èâîñòè ôîðìèðóåòñÿ îäíîìåðíî-ïåðèîäè÷åñ-
êàÿ (òàê êàê ky = 0) äèñëîêàöèîííàÿ ñòðóêòóðà ñ õàðàêòåðíûì ïðîñòðàíñòâåííûì
ìàñøòàáîì .7/2= 1/2

0
−ρ≈π cc kL  Ïî ìåðå óâåëè÷åíèÿ ïàðàìåòðà η â ñèñòåìå ïîÿâëÿ-

þòñÿ íåóñòîé÷èâûå ãàðìîíèêè ñ ky ≠ 0. Îäíàêî èíêðåìåíò íåóñòîé÷èâîñòè ýòèõ
ìîä ìåíüøå, ÷åì îñíîâíîé íåóñòîé÷èâîé ìîäû ñ âîëíîâûì âåêòîðîì â îêðåñòíîñ-
òè kc (ïðè ky = 0). Ïîýòîìó äëÿ äèñëîêàöèé îäíîé ñèñòåìû ñêîëüæåíèÿ âîçíèêíîâå-
íèå áîëåå ñëîæíûõ ïðîñòðàíñòâåííûõ ñòðóêòóð îêàçûâàåòñÿ íåðåàëèçóåìûì.

Ïðè ýòîì íåîáõîäèìî ó÷åñòü òàêèå ôàêòîðû, êîòîðûå áû ïîçâîëèëè ïîëó÷àòü
ðåøåíèÿ áîëåå ñëîæíîãî âèäà. Íàèáîëåå åñòåñòâåííûì âûãëÿäèò ó÷åò ìíîæåñòâåí-
íîãî ñêîëüæåíèÿ â àíñàìáëå äèñëîêàöèé. Â ýòîì ñëó÷àå ñèñòåìà óðàâíåíèé (15)–
(17) â îêðåñòíîñòè òî÷êè áèôóðêàöèè ïðåîáðàçóåòñÿ ê âèäó

[ ] ),(=)(G),(),(),(),( 2 ρ′′−′ρ∇ρ∇+ρ∇−
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∫ FdttMtD

t
t

f rrrrrrr
(24)
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rr ρ∇
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− (25)

ãäå cf VrD η/=  – ýôôåêòèâíûé êîýôôèöèåíò äèôôóçèè.
Òîãäà ìîæíî ïîêàçàòü, ÷òî ñèñòåìà óðàâíåíèé (24), (25) ïðè çíà÷åíèè âîëíî-

âîãî âåêòîðà dc rek /1==|| −k  äîïóñêàåò ðåøåíèÿ â âèäå ðàçëè÷íûõ âàðèàíòîâ
ìíîãîãðàííûõ ðåøåòîê (ÿ÷åèñòûõ ñòðóêòóð). Ñîîòâåòñòâåííî êðèòåðèåì âîçíèêíî-
âåíèÿ íåîäíîðîäíîé ÿ÷åèñòîé ñòðóêòóðû ÿâëÿåòñÿ äîñòèæåíèå êðèòè÷åñêîé ïëîò-
íîñòè (23). Ïðè òèïè÷íûõ çíà÷åíèÿõ ïàðàìåòðîâ ñèñòåìû (b = 3.10–8 ñì, σe/G =
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= 3.10–4) êðèòè÷åñêîé ïëîòíîñòè äèñëîêàöèé ñîîòâåòñòâóåò âåëè÷èíà ρc ≈ 1,5.109 ñì–2,
ñîâïàäàþùàÿ ïî ïîðÿäêó âåëè÷èíû ñ ýêñïåðèìåíòàëüíûì çíà÷åíèåì ïëîòíîñòè äèñ-
ëîêàöèé çàðîæäåíèÿ äèñëîêàöèîííûõ ñòðóêòóð ÿ÷åèñòîãî òèïà [4, 19].

