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Ðàññìàòðèâàþòñÿ ïðîöåññû òðàíñôîðìàöèè äåôåêòîâ òèïà ïëîñêèõ ìèêðî-
òðåùèí ñ ëèíåéíûìè ðàçìåðàìè ïîðÿäêà 10 ìêì, ïðîòåêàþùèå â ìàòåðèàëå
ïðè îáðàáîòêå ìåòàëëè÷åñêèõ îáðàçöîâ êðàòêîâðåìåííûìè èìïóëüñàìè ýëåê-
òðè÷åñêîãî òîêà âûñîêîé ïëîòíîñòè. Èññëåäîâàíèå îñóùåñòâëÿåòñÿ ÷èñëåííî
íà îñíîâå ñâÿçàííîé ìîäåëè âîçäåéñòâèÿ èíòåíñèâíûì ýëåêòðîìàãíèòíûì
ïîëåì íà ïðåäâàðèòåëüíî ïîâðåæäåííûé òåðìîóïðóãîïëàñòè÷åñêèé ìàòåðèàë
ñ óïîðÿäî÷åííîé ñèñòåìîé äåôåêòîâ, êîòîðàÿ ó÷èòûâàåò ïëàâëåíèå è èñïàðå-
íèå ìåòàëëà, à òàêæå çàâèñèìîñòü âñåõ åãî ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ îò
òåìïåðàòóðû. Ðåøåíèå ïîëó÷àþùåéñÿ ñèñòåìû óðàâíåíèé èùåòñÿ ìåòîäîì êî-
íå÷íûõ ýëåìåíòîâ íà ïîäâèæíûõ ñåòêàõ ñ èñïîëüçîâàíèåì ñìåøàííîãî ýéëåðî-
ëàãðàíæåâà ìåòîäà. Íà îñíîâå ïðåäëîæåííîé ìîäåëè ïîêàçàíî, ÷òî ïðè îïðå-
äåëåííûõ óñëîâèÿõ ïëîñêèå ìèêðîòðåùèíû ìîãóò çàâàðèâàòüñÿ è, òàêèì îá-
ðàçîì, ïîëíîñòüþ çàëå÷èâàòüñÿ. Ýòîò ïðîöåññ ïðîèñõîäèò ïóòåì îäíîâðåìåí-
íîãî óìåíüøåíèÿ äëèíû ìèêðîòðåùèíû, âûáðîñà ñòðóè ðàñïëàâëåííîãî ìå-
òàëëà èç âåðøèíû âíóòðü òðåùèíû è ñìûêàíèÿ åå áåðåãîâ (óìåíüøåíèå ïî-
ïåðå÷íîãî ðàçìåðà ïëîñêîé ìèêðîòðåùèíû). Èññëåäóåòñÿ âëèÿíèå ðàññòîÿíèÿ
ìåæäó òðåùèíàìè íà ïðîöåññû äåôîðìèðîâàíèÿ è çàëå÷èâàíèÿ ìèêðîäåôåê-
òîâ. ×èñëåííîå ìîäåëèðîâàíèå ïîêàçàëî, ÷òî ïðè ðàññòîÿíèÿõ ìåæäó òðåùè-
íàìè, ðàâíûõ 10 èõ äëèíàì è áîëåå, âðåìÿ, òðåáóåìîå äëÿ ïîëíîãî çàëå÷èâà-
íèÿ äåôåêòà, ñëàáî çàâèñèò îò ðàññòîÿíèÿ ìåæäó äåôåêòàìè, è âçàèìîäåéñòâèåì
ìèêðîäåôåêòîâ ìîæíî ïðåíåáðå÷ü. Âçàèìîäåéñòâèå ìåæäó ìèêðîòðåùèíàìè
â ìåòàëëå íà÷èíàåò çàìåòíî ñêàçûâàòüñÿ íà ïðîöåññå èõ çàëå÷èâàíèÿ, êîãäà
ðàññòîÿíèå ìåæäó íèìè ñîêðàùàåòñÿ ïðèìåðíî äî 5−6 äëèí ìèêðîòðåùèí.
Ïðè äàëüíåéøåì óìåíüøåíèè ðàññòîÿíèÿ ìåæäó äåôåêòàìè âïëîòü äî òîãî,
êîãäà îíî ñòàíîâèòñÿ ðàâíûì îäíîé äëèíå ìèêðîòðåùèíû, îïèñàííûé ïðî-
öåññ çàëå÷èâàíèÿ êà÷åñòâåííî íå ìåíÿåòñÿ, îäíàêî ñóùåñòâåííî çàìåäëÿåòñÿ:
âûáðîñ ðàñïëàâëåííîãî ìàòåðèàëà â òðåùèíó ñîõðàíÿåòñÿ, íî óìåíüøåíèå ðàç-
ìåðîâ òðåùèíû, îñîáåííî â ïîïåðå÷íîì íàïðàâëåíèè, çíà÷èòåëüíî ñîêðàùàåò-
ñÿ.

Êëþ÷åâûå ñëîâà: çàëå÷èâàíèå ìèêðîòðåùèí, òîðìîæåíèå òðåùèí, âçàè-
ìîäåéñòâèå ìèêðîäåôåêòîâ, ýëåêòðîïëàñòè÷íîñòü, âûñîêîýíåðãåòè÷åñêîå ýëåê-
òðîìàãíèòíîå ïîëå, èìïóëüñ òîêà, ôàçîâûå ïåðåõîäû, ïëàâëåíèå, èñïàðåíèå.
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Ââåäåíèå

