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Èññëåäîâàíà ñòðóêòóðà ïîëÿ óïðóãèõ íàïðÿæåíèé â îêðåñòíîñòè ñòûêîâ è
èçëîìîâ ãðàíèö çåðåí, ñîäåðæàùèõ ðîòàöèîííî-ñäâèãîâûå ìåçîäåôåêòû äå-
ôîðìàöèîííîãî ïðîèñõîæäåíèÿ, ôîðìèðóþùèåñÿ ïðè ïëàñòè÷åñêîé äåôîð-
ìàöèè ïî àíñàìáëþ çåðåí ïîëèêðèñòàëëà. Ñêà÷êè ïëàñòè÷åñêîé äèñòîðñèè
çåðåí ïðè ïåðåõîäå ÷åðåç ìåæçåðåííûå ãðàíèöû ñîçäàþò íà íèõ äîïîëíèòåëü-
íûå ðàçîðèåíòèðîâêè, ðàññîãëàñîâàíèå êîòîðûõ â ñòûêàõ çåðåí ïðèâîäèò ê
ïîÿâëåíèþ ëèíåéíûõ ìåçîäåôåêòîâ ðîòàöèîííîãî òèïà – ñòûêîâûõ äèñêëèíà-
öèé äåôîðìàöèîííîãî ïðîèñõîæäåíèÿ. Íà ïëîñêèõ ó÷àñòêàõ ãðàíèö ïîÿâëÿ-
þòñÿ ïëàíàðíûå ìåçîäåôåêòû ñäâèãîâîãî òèïà, ïðåäñòàâëÿþùèå ñîáîé îäíî-
ðîäíî ðàñïðåäåëåííûå âäîëü ãðàíèö ïëàñòè÷åñêèå ñäâèãè. Ýòè ìåçîäåôåêòû
ñîçäàþò âáëèçè ñòûêîâ è èçëîìîâ çåðåí ïðîñòðàíñòâåííî íåîäíîðîäíûå ïîëÿ
óïðóãèõ íàïðÿæåíèé, êîòîðûå âîçðàñòàþò ñ óâåëè÷åíèåì ïëàñòè÷åñêîé äåôîð-
ìàöèè è ïðè äîñòàòî÷íî áîëüøèõ äåôîðìàöèÿõ èíèöèèðóþò ïðîöåññû ôîð-
ìèðîâàíèÿ ôðàãìåíòèðîâàííîé ñòðóêòóðû ìàòåðèàëà. Ðîòàöèîííî-ñäâèãîâûå
ìåçîäåôåêòû ÿâëÿþòñÿ òàêæå ïðè÷èíîé çàðîæäåíèÿ è íàêîïëåíèÿ ìèêðîòðå-
ùèí íà ñòàäèè âÿçêîãî ðàçðóøåíèÿ ïîëèêðèñòàëëè÷åñêèõ òâåðäûõ òåë.

Ïîëó÷åíû àñèìïòîòè÷åñêèå âûðàæåíèÿ, ïîçâîëÿþùèå ïðîàíàëèçèðîâàòü
ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå è àíèçîòðîïèþ ïîëÿ âíóòðåííèõ íàïðÿæå-
íèé â îêðåñòíîñòè ñòûêà çåðåí îò ðîòàöèîííî-ñäâèãîâûõ ìåçîäåôåêòîâ äå-
ôîðìàöèîííîãî ïðîèñõîæäåíèÿ. Óñòàíîâëåíî, ÷òî êîìïîíåíòû ïîëÿ íàïðÿ-
æåíèé ñëàáî çàâèñÿò (ëîãàðèôìè÷åñêè) îò äëèíû ãðàíèö âõîäÿùèõ â ñòûê çå-
ðåí è ðàçìåðà ðàññìàòðèâàåìîé îêðåñòíîñòè. Ïîêàçàíî, ÷òî ýêðàíèðóþùàÿ
äèñêëèíàöèÿ äèïîëÿ ïðèâîäèò ê ïîÿâëåíèþ óãëîâîé çàâèñèìîñòè äèàãîíàëü-
íûõ êîìïîíåíò òåíçîðà óïðóãèõ íàïðÿæåíèé â îêðåñòíîñòè ñòûêà è åå âêëàä â
óïðóãîå ïîëå äèïîëÿ äèñêëèíàöèé çåðåí ñîñòàâëÿåò ïîðÿäêà 10–15%. Ïîëó-
÷åííûå àñèìïòîòè÷åñêèå âûðàæåíèÿ ìîãóò áûòü èñïîëüçîâàíû ïðè èññëåäî-
âàíèè êèíåòèêè äèñëîêàöèîííîãî àíñàìáëÿ è àíàëèçå óñëîâèé çàðîæäåíèÿ
ìèêðîòðåùèí â îêðåñòíîñòè ñòûêîâ è èçëîìîâ çåðåí.