Çàâèñèìîñòü õàðàêòåðíîãî ðàçìåðà ÿ÷åèñòîé ñòðóêòóðû îò ïëîòíîñòè äèñëîêà-
öèé ñîâïàäàåò ñ ýêñïåðèìåíòàëüíîé çàâèñèìîñòüþ êàê êà÷åñòâåííî, òàê è êîëè÷å-
ñòâåííî [20]. Â ýòîé ñòàòüå ïîëó÷åí êîýôôèöèåíò ïðîïîöèîíàëüíîñòè K ìåæäó ðàç-
ìåðîì ÿ÷ååê d è âåëè÷èíîé ρ–1/2 äëÿ ðàçëè÷íûõ ìåòàëëîâ: K = 2–16. Çàìåòèì, ÷òî
åñëè ïîäñòàâèòü d â äðóãóþ ýêñïåðèìåíòàëüíóþ çàâèñèìîñòü dCe /∝σ  (ãäå C – íå-
êîòîðàÿ ïîñòîÿííàÿ), òî ïîëó÷àåòñÿ óíèâåðñàëüíàÿ çàâèñèìîñòü ,ρ∝σ  ÷àñòî ïðè-
íèìàåìàÿ ïðè ðàçëè÷íûõ îöåíêàõ êàê àïðèîðíûé ìîìåíò òåîðèè.

Â çàêëþ÷åíèå îòìåòèì, ÷òî, êàê ñëåäóåò èç ïîëó÷åííûõ ðåçóëüòàòîâ, çàðîæäå-
íèå ïðîñòðàíñòâåííî íåîäíîðîäíûõ äèñëîêàöèîííûõ ñòðóêòóð, îñíîâàííîå íà êîð-
ðåëÿöèîííîé íåóñòîé÷èâîñòè, çàâèñèò â îñíîâíîì îò îñîáåííîñòåé óïðóãîãî âçàè-
ìîäåéñòâèÿ äèñëîêàöèé è íåêðèòè÷íî ê âûáîðó ìåõàíèçìîâ èõ êèíåòèêè.
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INSTABILITY IN A DISLOCATION ENSEMBLE
AT PLASTIC DEFORMATION IN METALS

Sarafanov G.F.

Mechanical Engineering Research Institute of the Russian Academy of Sciences – Branch
of Federal Research Center “Institute of Applied Physics of the RAS”,

Nizhny Novgorod, Russian Federation

A problem related to the development of instability of a homogeneous state in an ensemble of
screw dislocations under plastic deformation of metals is considered . The study of the development
of instability and structure formation in the dislocation ensemble is carried out on the basis of the
method developed for charged particles in plasma and associated with the correlation interaction
of electrons and positively charged ions. Accordingly, the screw dislocation ensemble is represented
as a system of dislocations with an opposite Burgers vector, i.e., as a plasma-like medium with
opposite dislocation charges. The total dislocation charge of the dislocation ensemble is equal to
zero due to the law of conservation of the Burgers vector. In this situation, the elastic field of
dislocations is “cut off”. The stress field of a single dislocation is shielded by a uniformly distributed
dislocation “background” and is characterized by a certain effective potential. It is found that at
long distances it decreases exponentially. Therefore, the value in the argument of the falling potential
can be considered as the radius of screening of the elastic field of dislocations. It is shown that the
screening radius is equal to the correlation radius, which makes it possible to construct a two-
particle correlation function and find the energy of the correlation interaction of dislocations. A
system of kinetic equations for a dislocation ensemble is formulated, taking into account the elastic
and correlation interaction of dislocations, as well as the processes of their generation and
annihilation. The criterion of instability of the homogeneous distribution of dislocations for the
formulated system of equations is established. The instability criterion is met under the condition
that the dislocation density exceeds a certain critical value that depends on the square of the flow
stress and material constants (such as the Burgers vector modulus and shear modulus, as well as
indirectly, the packing defect energy). In the framework of linear analysis, it is shown that when
one system of sliding screw dislocations is taken into account, a one – dimensional periodic
dislocation dissipative structure is formed at the moment of instability occurrence, and when multiple
sliding is taken into account, solutions appear in the form of various variants of polyhedral lattices
(cellular structures). It is established that the characteristic size of the cellular structure coincides
with the experimental dependence both qualitatively and quantitatively ( the cell size is proportional
to the square root of the dislocation density, and the proportionality coefficient is about ten). It is
shown that the origin of spatially inhomogeneous dislocation structures, based on correlation
instability, depends mainly on the features of the elastic interaction of dislocations and is not
critical to the choice of the mechanisms of their kinetics (i.e., the mechanisms of generation,
annihilation, and runoff of dislocations).

Keywords: dislocation ensemble, screw dislocations, screening radius, correlation instability, cellular
structure.