Ïðåäïîëîæåíèå î òîì, ÷òî ïðè ýëåêòðîïëàñòè÷åñêîì äåôîðìèðîâàíèè â ìàòå-
ðèàëå ìîæåò ïðîèñõîäèòü çàëå÷èâàíèå äåôåêòîâ ïîä äåéñòâèåì êðàòêîâðåìåííûõ
èìïóëüñîâ âûñîêîýíåðãåòè÷åñêîãî ýëåêòðîìàãíèòíîãî ïîëÿ, âûñêàçûâàëîñü ðÿäîì
àâòîðîâ [1−3]. Â íàñòîÿùåå âðåìÿ ýòó ãèïîòåçó ñòàëî âîçìîæíî ïåðåíåñòè â ðàçðÿä
ýêñïåðèìåíòàëüíî íàáëþäàåìîãî ÿâëåíèÿ [4−8]. Ïðè ýòîì ýêñïåðèìåíòû ñâèäåòåëü-
ñòâóþò î òîì, ÷òî â ìàòåðèàëå íå ïðîñòî âîçíèêàþò ñæèìàþùèå íàïðÿæåíèÿ ñ âû-
ïëàâëåíèåì êðàòåðîâ (ïîð) â êîí÷èêàõ ìèêðîòðåùèí, à íàáëþäàåòñÿ èçìåíåíèå ñà-
ìîé ôîðìû äåôåêòà âïëîòü äî åãî ïîëíîãî èñ÷åçíîâåíèÿ. Îäíàêî ïðåäëàãàåìûå äî
íàñòîÿùåãî âðåìåíè ìàòåìàòè÷åñêèå ìîäåëè [3, 9−12] íå ïîçâîëÿëè îáúÿñíèòü ýòîò
ýêñïåðèìåíòàëüíûé ôàêò. Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è áûëà ïðåäëîæåíà ìî-
äåëü âîçäåéñòâèÿ ýëåêòðîìàãíèòíîãî ïîëÿ íà ïðåäâàðèòåëüíî ïîâðåæäåííûé ìàòå-
ðèàë ñ äåôåêòàìè [13, 14], ñ ïîìîùüþ êîòîðîé óäàëîñü ìàòåìàòè÷åñêè îïèñàòü ýêñ-
ïåðèìåíòàëüíî íàáëþäàåìûé ïðîöåññ òðàíñôîðìàöèè ìèêðîäåôåêòîâ â ïðîâîäÿ-
ùåì ìàòåðèàëå. Â ÷àñòíîñòè, â [13] áûëî ïîêàçàíî, ÷òî ïðè îïðåäåëåííûõ óñëîâèÿõ
ìèêðîòðåùèíû ìîãóò ïîëíîñòüþ çàëå÷èâàòüñÿ, òàê ÷òî áåðåãà òðåùèíû îêàçûâà-
þòñÿ «ñâàðåííûìè» ðàñïëàâëåííûì ìåòàëëîì. Â [14] áûëî ïîêàçàíî, ÷òî ìîäåëü
ïðàâèëüíî âîñïðîèçâîäèò îñíîâíûå ýêñïåðèìåíòàëüíî íàáëþäàåìûå îñîáåííîñòè
ýëåêòðîòåðìîìåõàíè÷åñêèõ ïðîöåññîâ â îêðåñòíîñòè äåôåêòîâ.

Â  [13, 14] ðåøåíèå íà÷àëüíî-êðàåâîé çàäà÷è ïðîâîäèëîñü äëÿ îïðåäåëåííîãî
ïðåäñòàâèòåëüíîãî ýëåìåíòà (ÿ÷åéêè ïåðèîäè÷íîñòè) ìàòåðèàëà ïðè âûáðàííûõ ãðà-
íè÷íûõ óñëîâèÿõ íà åãî ïîâåðõíîñòè. Â ñâÿçè ñ ýòèì ïðåäñòàâëÿåòñÿ âàæíûì ïðî-
ÿñíèòü, êàê âûÿâëåííûé ïðîöåññ çàëå÷èâàíèÿ ìèêðîòðåùèíû çàâèñèò îò ãðàíè÷-
íûõ óñëîâèé, êîòîðûå ìîãóò èñïîëüçîâàòüñÿ â ìîäåëè, è îöåíèòü îøèáêó, êîòîðóþ
ìû äîïóñêàåì, ðåøàÿ çàäà÷ó äëÿ îäíîãî ïðåäñòàâèòåëüíîãî ýëåìåíòà, âìåñòî òîãî,
÷òîáû ðåøàòü åå äëÿ îáðàçöà ñ óïîðÿäî÷åííîé ñèñòåìîé äåôåêòîâ â öåëîì. Òàêæå
ñëåäóåò ðàçîáðàòüñÿ, â êàêîé ìåðå ðàññòîÿíèå ìåæäó ìèêðîòðåùèíàìè (ðàçìåð ïðåä-
ñòàâèòåëüíîãî ýëåìåíòà) âëèÿåò íà ïðîöåññ çàëå÷èâàíèÿ ìèêðîòðåùèí è íàïðÿæåí-
íî-äåôîðìèðîâàííîå ñîñòîÿíèå â èõ îêðåñòíîñòè. Ïîèñêó îòâåòîâ íà ýòè âîïðîñû
ïîñâÿùåíà íàñòîÿùàÿ ñòàòüÿ.

1. Ïîñòàíîâêà çàäà÷è è îñíîâíûå óðàâíåíèÿ

Ðàññìàòðèâàåòñÿ òîêîïðîâîäÿùèé ìàòåðèàë ñ óïîðÿäî÷åííîé ñòðóêòóðîé äå-
ôåêòîâ, êîòîðûé ñîñòîèò èç ïåðèîäè÷åñêè ðàñïðåäåëåííûõ ïðåäñòàâèòåëüíûõ ýëå-
ìåíòîâ, ñîäåðæàùèõ äåôåêòû òèïà ïëîñêèõ ìèêðîòðåùèí ñ çàêðóãëåííûìè êîí÷è-
êàìè (ðèñ. 1à). Ìàòåðèàë ïîäâåðãàåòñÿ âîçäåéñòâèþ êîðîòêîèìïóëüñíîãî âûñîêî-
ýíåðãåòè÷åñêîãî ýëåêòðîìàãíèòíîãî ïîëÿ îïðåäåëåííîé èíòåíñèâíîñòè ïîñðåäñòâîì
ïðèëîæåíèÿ ê íàðóæíûì ãðàíèöàì îáðàçöà ðàçíîñòè ïîòåíöèàëîâ, âûçûâàþùåé íà
ýòèõ ãðàíèöàõ èìïóëüñ òîêà (ïëîòíîñòüþ îò 108 äî 1010 À/ì2 è ïðîäîëæèòåëü-
íîñòüþ 10−5−10−4 ñ) ñ âåêòîðîì ïëîòíîñòè, ïåðïåíäèêóëÿðíûì ïëîñêîñòè ìèêðî-
òðåùèí (ðèñ. 1á). Ðåøåíèå èùåòñÿ äëÿ îáëàñòåé èíòåãðèðîâàíèÿ, ïðåäñòàâëåííûõ
íà ðèñ. 1â−1å, ñîäåðæàùèõ îäíó, ÷åòûðå è øåñòü ìèêðîòðåùèí (1, 4 è 6 ÷àñòåé
ïðåäñòàâèòåëüíûõ ýëåìåíòîâ).