Êëþ÷åâûå ñëîâà: ãðàíèöû çåðíà, ìåçîäåôåêò, ñòûêîâàÿ äèñêëèíàöèÿ, âíóò-
ðåííèå íàïðÿæåíèÿ.
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Ââåäåíèå

Ýëåêòðîííî-ìèêðîñêîïè÷åñêèå èññëåäîâàíèÿ äåôåêòíîé ñòðóêòóðû äåôîðìè-
ðîâàííûõ ïîëèêðèñòàëëîâ ïîçâîëèëè âûÿâèòü âàæíûå çàêîíîìåðíîñòè åå ôîðìè-
ðîâàíèÿ. Óñòàíîâëåíî, ÷òî ïðè äîñòàòî÷íî áîëüøèõ äåôîðìàöèÿõ âáëèçè ñòûêîâ è
èçëîìîâ çåðåí [1–3] ôîðìèðóþòñÿ îáîðâàííûå äèñëîêàöèîííûå ãðàíèöû, äàëüíåé-
øàÿ ýâîëþöèÿ êîòîðûõ (ðàñïðîñòðàíåíèå â òåëî çåðåí, óâåëè÷åíèå ðàçîðèåíòèðî-
âîê è âåòâëåíèå) ïðèâîäèò ê ôðàãìåíòàöèè – ðàçáèåíèþ çåðåí ïîëèêðèñòàëëà íà
âçàèìíî ðàçîðèåíòèðîâàííûå îáëàñòè (ôðàãìåíòû), ðàçäåëåííûå ãðàíèöàìè çåðåí
äåôîðìàöèîííîãî ïðîèñõîæäåíèÿ. Ïðè ïðîäîëæàþùåéñÿ äåôîðìàöèè ïðîöåññ
ôîðìèðîâàíèÿ íîâûõ îáîðâàííûõ äèñëîêàöèîííûõ ãðàíèö ïîñòåïåííî ïðåêðàùà-
åòñÿ. Íà ñòàäèè ïðåäðàçðóøåíèÿ ñòûêè çåðåí (ôðàãìåíòîâ) âíîâü èãðàþò âàæíóþ
ðîëü, ïîñêîëüêó èìåííî â íèõ íàáëþäàåòñÿ çàðîæäåíèå ìèêðîòðåùèí [1] è ñîçäà-
þòñÿ ïðåäïîñûëêè äëÿ âÿçêîãî ðàçðóøåíèÿ ìàòåðèàëà.

Â ñîâðåìåííîé ôèçèêå áîëüøèõ ïëàñòè÷åñêèõ äåôîðìàöèé ïðèíÿòî ñ÷èòàòü,
÷òî ïðè÷èíîé òàêîãî ïîâåäåíèÿ äåôåêòíîé ñòðóêòóðû ïîëèêðèñòàëëè÷åñêèõ òâåð-
äûõ òåë ÿâëÿåòñÿ ïîÿâëåíèå â ñòûêàõ è èçëîìàõ çåðåí (è/èëè ôðàãìåíòîâ) ëèíåéíûõ
ìåçîäåôåêòîâ ðîòàöèîííîãî òèïà – ñòûêîâûõ äèñêëèíàöèé äåôîðìàöèîííîãî ïðî-
èñõîæäåíèÿ [4–7] è íàêîïëåíèå íà ïëîñêèõ ó÷àñòêàõ ãðàíèö çåðåí ïëàíàðíûõ ìåçî-
äåôåêòîâ ñäâèãîâîãî òèïà [8, 9]. Óêàçàííûå ìåçîäåôåêòû ñîçäàþò âáëèçè ñòûêîâ è
èçëîìîâ çåðåí ïðîñòðàíñòâåííî íåîäíîðîäíûå ïîëÿ óïðóãèõ íàïðÿæåíèé [10, 11],
èíèöèèðóþùèå ñëîæíûå ïðîöåññû ôîðìèðîâàíèÿ ôðàãìåíòèðîâàííîé ñòðóêòóðû
ìàòåðèàëà. Èññëåäîâàíèå ýòèõ ïðîöåññîâ ïðîâîäèòñÿ îáû÷íî ïóòåì êîìïüþòåðíî-
ãî ìîäåëèðîâàíèÿ ñ èñïîëüçîâàíèåì ìåòîäîâ äèíàìèêè äèñêðåòíûõ äèñëîêàöèé [12].
Ïðè ýòîì èññëåäóåòñÿ ýâîëþöèÿ àíñàìáëÿ âçàèìîäåéñòâóþùèõ ìåæäó ñîáîé, à òàê-
æå ñ ïîëÿìè âíåøíèõ è âíóòðåííèõ íàïðÿæåíèé îò ìåçîäåôåêòîâ ðåøåòî÷íûõ äèñ-
ëîêàöèé, îñóùåñòâëÿþùèõ ïëàñòè÷åñêóþ äåôîðìàöèþ â ïðèãðàíè÷íîé çîíå çåðíà.
Êàê ïðàâèëî, ïðè ðàññìîòðåíèè òàêèõ ïðîöåññîâ, êàê ôîðìèðîâàíèå îáîðâàííûõ
äèñëîêàöèîííûõ ãðàíèö [13–15] èëè çàðîæäåíèå ìèêðîòðåùèí [16–18], îãðàíè÷è-
âàþòñÿ ïðîñòåéøèì ñëó÷àåì îäèíî÷íîé ñòûêîâîé äèñêëèíàöèè èëè îäèíî÷íîãî
äèïîëÿ äèñêëèíàöèé, êîòîðûå ëèøü ïðèáëèæåííî ìîäåëèðóþò ïîëÿ âíóòðåííèõ
íàïðÿæåíèé âáëèçè ñòûêà.