Ñòàâèòñÿ çàäà÷à èññëåäîâàòü ïðîöåññû èçìåíåíèÿ ýëåêòðè÷åñêîãî è òåìïåðà-
òóðíîãî ïîëåé, íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ, ïðîèñõîäÿùèå ôàçîâûå
òðàíñôîðìàöèè â îáðàçöå è âëèÿíèå ýòèõ ïðîöåññîâ íà çàëå÷èâàíèå ìèêðîòðåùèí.
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Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è èñïîëüçóåòñÿ ìîäåëü âîçäåéñòâèÿ ýëåêòðî-
ìàãíèòíîãî ïîëÿ íà ïðåäâàðèòåëüíî ïîâðåæäåííûé ìàòåðèàë ñ äåôåêòàìè, ïðåäëî-
æåííàÿ â [13, 14]. Ðåøåíèå ïîëó÷àþùåéñÿ ñèñòåìû óðàâíåíèé èùåòñÿ ìåòîäîì êî-
íå÷íûõ ýëåìåíòîâ.

Ïîëíàÿ ñèñòåìà óðàâíåíèé äëÿ âåêòîðà ïåðåìåùåíèé u, ýëåêòðè÷åñêîãî ïîòåí-
öèàëà ϕ è òåìïåðàòóðû T ðàññìàòðèâàåìîé ìîäåëè èìååò âèä:
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ãäå V − ïðîèçâîëüíûé îáúåì, îãðàíè÷åííûé êóñî÷íî-ãëàäêîé ïîâåðõíîñòüþ S; n −
âíåøíÿÿ íîðìàëü ê S; T − òåìïåðàòóðà; E = −∂ϕ/∂x − âåêòîð èíòåíñèâíîñòè ýëåê-
òðè÷åñêîãî ïîëÿ, îïðåäåëåííûé êàê îòðèöàòåëüíûé ãðàäèåíò ýëåêòðè÷åñêîãî ïîòåí-
öèàëà; σE(T ) − ýëåêòðîïðîâîäíîñòü; j = −j⋅n − ïëîòíîñòü òîêà ïî íîðìàëè ê ïîâåðõ-
íîñòè S; δϕ − âàðèàöèÿ ýëåêòðè÷åñêîãî ïîòåíöèàëà, óäîâëåòâîðÿþùàÿ ãðàíè÷íûì
óñëîâèÿì çàäà÷è; u − âåêòîð ïåðåìåùåíèé; σσσσσ − òåíçîð íàïðÿæåíèé; εεεεε − òåíçîð ïîëíûõ
äåôîðìàöèé; f − âåêòîð îáúåìíûõ ñèë; t − âåêòîð ïîâåðõíîñòíûõ ñèë; δu è δεεεεε −
âàðèàöèè ïåðåìåùåíèé è ñîîòâåòñòâóþùèõ èì ïîëíûõ äåôîðìàöèé; 

thplel ,, εεε &&&  −
ñîîòâåòñòâåííî òåíçîðû ñêîðîñòåé óïðóãèõ, ïëàñòè÷åñêèõ è òåìïåðàòóðíûõ äåôîðìà-
öèé; λ(T ), μ(T ) − óïðóãèå ìîäóëè Ëàìå; σY(T ) − ïðåäåë òåêó÷åñòè; s − äåâèàòîð
òåíçîðà íàïðÿæåíèé; Λ&  − íåêîòîðûé íåîòðèöàòåëüíûé ñêàëÿðíûé êîýôôèöèåíò;
Φ − ôóíêöèÿ òåêó÷åñòè; I − åäèíè÷íûé òåíçîð; α(T ) − êîýôôèöèåíò òåðìè÷åñêîãî
ðàñøèðåíèÿ; ρ(T ) − ïëîòíîñòü; c(T ) − óäåëüíàÿ òåïëîåìêîñòü; T&  − ìàòåðèàëüíàÿ
ïðîèçâîäíàÿ òåìïåðàòóðû; r − êîëè÷åñòâî òåïëà, âûäåëÿåìîå (ïîãëîùàåìîå) â åäè-
íèöó âðåìåíè â åäèíèöå îáúåìà â òåêóùåé êîíôèãóðàöèè òåëà çà ñ÷åò ðàçëè÷íûõ
ôèçè÷åñêèõ ïðîöåññîâ, âåðõíèå èíäåêñû ó âåëè÷èíû r ñîîòâåòñòâóþò ïðîòåêàíèþ
ýëåêòðè÷åñêîãî òîêà (E), ïëàñòè÷åñêîìó äåôîðìèðîâàíèþ (pl), ïëàâëåíèþ (melt),
èñïàðåíèþ (evap); ηE è ηpl − ýìïèðè÷åñêèå êîýôôèöèåíòû, îïðåäåëÿþùèå äîëè
ñîîòâåòñòâåííî ýíåðãèè ýëåêòðè÷åñêîãî òîêà è ýíåðãèè ïëàñòè÷åñêîãî äåôîðìèðîâà-
íèÿ, êîòîðûå ïðåâðàùàþòñÿ â òåïëîâóþ ýíåðãèþ; Tmelt − òåìïåðàòóðà ïëàâëåíèÿ ìà-
òåðèàëà; ts − ìîìåíò âðåìåíè, â êîòîðûé ìàòåðèàë íà÷èíàåò ïëàâèòüñÿ; tl − ìîìåíò
âðåìåíè, â êîòîðûé ìàòåðèàë ïîëíîñòüþ ðàñïëàâèòñÿ; Λmelt − ñêðûòàÿ òåïëîòà ïëàâ-
ëåíèÿ; Tevap − òåìïåðàòóðà èñïàðåíèÿ ìàòåðèàëà; tel − ìîìåíò âðåìåíè, â êîòîðûé
ìàòåðèàë íà÷èíàåò èñïàðÿòüñÿ; tev − ìîìåíò âðåìåíè, â êîòîðûé ìàòåðèàë ïîëíîñòüþ
èñïàðèòñÿ; Λevap − ñêðûòàÿ òåïëîòà èñïàðåíèÿ.