Äëÿ áîëåå àäåêâàòíîãî îïèñàíèÿ ïîëåé óïðóãèõ íàïðÿæåíèé âáëèçè ñòûêà íå-
îáõîäèìî ó÷èòûâàòü âñþ ñèñòåìó ðîòàöèîííî-ñäâèãîâûõ ìåçîäåôåêòîâ, ôîðìèðó-
þùèõñÿ íà ãðàíèöàõ, âõîäÿùèõ â ñòûê. Öåëüþ íàñòîÿùåé ñòàòüè ÿâëÿåòñÿ ïîëó÷å-
íèå âûðàæåíèé äëÿ êîìïîíåíò òåíçîðà óïðóãèõ âíóòðåííèõ íàïðÿæåíèé, ëîêàëèçî-
âàííûõ âáëèçè ñòûêà çåðåí, ñîäåðæàùåãî êëèíîâóþ äèñêëèíàöèþ, ñ ó÷åòîì âêëà-
äîâ îò ïëàíàðíûõ ñäâèãîâûõ ìåçîäåôåêòîâ è îòäàëåííûõ íåêîìïåíñèðîâàííûõ ýê-
ðàíèðóþùèõ äèñêëèíàöèé.

Ñõåìà ðîòàöèîííî-ñäâèãîâûõ ìåçîäåôåêòîâ, ôîðìèðóþùèõñÿ
íà òèïîâûõ ó÷àñòêàõ ãðàíèöû, ñîäåðæàùèõ ñòûê çåðåí

Â èñïîëüçóåìîé â íàñòîÿùåé ñòàòüå 2D-ìîäåëè íà îáðàçóþùèõ ñòûê ãðàíèöàõ
çåðåí â ðåçóëüòàòå îäíîðîäíûõ, íî ðàçëè÷íûõ â êàæäîì èç ñîïðÿãàþùèõñÿ çåðåí
äåôîðìàöèé, ôîðìèðóþòñÿ ìåçîäåôåêòû â âèäå ðàâíîìåðíî ðàñïðåäåëåííûõ ñêîëü-
çÿùèõ è ñèäÿ÷èõ êîìïîíåíò äèñëîêàöèé îðèåíòàöèîííîãî íåñîîòâåòñòâèÿ. Â êîí-
òèíóàëüíîì ïðèáëèæåíèè ýòè ìåçîäåôåêòû õàðàêòåðèçóþòñÿ âåëè÷èíîé ïëîòíîñòè
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âåêòîðà Áþðãåðñà (wτ äëÿ ñêîëüçÿùèõ äèñëîêàöèé, wn äëÿ ñèäÿ÷èõ äèñëîêàöèé).
Ïðè ýòîì ñîâîêóïíîñòü ñèäÿ÷èõ äèñëîêàöèé ñ òî÷êè çðåíèÿ ïîëåé óïðóãèõ íàïðÿ-
æåíèé (ñìåùåíèé) ýêâèâàëåíòíà äèïîëþ êëèíîâûõ äèñêëèíàöèé [19], âåêòîð Ôðàíêà
êàæäîé èç êîòîðûõ îïðåäåëÿåòñÿ ïî ôîðìóëàì:
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ãäå wd (r1) – âåêòîð Ôðàíêà äèñêëèíàöèè, íàõîäÿùåéñÿ â òî÷êå ñ ðàäèóñ-âåêòîðîì r1,
wd (r2) – âåêòîð Ôðàíêà äèñêëèíàöèè, íàõîäÿùåéñÿ â òî÷êå ñ ðàäèóñ-âåêòîðîì r2.
Íåòðóäíî ïîëó÷èòü è îáðàòíóþ ñâÿçü wn(wd). Íà ðèñ. 1 ïðåäñòàâëåíà ñõåìà ðîòàöè-
îííî-ñäâèãîâûõ ìåçîäåôåêòîâ, ôîðìèðóþùèõñÿ íà ãðàíèöå çåðíà â ðåçóëüòàòå îä-
íîðîäíûõ, íî ðàçëè÷íûõ â êàæäîì èç ñîïðÿãàþùèõñÿ çåðåí ïëàñòè÷åñêèõ äèñòîð-
ñèé βββββ1 è βββββ2 (τττττ1, N1 è τττττ2, N2 – òàíãåíöèàëüíûé è íîðìàëüíûé åäèíè÷íûå âåêòîðû äëÿ
ïåðâîãî è âòîðîãî çåðåí ñîîòâåòñòâåííî).

Â ñëó÷àå 2D-ãåîìåòðèè âåêòîð Ôðàíêà íàïðàâëåí ëèáî âäîëü, ëèáî ïðîòèâ îðòà
e3 (íàïðàâëåí ïåðïåíäèêóëÿðíî ïëîñêîñòè ðèñóíêà), âñëåäñòâèå ýòîãî áóäåì õàðàê-
òåðèçîâàòü åãî âåëè÷èíîé ïðîåêöèè wd  íà ýòîò îðò. Ñîâîêóïíîñòü ñêîëüçÿùèõ äèñ-
ëîêàöèé, ñîãëàñíî ïðèíÿòîé â ëèòåðàòóðå òåðìèíîëîãèè, áóäåì äàëåå íàçûâàòü ïëà-
íàðíûì ñäâèãîâûì ìåçîäåôåêòîì. Ïëàíàðíûé ñäâèãîâûé ìåçîäåôåêò è äèñêëèíà-
öèîííûé äèïîëü, ñôîðìèðîâàííûå íà îòäåëüíîé ãðàíèöå çåðíà â ðåçóëüòàòå ïðî-
õîæäåíèÿ îäíîðîäíûõ, íî ðàçëè÷íûõ â êàæäîì èç ñîïðÿãàþùèõñÿ çåðåí ïëàñòè÷åñ-
êèõ äèñòîðñèé βββββ1 è βββββ2, õàðàêòåðèçóþòñÿ ñâîèìè ìîùíîñòÿìè wτ è wn (èëè wd) ñî-
îòâåòñòâåííî è äëèíîé ýòîé ãðàíèöû 2a. Âçàèìîñâÿçü ïëàñòè÷åñêèõ äèñòîðñèé βββββ1 è
βββββ2 ñ âåëè÷èíàìè ìîùíîñòåé ìåçîäåôåêòîâ wτ è wn ïðèâåäåíû â ñòàòüå [8].

Ñõåìû ðîòàöèîííî-ñäâèãîâûõ ìåçîäåôåêòîâ, ôîðìèðóþùèõñÿ íà íàèáîëåå òè-
ïîâûõ ó÷àñòêàõ ãðàíèöû, ñîäåðæàùèõ ñòûê çåðåí â ðåçóëüòàòå ïðîõîæäåíèÿ îäíî-
ðîäíîé âíóòðèçåðåííîé äåôîðìàöèè, ïðèâåäåíû íà ðèñ. 2 (à – íà îäèíî÷íîé ôàñåò-
êå, á – â ñëó÷àå ñòûêà äâóõ ôàñåòîê, â – â òðîéíîì ñòûêå).
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Êàæäàÿ èç ðàññìîòðåííûõ êîíôèãóðàöèé ãðàíèö çåðåí õàðàêòåðèçóåòñÿ íåêîòî-
ðîé ñèñòåìîé ðîòàöèîííî-ñäâèãîâûõ ìåçîäåôåêòîâ. Íàïðèìåð, â îáùåì ñëó÷àå äå-
ôåêòíàÿ ñòðóêòóðà òðîéíîãî ñòûêà îïèñûâàåòñÿ íàáîðîì ïàðàìåòðîâ: äëèíàìè ãðà-
íèö çåðåí 2a1, 2a2, 2a3, îáðàçóþùèõ ýòîò ñòûê, ìîùíîñòÿìè ïëàíàðíûõ ìåçîäåôåê-
òîâ wτ

1, wτ
2, wτ

3 è äèñêëèíàöèîííûõ äèïîëåé wn
1, wn

2, wn
3 (ñì. ðèñ. 2â).