Â ñèëó ñèììåòðèè îáëàñòü èíòåãðèðîâàíèÿ ìîæíî ñîñòàâèòü èç ïîëîâèí èëè
÷åòâåðòåé ïðåäñòàâèòåëüíûõ ýëåìåíòîâ, êàê ïîêàçàíî íà ðèñ. 1â−1å. Ðàññìîòðèì ïî
îòäåëüíîñòè ýëåêòðè÷åñêèå (íà ïîòåíöèàë ϕ) è ìåõàíè÷åñêèå (íà u è σσσσσ) ãðàíè÷íûå
óñëîâèÿ äëÿ ñëó÷àÿ ïëîñêîé äåôîðìàöèè. Äëÿ îáëàñòè èíòåãðèðîâàíèÿ, ðàâíîé ïî-
ëîâèíå ïðåäñòàâèòåëüíîãî ýëåìåíòà (ñì. ðèñ. 1ã), ýëåêòðè÷åñêèå ãðàíè÷íûå óñëî-
âèÿ èìåþò âèä:

),(),,( * btbx ϕ=ϕ (2)

),(),,( * btbx ϕ−=−ϕ (3)

,0),,(,),,( * == tbxjjtbxj xy (4)

,0),,(,),,( * =−=− tbxjjtbxj xy (5)

,0/ 0 =∂ϕ∂
=xx (6)

.0/ =∂ϕ∂
=axx (7)

Ñ÷èòàåòñÿ, ÷òî çíà÷åíèÿ ϕ* è j* â (7), (8) ñâÿçàíû ñîîòíîøåíèåì

./)()( *0
E

* bbTj ϕσ= (8)

Çäåñü ϕ* − íåâîçìóùåííûé ïîòåíöèàë, êîòîðûé èçâåñòåí è ÿâëÿåòñÿ ëèíåéíîé ôóíê-
öèåé îäíîé êîîðäèíàòû ó: ϕ* = ϕ*(y′ ) = U*(y′ /L), ãäå U* − çíà÷åíèå ðàçíîñòè ïîòåí-
öèàëîâ, ïðèëîæåííîé ê íàðóæíûì ãðàíèöàì îáðàçöà, L − äëèíà îáðàçöà, y′  − êîîð-
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äèíàòà â ñèñòåìå êîîðäèíàò, ñâÿçàííîé ñ îáðàçöîì (ñì. ðèñ. 1á). Óñëîâèÿ (2)−(7)
îçíà÷àþò, ÷òî ýëåêòðè÷åñêîå ïîëå íà ãðàíèöå ïðåäñòàâèòåëüíîãî ýëåìåíòà ðàññìàò-
ðèâàåòñÿ êàê íåâîçìóùåííîå, òî åñòü ïðè îòñóòñòâèè äåôåêòîâ â îáðàçöå. Åñòåñòâåí-
íî, â ìîäåëüíîì ìàòåðèàëå ñ äåôåêòàìè ãðàíè÷íûå óñëîâèÿ ïðåäëîæåííîãî âèäà ìî-
ãóò âûïîëíÿòüñÿ ëèøü ïðèáëèæåííî. Ìåõàíè÷åñêèå ãðàíè÷íûå óñëîâèÿ èìåþò âèä:

,0,0:0 =σ== xyxux (9)

,0,0: =σ== xyxuax (10)

,0,0: =σ== xyyuby (11)

.0,0: =σ=−= xyyuby (12)

Ãðàíè÷íûå óñëîâèÿ äëÿ äðóãèõ îáëàñòåé èíòåãðèðîâàíèÿ çàäàþòñÿ àíàëîãè÷íî.
Íàïðèìåð, äëÿ îáëàñòè èíòåãðèðîâàíèÿ, ðàâíîé ÷åòâåðòè ïðåäñòàâèòåëüíîãî ýëå-
ìåíòà (ñì. ðèñ. 1â), ãðàíè÷íûå óñëîâèÿ ïðèíèìàþòñÿ â âèäå (2) èëè (4), (6), (7), (9)−
(11). Ïðè ýòîì âìåñòî (3), (5), (12) èñïîëüçóþòñÿ ñîîòâåòñòâåííî óñëîâèÿ:

,0)0(),0,( * =ϕ=ϕ tx (13)

,0),0,( =txjx (14)

.0,0:0 =σ== xyyuy (15)

Ðàçíîñòü ïîòåíöèàëîâ èëè ïëîòíîñòü òîêà ñ÷èòàþòñÿ ïîñòîÿííûìè â òå÷åíèå
âñåãî âðåìåíè äåéñòâèÿ ýëåêòðîìàãíèòíîãî èìïóëüñà τ0. Íà÷àëüíûå ïîëÿ òåìïåðà-
òóðû, ïåðåìåùåíèé è ýëåêòðè÷åñêîãî ïîòåíöèàëà ïîëàãàþòñÿ îäíîðîäíûìè (T0 =
= 20 °C, u0 = 0, ϕ0 = 0).

2. Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ

Ðàñ÷åòû ïðîâîäèëèñü äëÿ ïëîñêîé äåôîðìàöèè ñ èñïîëüçîâàíèåì ëèíåéíûõ
÷åòûðåõóçëîâûõ èçîïàðàìåòðè÷åñêèõ è òðåõóçëîâûõ êîíå÷íûõ ýëåìåíòîâ. Äëÿ âû-
÷èñëåíèé ïðèìåíÿëñÿ ïàêåò ïðîãðàìì ÀÑÒÐÀ, ðàçðàáîòàííûé â ëàáîðàòîðèè ìîäå-
ëèðîâàíèÿ Èíñòèòóòà ïðîáëåì ìåõàíèêè ÐÀÍ.

Ìîäåëèðîâàíèå ïðîâîäèëîñü äëÿ îáðàçöîâ èç öèíêà [13, 14]. Íà÷àëüíûå äëèíû
âñåõ ìèêðîòðåùèí l0 ïðèíèìàëèñü ðàâíûìè 10 ìêì, ðàññòîÿíèå ìåæäó áåðåãàìè
h0 = 1 ìêì, à ðàäèóñ êðèâèçíû â êîí÷èêå ìèêðîòðåùèíû − 0,5 ìêì. Ðàçìåðû ïðåä-
ñòàâèòåëüíîãî ýëåìåíòà èçìåíÿëèñü â äèàïàçîíå 20−240 ìêì (ñîîòâåòñòâåííî ðàñ-
ñòîÿíèÿ ìåæäó êîí÷èêàìè òðåùèí 10−230 ìêì). Ðàçíîñòü ïîòåíöèàëîâ (íà åäè-
íèöó äëèíû) ñîñòàâëÿëà 534,3 Â/ìì, ÷åìó ñîîòâåòñòâîâàë òîê â ìàòåðèàëå áåç äå-
ôåêòîâ ïëîòíîñòüþ 8,95 êÀ/ìì2. Ïðèìåíÿëîñü íåðàâíîìåðíîå ðàçáèåíèå îáëàñòè
èíòåãðèðîâàíèÿ ñî ñãóùåíèåì ñåòêè â îêðåñòíîñòè òðåùèíû. Â îêðåñòíîñòè òðå-
ùèíû, îãðàíè÷åííîé ðàññòîÿíèåì l0/2 äî åå ïîâåðõíîñòè, èñïîëüçîâàëèñü ÷åòûðåõ-
óçëîâûå, â îñòàëüíîé îáëàñòè − òðåõóçëîâûå ýëåìåíòû. Øàã ñåòêè â îêðåñòíîñòè
òðåùèíû ñîñòàâëÿë h0/40, â òî âðåìÿ êàê â îñòàëüíîé ÷àñòè îáëàñòè îí èçìåíÿë-
ñÿ  (â çàâèñèìîñòè îò ðàçìåðà ïðåäñòàâèòåëüíîãî ýëåìåíòà) â äèàïàçîíå îò h0/40
äî 3h0.

Âîçäåéñòâèå òîêîì ïðèâîäèò ê îäíîâðåìåííîìó ñìûêàíèþ áåðåãîâ (óìåíüøå-
íèþ øèðèíû) ìèêðîòðåùèí, óìåíüøåíèþ èõ äëèíû è âûáðîñó ðàñïëàâëåííîãî
ìàòåðèàëà â òðåùèíó. Íà ðèñ. 2 ïîêàçàíû ãðàíèöû çàëå÷åííîé ìèêðîòðåùèíû è
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ïîëå òåìïåðàòóðû â åå îêðåñòíîñòè ïðè âîçäåéñòâèè èìïóëüñîì òîêà âåëè÷èíîé
8,95 êÀ/ìì2 äëÿ ðàçëè÷íûõ ðàññòîÿíèé ìåæäó äåôåêòàìè (íî ïðè îäèíàêîâîé äëè-
íå çàëå÷åííîé òðåùèíû): à) â ìîìåíò âðåìåíè t = 22,1 ìêñ ïðè ðàññòîÿíèè ìåæäó
ìèêðîòðåùèíàìè 60 ìêì (a = b = 30 ìêì); á) â ìîìåíò âðåìåíè t = 76,6 ìêñ ïðè
ðàññòîÿíèè ìåæäó ìèêðîòðåùèíàìè 20 ìêì (a = b = 10 ìêì). Ïóíêòèðíîé ëèíèåé
ïîêàçàíà ïåðâîíà÷àëüíàÿ ãðàíèöà òðåùèíû ïðè t = 0, öâåòíûìè ëèíèÿìè − èçîëè-
íèè òåìïåðàòóðû â °C (1 − 25, 2 − 50, 3 − 100, 4 − 200, 5 − 300, 6 − 400), òåìíî-
ñåðûì öâåòîì ïîêàçàíà îáëàñòü ïëàâëåíèÿ (T ≥ 419 °C), ÷åðíûì − îáëàñòü èñïàðå-
íèÿ (T = 906 °C). Ìîäåëèðîâàíèå ïðîâîäèëîñü äëÿ îáëàñòè èíòåãðèðîâàíèÿ, ïîêà-
çàííîé íà ðèñ. 1ä. Ðàññìàòðèâàåìûé ïðîöåññ ïðîèñõîäèò äî òåõ ïîð, ïîêà ñòðóÿ
ðàñïëàâëåííîãî ìåòàëëà íå îêàçûâàåòñÿ ïîëíîñòüþ çàæàòîé áåðåãàìè òðåùèíû, à
áåðåãà íå îêàçûâàþòñÿ «ñâàðåííûìè» ðàñïëàâëåííûì ìåòàëëîì.