Ðàñ÷åò ïîëåé óïðóãèõ íàïðÿæåíèé, ôîðìèðóþùèõñÿ
âáëèçè ñòûêà çåðåí, îò îäèíî÷íîãî ïëàíàðíîãî ìåçîäåôåêòà
è äèïîëÿ äèñêëèíàöèé

Îïðåäåëèì àñèìïòîòè÷åñêèå âûðàæåíèÿ äëÿ ïîëåé íàïðÿæåíèé îò îäèíî÷íîãî
ïëàíàðíîãî ñäâèãîâîãî ìåçîäåôåêòà è îäèíî÷íîãî äèñêëèíàöèîííîãî äèïîëÿ. Äëÿ
ðàñ÷åòà ïîëåé óïðóãèõ íàïðÿæåíèé âûáåðåì ñèñòåìó êîîðäèíàò, íà÷àëî êîòîðîé
ðàñïîëîæåíî â ñòûêå çåðåí. Íà ðèñ. 3 ïîêàçàíà ñèñòåìà êîîðäèíàò äëÿ ðàñ÷åòà ëî-
êàëüíûõ ïîëåé óïðóãèõ íàïðÿæåíèé âáëèçè ñòûêà çåðåí, ðàñïîëîæåííîãî â íà÷àëå
êîîðäèíàò: à – îò ïëàíàðíîãî ñäâèãîâîãî ìåçîäåôåêòà, á – îò äèñêëèíàöèîííîãî
äèïîëÿ.

Ïðîöåäóðó âûâîäà âûðàæåíèé ïðîäåìîíñòðèðóåì íà ïðèìåðå ïëàíàðíîãî ìåçî-
äåôåêòà. Ïîëó÷åíèå âûðàæåíèé äëÿ äèñêëèíàöèîííîãî äèïîëÿ ïðîâîäèòñÿ àíàëî-
ãè÷íî.

Ðàññìîòðèì ïëàíàðíûé ìåçîäåôåêò ìîùíîñòüþ wτ è ïëå÷îì 2a è íàéäåì âûðà-
æåíèÿ, îïèñûâàþùèå ïîëÿ óïðóãèõ íàïðÿæåíèé îò íåãî, ëîêàëèçîâàííûå âáëèçè
îäíîãî èç ñòûêîâ, â îáëàñòè ñ õàðàêòåðíûì ðàçìåðîì r << 2a (ñì. ðèñ. 2à). Âûðàæå-
íèÿ äëÿ êîìïîíåíò òåíçîðà óïðóãèõ ïîëåé íàïðÿæåíèé äëÿ ðàññìàòðèâàåìîãî ìåçî-
äåôåêòà â ïðàâîñòîðîííåé äåêàðòîâîé ñèñòåìå êîîðäèíàò, íà÷àëî êîòîðîé ñîâïàäà-
åò ñ öåíòðîì ìåçîäåôåêòà, à îñü x íàïðàâëåíà âäîëü ïëå÷à ìåçîäåôåêòà, ïðèâåäåíû
â [20]. Äàëåå ñäâèíåì ñèñòåìó êîîðäèíàò â òî÷êó ñ êîîðäèíàòàìè (a, 0) è ó÷òåì, ÷òî
r << 2a, ñëåäîâàòåëüíî, x << 2a è y << 2a. Â ðåçóëüòàòå àñèìïòîòè÷åñêèå âûðàæåíèÿ
äëÿ ïîëåé íàïðÿæåíèé îò ïëàíàðíîãî ìåçîäåôåêòà ïðèíèìàþò âèä:
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ãäå D = G/(2π(1 – ν), G – ìîäóëü ñäâèãà, ν – êîýôôèöèåíò Ïóàññîíà, wτ = wτ.ex –

ÐèñÐèñ. 3. Ñèñòåìà êîîðäèíàò äëÿ ðàñ÷åòà ëîêàëüíûõ ïîëåé óïðóãèõ íàïðÿæåíèé
 âáëèçè ñòûêà çåðåí, ðàñïîëîæåííîãî â íà÷àëå êîîðäèíàò. 3. Ñèñòåìà êîîðäèíàò äëÿ ðàñ÷åòà
ëîêàëüíûõ ïîëåé óïðóãèõ íàïðÿæåíèé
 âáëèçè ñòûêà çåðåí, ðàñïîëîæåííîãî â íà÷àëå êîîðäèíàò