Íà ðèñ. 3à ïðåäñòàâëåíû çàâèñèìîñòè äëèíû òðåùèíû îò âðåìåíè äëÿ îáëàñ-
òåé èíòåãðèðîâàíèÿ ðàçëè÷íûõ ðàçìåðîâ, ñîäåðæàùèõ 4 ìèêðîòðåùèíû, êàê ïîêà-
çàíî íà ðèñ. 1ä, ïðè ðàçëè÷àþùèõñÿ ãðàíè÷íûõ óñëîâèÿõ íà èõ ãîðèçîíòàëüíûõ
ïîâåðõíîñòÿõ: êîãäà çàäàíà ðàçíîñòü ïîòåíöèàëîâ ϕ = const (óñëîâèÿ (2), (13)) èëè
ñîîòâåòñòâóþùàÿ åé ïëîòíîñòü òîêà j = const (óñëîâèÿ (4), (14)). Íà ðèñ. 3á ïðåä-
ñòàâëåíû àíàëîãè÷íûå çàâèñèìîñòè äëÿ øèðèíû ìèêðîòðåùèíû (ìàêñèìàëüíîãî
ðàññòîÿíèÿ h ìåæäó áåðåãàìè òðåùèíû, êîòîðîå íàáëþäàåòñÿ â åå öåíòðå) îò âðåìå-
íè. Çàâèñèìîñòè ïðèâåäåíû äëÿ ìèêðîòðåùèíû ñ öåíòðîì â òî÷êå õ = 0, ó = 0 (ñì.
ðèñ. 1ä).

Êðèâûå íà ðèñ. 3 ñîîòâåòñòâóþò: çåëåíàÿ − ϕ = const, ýëåìåíò 20×20 ìêì; ÷åð-
íàÿ − j = const, ýëåìåíò 20×20 ìêì; êðàñíàÿ − ϕ = const, ýëåìåíò 60×60 ìêì; ñèíÿÿ −
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j = const, ýëåìåíò 60×60 ìêì; ÷åðíàÿ øòðèõîâàÿ − ϕ = const, ýëåìåíò 180×180 ìêì;
ðîçîâàÿ − j = const, ýëåìåíò 180×180 ìêì.

Ìîäåëèðîâàíèå ïîêàçàëî, ÷òî ïðè ðàññòîÿíèè ìåæäó òðåùèíàìè â èññëåäóå-
ìîì äèàïàçîíå äëÿ îáëàñòåé èíòåãðèðîâàíèÿ, èçîáðàæåííûõ íà ðèñ. 1ä, å, íà ïðÿ-
ìûõ, îáðàçóþùèõ ãðàíèöû ïðåäñòàâèòåëüíîãî ýëåìåíòà, öåíòð êîòîðîãî íàõîäèòñÿ
â òî÷êå õ = 0, ó = 0 (äàëåå − âíóòðåííèé ïðåäñòàâèòåëüíûé ýëåìåíò), ñ âûñîêîé
òî÷íîñòüþ (ìåíåå 0,06% äëÿ ðàññòîÿíèé ìåæäó òðåùèíàìè 20 ìêì) ñîáëþäàþòñÿ
óñëîâèÿ (2), (3), (9)−(12), (13)−(15). Îäíàêî äëÿ ðàññòîÿíèé ìåæäó òðåùèíàìè â
äèàïàçîíå îò 60 ìêì äî 20 ìêì óñëîâèÿ (4), (5) íà ãîðèçîíòàëüíîé ãðàíèöå äàííîãî
ïðåäñòàâèòåëüíîãî ýëåìåíòà ñîáëþäàëèñü ñ íåäîñòàòî÷íîé òî÷íîñòüþ (15,61%).
Ïðè ýòîì òî÷íîñòü ñîáëþäåíèÿ êîíêðåòíîãî óñëîâèÿ îïðåäåëÿëàñü êàê ìàêñèìóì
ìîäóëÿ îòêëîíåíèÿ çíà÷åíèÿ, ðàññ÷èòàííîãî íà ãðàíèöàõ âíóòðåííåãî ïðåäñòàâè-
òåëüíîãî ýëåìåíòà, îò çíà÷åíèÿ, îïðåäåëåííîãî ýòèì óñëîâèåì, îòíåñåííîãî ê ìàêñè-
ìàëüíîìó çíà÷åíèþ èçìåðÿåìîé âåëè÷èíû, â ïðîöåíòàõ. Èç ðèñ. 3 âèäíî, ÷òî âû-
áîð ãðàíè÷íûõ óñëîâèé (2), (3), (13) èëè (4), (5), (14) íà÷èíàåò çàìåòíî âëèÿòü íà
ïðîöåññ çàëå÷èâàíèÿ ïðè ðàññòîÿíèÿõ ìåæäó êîí÷èêàìè ìèêðîòðåùèí íå ìåíåå
5−6 äëèí ýòèõ òðåùèí.

Òàêèì îáðàçîì, â äàëüíåéøåì èñïîëüçóþòñÿ óñëîâèÿ (2), (3), (13) êàê áîëåå
òî÷íûå è èìåþùèå ÿñíûé ôèçè÷åñêèé ñìûñë, ïðè ýòîì ðàçíîñòü ïîòåíöèàëîâ íà
ãðàíèöå ïðåäñòàâèòåëüíîãî ýëåìåíòà îïðåäåëÿåòñÿ èñõîäÿ èç óñëîâèÿ «íåâîçìóùåí-
íîñòè» ýëåêòðè÷åñêîãî ïîòåíöèàëà â ìàòåðèàëå. Ñëåäóåò èìåòü â âèäó, ÷òî îáà ðå-
øåíèÿ ñòðåìÿòñÿ äðóã ê äðóãó ñ óâåëè÷åíèåì ðàññòîÿíèÿ ìåæäó òðåùèíàìè, à ïðî-
öåññ çàëå÷èâàíèÿ ïðîõîäèò ïðè óñëîâèÿõ (4), (5), (14) íåñêîëüêî áûñòðåå.