Ðèñ. 3. Ñèñòåìà êîîðäèíàò äëÿ ðàñ÷åòà ëîêàëüíûõ ïîëåé óïðóãèõ íàïðÿæåíèé
 âáëèçè ñòûêà çåðåí, ðàñïîëîæåííîãî â íà÷àëå êîîðäèíàò
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âåëè÷èíà ïðîåêöèè âåêòîðà wτ íà îñü Ox. Äàëåå ïåðåâåäåì âûðàæåíèÿ (2) â ïîëÿð-
íóþ ñèñòåìó êîîðäèíàò. Äëÿ ýòîãî ñíà÷àëà ïðåîáðàçóåì äåêàðòîâû êîîðäèíàòû x, y
â ïîëÿðíûå êîîðäèíàòû ,22 yxr +=  ϕ ∈ [0, 2π) â (2). Çàòåì ïðåîáðàçóåì êîìïî-
íåíòû òåíçîðà íàïðÿæåíèé èç äåêàðòîâîé ñèñòåìû êîîðäèíàò â ïîëÿðíóþ ñèñòåìó
σr,ϕ = J–1σx, yJ, ãäå σr,ϕ, σx, y – ìàòðèöû òåíçîðà íàïðÿæåíèé â ïîëÿðíîé è äåêàðòîâîé
ñèñòåìàõ êîîðäèíàò ñîîòâåòñòâåííî, J – ìàòðèöà ïåðåõîäà èç äåêàðòîâîé ñèñòåìû
êîîðäèíàò â ïîëÿðíóþ ñèñòåìó êîîðäèíàò. Â ðåçóëüòàòå àñèìïòîòè÷åñêèå âûðàæå-
íèÿ äëÿ êîìïîíåíò òåíçîðà óïðóãèõ íàïðÿæåíèé, ñîçäàâàåìûõ îäèíî÷íûì ïëàíàð-
íûì ìåçîäåôåêòîì â îêðåñòíîñòè ñòûêà, â ïîëÿðíîé ñèñòåìå êîîðäèíàò çàïèøóòñÿ
â âèäå:
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ãäå Ñ(ϕ) = 0 ïðè 0 ≤ ϕ ≤ π è Ñ(ϕ) = 4π ïðè π < ϕ < 2π.
Àñèìïòîòè÷åñêèå âûðàæåíèÿ äëÿ êîìïîíåíò òåíçîðà óïðóãèõ íàïðÿæåíèé, ñî-

çäàâàåìûõ îäèíî÷íûì äèñêëèíàöèîííûì äèïîëåì â îêðåñòíîñòè ñòûêà, â ïîëÿð-
íîé ñèñòåìå êîîðäèíàò èìåþò âèä:

,
2

ln22cos1
2

,
2

ln22cos1
2

⎟
⎠
⎞

⎜
⎝
⎛ +ϕ−−=σ⎟

⎠
⎞

⎜
⎝
⎛ −ϕ−−=σ ϕϕ a

rDw
a
rDw dd

rr

(4)
.2sin

2
ϕ−=σ ϕ

d
r

Dw

Ýïþðû êîìïîíåíò òåíçîðà íàïðÿæåíèé îò ïëàíàðíîãî ìåçîäåôåêòà ìîùíîñ-
òüþ wτ = 0,02 è äëèíîé 2a = 0,5 ìêì è äèñêëèíàöèîííîãî äèïîëÿ ìîùíîñòüþ wn =
= 0,02 è äëèíîé 2a = 0,5 ìêì, ëîêàëèçîâàííûå âáëèçè ñòûêà çåðåí, ïðåäñòàâëåíû
íà ðèñ. 4: a – σrr /G, á – σrϕ /G, â – σϕϕ /G, ã – σrr /G, ä – σϕϕ /G, å – σrϕ /G (ðàñ÷åò
ïðîâîäèëñÿ äëÿ çíà÷åíèé ν = 0,3 è b = 2,7.10–4 ìêì, ãäå b – âåêòîð Áþðãåðñà ðåøå-
òî÷íîé äèñëîêàöèè äëÿ ÃÖÊ ìåòàëëîâ ).