Ðàñ÷åòû äëÿ îáëàñòåé èíòåãðèðîâàíèÿ ðàçëè÷íûõ ðàçìåðîâ, ñîäåðæàùèõ 1, 4 è
6 ìèêðîòðåùèí (â êâàäðàòíûõ (a = b) ïðåäñòàâèòåëüíûõ ýëåìåíòàõ), ïðèâåäåííûõ
íà ðèñ. 1â−1å, ïðè çàäàíèè íà èõ ãîðèçîíòàëüíûõ ïîâåðõíîñòÿõ ðàçíîñòè ïîòåíöè-
àëîâ ϕ = const ïîêàçàëè, ÷òî èìååò ìåñòî õîðîøåå ñîâïàäåíèå ðåçóëüòàòîâ, ïîëó-
÷åííûõ ïðè ìîäåëèðîâàíèè ïðîöåññà çàëå÷èâàíèÿ ìèêðîòðåùèíû (öåíòð êîòîðîé
íàõîäèòñÿ â òî÷êå x = 0, y = 0): çàâèñèìîñòè äëèíû (ðèñ. 4à) è øèðèíû (ðèñ. 4á)
ìèêðîòðåùèíû îò âðåìåíè ïðàêòè÷åñêè ñîâïàäàëè ìåæäó ñîáîé â áîëüøåé ÷àñòè
èññëåäóåìîãî äèàïàçîíà ðàçìåðîâ ïðåäñòàâèòåëüíûõ ýëåìåíòîâ.

Äàæå äëÿ ýëåìåíòà ñ ðàçìåðîì 20 ìêì, êîãäà èìååò ìåñòî íàèáîëåå ñèëüíîå
âçàèìîäåéñòâèå ìåæäó äåôåêòàìè, íàáëþäàåòñÿ õîðîøåå ñîãëàñîâàíèå ýòèõ êðè-
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âûõ (ñì. ðèñ. 4). Ýòî ÿâëÿåòñÿ ñëåäñòâèåì òîãî, ÷òî ïðåäëàãàåìûå â ìîäåëè ýëåêòðè-
÷åñêèå ãðàíè÷íûå óñëîâèÿ (2), (3), (13) è ìåõàíè÷åñêèå ãðàíè÷íûå óñëîâèÿ (9)−
(12), (15) ñîáëþäàþòñÿ ñ âûñîêîé òî÷íîñòüþ íà ãðàíèöàõ âíóòðåííåãî ïðåäñòàâè-
òåëüíîãî ýëåìåíòà (â òîì ÷èñëå äëÿ ìàëûõ ðàññòîÿíèé ìåæäó òðåùèíàìè).

Êðèâûå íà ðèñ. 4 ñîîòâåòñòâóþò: ðîçîâàÿ − 1 ìèêðîòðåùèíà, ýëåìåíò 20×20 ìêì;
ãîëóáàÿ øòðèõîâàÿ − 1 ìèêðîòðåùèíà, ýëåìåíò (1/2) 20×20 ìêì; çåëåíàÿ − 4 ìèêðî-
òðåùèíû, ýëåìåíò 20×20 ìêì; ÷åðíàÿ øòðèõîâàÿ − 6 ìèêðîòðåùèí, ýëåìåíò 20×20 ìêì;
êðàñíàÿ − 4 ìèêðîòðåùèíû, ýëåìåíò 60×60 ìêì; ñèíÿÿ øòðèõîâàÿ − 1 ìèêðîòðåùè-
íà, ýëåìåíò 60×60 ìêì; ÷åðíàÿ − 1 ìèêðîòðåùèíà, ýëåìåíò 240×240 ìêì; çåëåíàÿ
øòðèõîâàÿ − 4 ìèêðîòðåùèíû, ýëåìåíò 240×240 ìêì.

Èç ðèñ. 3 è 4 âèäíî, ÷òî âçàèìîäåéñòâèå ìåæäó ìèêðîòðåùèíàìè íà÷èíàåò çà-
ìåòíî ñêàçûâàòüñÿ íà ïðîöåññå èõ çàëå÷èâàíèÿ, êîãäà ðàññòîÿíèÿ ìåæäó íèìè ñî-
êðàùàþòñÿ ïðèìåðíî äî 5−6 äëèí ìèêðîòðåùèí. Âçàèìîäåéñòâèå ìèêðîòðåùèí,
âûçâàííîå óìåíüøåíèåì ðàññòîÿíèÿ ìåæäó íèìè  âïëîòü äî 10−20 ìêì, êà÷åñòâåí-
íî íå ìåíÿåò âûøåîïèñàííûé ïðîöåññ çàëå÷èâàíèÿ, îäíàêî ïðèâîäèò ê åãî ñóùå-
ñòâåííîìó çàìåäëåíèþ. Ýòî ëåãêî îáúÿñíèìî òåì, ÷òî ïðè îäèíàêîâîé ïðèëîæåí-
íîé ê îáðàçöó óäåëüíîé ýëåêòðîìàãíèòíîé ýíåðãèè íà çàëå÷èâàíèå îäíîé òðåùèíû
ïðèõîäèòñÿ ýíåðãèè òåì ìåíüøå, ÷åì áîëüøå ìèêðîòðåùèí èìååòñÿ â åäèíèöå îáúå-
ìà. Âûáðîñ ðàñïëàâëåííîãî ìàòåðèàëà â òðåùèíó ïî-ïðåæíåìó èìååò ìåñòî. Îäíà-
êî ïðîöåññû óìåíüøåíèÿ äëèíû ìèêðîòðåùèíû è ñáëèæåíèå áåðåãîâ ìèêðîòðåùè-
íû çàìåäëÿþòñÿ âî âðåìåíè (ñì. ðèñ. 2−4). Ïðè ìàëûõ ðàññòîÿíèÿõ ìåæäó äåôåêòà-
ìè ýòî çàìåäëåíèå ïðèâîäèò ê òîìó, ÷òî ÷àñòü ìàòåðèàëà â êîí÷èêå ñòðóè óñïåâàåò
íå òîëüêî ðàñïëàâèòüñÿ, íî è èñïàðèòüñÿ (ñì. ðèñ. 2á).

Íà ðèñ. 5 ïðåäñòàâëåíû çàâèñèìîñòè äëèíû òðåùèíû îò âðåìåíè äëÿ îáëàñòåé
èíòåãðèðîâàíèÿ ðàçëè÷íûõ ðàçìåðîâ (a ≠ b), ïðåäñòàâëÿþùèõ îäíó ÷åòâåðòü ïðÿ-
ìîóãîëüíîãî ïðåäñòàâèòåëüíîãî ýëåìåíòà, ïðè çàäàíèè íà èõ ãðàíèöå ðàçíîñòè ïî-
òåíöèàëîâ ϕ = const (ðèñ. 5à) è àíàëîãè÷íûå çàâèñèìîñòè øèðèíû òðåùèíû îò
âðåìåíè (ðèñ. 5á).

Êðèâûå íà ðèñ. 5 ñîîòâåòñòâóþò: ðîçîâàÿ − 1 ìèêðîòðåùèíà, ýëåìåíò 20×20 ìêì;
ñèíÿÿ − 1 ìèêðîòðåùèíà, ýëåìåíò 20×30 ìêì; çåëåíàÿ − 1 ìèêðîòðåùèíà, ýëåìåíò
30×20 ìêì; ÷åðíàÿ − 1 ìèêðîòðåùèíà, ýëåìåíò 20×60 ìêì; ðîçîâàÿ øòðèõîâàÿ −
1 ìèêðîòðåùèíà, ýëåìåíò 60×20 ìêì.

Èç ñðàâíåíèÿ êðèâûõ äëÿ ïðåäñòàâèòåëüíûõ ýëåìåíòîâ ïðÿìîóãîëüíîé ôîðìû
ìîæíî çàêëþ÷èòü, ÷òî â ïðåäëàãàåìîé ìîäåëè îïðåäåëÿþùèì â âåëè÷èíå èíòåðâà-
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ëà âðåìåíè, òðåáóåìîãî äëÿ çàëå÷èâàíèÿ äåôåêòà, ÿâëÿåòñÿ íå ðàññòîÿíèå âäîëü îñåé
õ èëè ó ìåæäó ìèêðîòðåùèíàìè (èëè, ÷òî òî æå ñàìîå, íå ôîðìà ïðåäñòàâèòåëüíîãî
ýëåìåíòà), à ïàðàìåòð ïîâðåæäåííîñòè, îïðåäåëÿåìûé êàê îòíîøåíèå îáúåìà ìèê-
ðîòðåùèíû ê îáúåìó ïðåäñòàâèòåëüíîãî ýëåìåíòà. Ïðè ðàâíîé ïîâðåæäåííîñòè
ïðîöåññû çàëå÷èâàíèÿ ïðîèñõîäÿò îäèíàêîâî.

Çàêëþ÷åíèå

Ïðè ìîäåëèðîâàíèè ïðîöåññà çàëå÷èâàíèÿ ìèêðîòðåùèí ìîæíî áåç ïîòåðè òî÷-
íîñòè îãðàíè÷èòüñÿ ðàññìîòðåíèåì â êà÷åñòâå îáëàñòè èíòåãðèðîâàíèÿ îäíîé ÷åò-
âåðòè ïðåäñòàâèòåëüíîãî ýëåìåíòà, çàäàâàÿ íà åå ãîðèçîíòàëüíûõ ãðàíèöàõ ðàçíîñòü
ïîòåíöèàëîâ, îïðåäåëåííóþ èñõîäÿ èç óñëîâèÿ íåâîçìóùåííîñòè ýëåêòðè÷åñêîãî
ïîëÿ. Óìåíüøåíèå ðàññòîÿíèÿ ìåæäó òðåùèíàìè âïëîòü äî 1−2 èõ ëèíåéíûõ ðàç-
ìåðîâ êà÷åñòâåííî íå ìåíÿåò îïèñàííûé ïðîöåññ çàëå÷èâàíèÿ, îäíàêî ïðèâîäèò ê
åãî ñóùåñòâåííîìó çàìåäëåíèþ: âûáðîñ ðàñïëàâëåííîãî ìàòåðèàëà â òðåùèíó ñî-
õðàíÿåòñÿ, íî óìåíüøåíèå òðåùèíû, îñîáåííî â ïîïåðå÷íîì íàïðàâëåíèè, çíà÷è-
òåëüíî ñîêðàùàåòñÿ.
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THE PROCESS OF HEALING OF MICROCRACKS IN THE METAL
UNDER THE HIGH DENSITY CURRENT PULSES

Kukudzhanov K.V.1,2

1A. Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences,
Moscow, Russian Federation

2Moscow Institute of Physics and Technology, Moscow, Russian Federation

The processes of transformation of the flat microcracks with linear sizes about 10 microns under
the processing of metal samples short pulses of high-density electric current are considered.
Investigation carried out on the basis of numerical coupled quasi-stationary model of the impact of
high-energy electromagnetic field on the pre-damaged thermal elasticplastic material with an ordered
system defects. The model accounts for melting and evaporation of the metal and the dependence
of its physical and mechanical properties on the temperature. The problem is solved numerically
by finite elements method with adaptive mesh using on the base of alternative Euler − Lagrange's
method. Simulation has shown it is the welding of the crack and healing of the micro-defects. The
simultaneous reduction in the length, the ejection of the molten metal into the cracks and closing
of micro-crack shores leads to the fact that the shores of the crack come into contact with the jet
stream and finally the jet's material is completely jammed shores cracks. The influence of the
distance between the microcracks in the processes of the healing and deformation are studied.
Numerical modeling has shown, that at distances between the cracks of 10 or more of their lengths,
the time required for the complete healing of the defect is weakly dependent on the distance between
the defects and micro-defects interaction can be neglected. Interaction between microcracks in the
metal begins to significantly affect on the processes of their healing, when the distance between
them is reduced to about 5−6 of lengths of microcracks. With further decrease of the distance
between the defects, up to the point where it becomes equal of length of microcracks, described
the healing process does not qualitatively change, however, this slows down significantly: the
ejection of the molten metal into the cracks is retained, but the crack sizes reduction is particularly
in the transverse direction is considerably reduced.

Keywords: healing cracks, microcracks arrest, interaction micro-defects, electroplasticity, high-
energy electromagnetic fields, electropulsing treatment, phase transitions, melting, evaporation.