Èç ïðåäñòàâëåííûõ ýïþð âèäíî, ÷òî êîìïîíåíòû òåíçîðà óïðóãèõ íàïðÿæåíèé
îò ïëàíàðíîãî ìåçîäåôåêòà âáëèçè ñòûêà ñóùåñòâåííî íåîäíîðîäíû, îäíàêî, ïðî-
âîäÿ àíàëèç ïîëó÷åííûõ âûðàæåíèé (3), ìîæíî óáåäèòüñÿ, ÷òî òåíçîð-ôóíêöèÿ
σσσσσr,ϕ(r,ϕ)  îáëàäàåò îïðåäåëåííîé ñòåïåíüþ ñèììåòðèè – íå÷åòíîñòüþ ïî àðãóìåíòó
ϕ. Äëÿ îïðåäåëåííîãî êðóãà çàäà÷ ôèçèêè ïëàñòè÷íîñòè ìîæíî îãðàíè÷èòüñÿ óñ-
ðåäíåííûì ïîëåì âáëèçè ñòûêà, â ñëó÷àå ïëàíàðíîãî ìåçîäåôåêòà óñðåäíåíèå ïî
êðóãîâîé îáëàñòè äàåò íóëåâîå çíà÷åíèå ñðåäíåãî ïîëÿ íàïðÿæåíèé.

Èç ïðèâåäåííûõ âûðàæåíèé è ýïþð äëÿ ïîëåé óïðóãèõ íàïðÿæåíèé îò äèñêëè-
íàöèîííîãî äèïîëÿ â îêðåñòíîñòè ñòûêà âèäíî, ÷òî îíè îòëè÷àþòñÿ îò èçîòðîïíîãî
ïîëÿ îäèíî÷íîé äèñêëèíàöèè [19]. Âåëè÷èíà âêëàäà ýêðàíèðóþùåé äèñêëèíàöèè ïðè
âàðèàöèè çíà÷åíèé 2a/r = 103–106 ñîñòàâëÿåò ïîðÿäêà 10–15%.
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Ïðåîáðàçîâàíèå ïîëåé íàïðÿæåíèé äëÿ ïîâåðíóòîãî íà óãîë α ìåçîäåôåêòà, ñòûê
êîòîðîãî ðàñïîëîæåí â ïîëþñå ïîëÿðíîé ñèñòåìû, îñóùåñòâëÿåòñÿ ïðîñòîé çàìå-
íîé óãëà â âûðàæåíèÿõ, ïðè ýòîì ïðåîáðàçîâàíèÿ ñàìîãî òåíçîðà íå òðåáóåòñÿ. Ê
ïðèìåðó, êîìïîíåíòà σrr òåíçîðà íàïðÿæåíèé îò ïîâåðíóòîãî â ïîëîæèòåëüíîì íà-
ïðàâëåíèè íà óãîë α ïëàíàðíîãî ìåçîäåôåêòà áóäåò èìåòü âèä:
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Ðèñ. 4. Èçîëèíèè ïîëåé êîìïîíåíò òåíçîðà óïðóãèõ íàïðÿæåíèé
îò ïëàíàðíîãî ìåçîäåôåêòà â îêðåñòíîñòè ñòûêà çåðåí (à, á, â)

è äèñêëèíàöèîííîãî äèïîëÿ â îêðåñòíîñòè ñòûêà ñ îòðèöàòåëüíîé äèñêëèíàöèåé (ã, ä, å)
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Òàê êàê ïîëÿðíûé óãîë îïðåäåëåí íà ïîëóèíòåðâàëå [0, 2π), òî ϕ – α ∈ [0, 2π).
Àíàëîãè÷íûå ðåçóëüòàòû ïîëó÷àþòñÿ è äëÿ ñëó÷àÿ ïîâåðíóòîãî äèñêëèíàöèîííîãî
äèïîëÿ. Ñóììàðíîå ïîëå íàïðÿæåíèé îò ñòûêà ïîëó÷àåòñÿ êàê ñóïåðïîçèöèÿ ïîëåé
îò ïîâåðíóòûõ îäèíî÷íûõ äèïîëåé è ïîâåðíóòûõ ïëàíàðíûõ ñäâèãîâûõ ìåçîäåôåê-
òîâ, ôîðìèðóþùèõñÿ íà ãðàíèöàõ, âõîäÿùèõ â ñòûê.

Â êà÷åñòâå ïðèìåðà ïðèâåäåì ýïþðû êîìïîíåíò òåíçîðà óïðóãèõ íàïðÿæåíèé
âáëèçè ñòûêà (ðèñ. 5) äëÿ ñëó÷àÿ îäèíî÷íîé ôàñåòêè, ñîäåðæàùåé êîìáèíèðîâàí-
íûé ìåçîäåôåêò ìîùíîñòüþ wn = wτ = 0,02 è äëèíîé 2a = 0,5 ìêì (ñì. ðèñ. 2à).

Çàêëþ÷åíèå

Ïîëó÷åíû àñèìïòîòè÷åñêèå âûðàæåíèÿ, ïîçâîëÿþùèå ïðîàíàëèçèðîâàòü ïðî-
ñòðàíñòâåííîå ðàñïðåäåëåíèå è àíèçîòðîïèþ ïîëÿ âíóòðåííèõ íàïðÿæåíèé â îêðåñò-
íîñòè ñòûêà çåðåí îò ðîòàöèîííî-ñäâèãîâûõ ìåçîäåôåêòîâ äåôîðìàöèîííîãî ïðî-
èñõîæäåíèÿ. Ïîêàçàíî, ÷òî êîìïîíåíòû ïîëÿ íàïðÿæåíèé ñëàáî çàâèñÿò (ëîãà-
ðèôìè÷åñêè) îò äëèíû ãðàíèö âõîäÿùèõ â ñòûê çåðåí è ðàçìåðà ðàññìàòðèâàåìîé
îêðåñòíîñòè.

Ïîêàçàíî, ÷òî ýêðàíèðóþùàÿ äèñêëèíàöèÿ äèïîëÿ ïðèâîäèò ê ïîÿâëåíèþ çàâèñè-
ìîñòè îò óãëà êîìïîíåíò òåíçîðà óïðóãèõ íàïðÿæåíèé σrr, σϕϕ â îêðåñòíîñòè ñòûêà.
Âêëàä ýêðàíèðóþùåé äèñêëèíàöèè â óïðóãîå ïîëå äèïîëÿ äèñêëèíàöèé â îêðåñòíîñ-
òè ñòûêà çåðåí ñîñòàâëÿåò ïîðÿäêà 10–15%.

Ðèñ. 5. Èçîëèíèè ïîëåé êîìïîíåíò òåíçîðà óïðóãèõ íàïðÿæåíèé
îò êîìáèíèðîâàííîãî ìåçîäåôåêòà â îêðåñòíîñòè ñòûêà ñ îòðèöàòåëüíîé äèñêëèíàöèåé:

à) σrr /G, á) σϕϕ/G, â) σrϕ/G
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Ïîëó÷åííûå àñèìïòîòè÷åñêèå âûðàæåíèÿ ìîãóò áûòü èñïîëüçîâàíû ïðè èññëå-
äîâàíèè êèíåòèêè äèñëîêàöèîííîãî àíñàìáëÿ è àíàëèçå óñëîâèé çàðîæäåíèÿ ìèê-
ðîòðåùèí â îêðåñòíîñòè ñòûêîâ è èçëîìîâ çåðåí.
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ANALYSIS OF LOCAL FIELDS OF ELASTIC STRESS GENERATED
BY ROTATIONAL-SHEAR MESODEFECTS NEAR THE JUNCTIONS OF GRAINS

Kirikov S.V., Pupynin A.S., Svirina Yu.V.

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

The work is devoted to the study of the structure of the elastic stress field in the area of junctions
of grain boundaries containing strain-induced rotational-shear mesodefects. The jumps in plastic
distortion of grains when passing through grain boundaries create additional misorientations on
them, the mismatch of which at the junctions of grains leads to the appearance of linear mesodefects
of the rotational type – junction disclinations. Planar mesodefects of the shear type appear on the
flat sections of the boundaries, which are plastic shears uniformly distributed along the boundaries.
These mesodefects create spatially inhomogeneous elastic stress fields near the junctions and ledges
of the grains. They increase during plastic deformation and, at sufficiently large value of strain,
initiate the formation of a fragmented material structure. Rotational-shear mesodefects are also the
cause of the nucleation and accumulation of microcracks at the stage of viscous fracture of
polycrystalline solids.
In this work, asymptotic formulas are obtained that make it possible to analyze the distribution and
anisotropy of the internal stress field in the vicinity of the grain junction from rotational-shear
mesodefects. It was found that the components of the stress field weakly depend (logarithmically)
on the length of the grain boundaries formatting junction of the grains. It is shown that the screening
disclination of the dipole leads to the appearance of an angular dependence of the diagonal
components of the elastic stress tensor in the vicinity of the junctions and its contribution to the
elastic field of the disclinations dipole is about 10–15%. The obtained asymptotic expressions can
be used to study the kinetics of a dislocation ensemble and to analyze the conditions for the nucleation
of microcracks in the vicinity of joints and ledges of grains.

Keywords: grain boundary, mesodefect, junction disclination, internal stress.


