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Ýêñïåðèìåíòàëüíûìè ìåòîäàìè èçó÷åíî èçìåëü÷åíèå ñòðóêòóðû òåõíè-
÷åñêè ÷èñòîé ìåäè ìàðêè Ì1 ïîñëå ñäâîåííîé õîëîäíîé (ïðè êîìíàòíîé òåì-
ïåðàòóðå) ïëàñòè÷åñêîé äåôîðìàöèè âîëî÷åíèåì è ïîñëåäóþùåé èíòåíñèâ-
íîé ïëàñòè÷åñêîé äåôîðìàöèè ìåòîäîì ðàâíîêàíàëüíîãî óãëîâîãî ïðåññîâà-
íèÿ. Ïðåäñòàâëåíû ðåçóëüòàòû èçìåðåíèÿ ñòðóêòóðíûõ ñîñòàâëÿþùèõ, ïîëó-
÷åííûõ íà øëèôàõ è ôîëüãàõ, âûðåçàííûõ èç ïîïåðå÷íîãî ñå÷åíèÿ îáðàçöîâ
äèàìåòðîì 20 ìì, ïîñëå ÷åòûðåõ è âîñüìè ïðîõîäîâ ÷åðåç êàíàë ïðåññà ñ ïî-
âîðîòîì íà 90° ïîñëå êàæäîãî ïðîõîäà (ìàðøðóò Bc). Äëÿ èçó÷åíèÿ ñòðóêòóðû
èñïîëüçîâàí ïðîñâå÷èâàþùèé ýëåêòðîííûé ìèêðîñêîï. Äëÿ ñðàâíåíèÿ èçìå-
íåíèé â ìèêðîñòðóêòóðå íà ìåçîóðîâíå (ìåíåå 3 ìêì) èñïîëüçîâàëèñü äàí-
íûå, ïîëó÷åííûå ðàíåå ïðè èññëåäîâàíèè îáðàçöîâ ìåäè íà ñêàíèðóþùåì ýëåê-
òðîííîì ìèêðîñêîïå. Ïîêàçàíî, ÷òî ïîñëå ÷åòûðåõ ïðîõîäîâ è âîñüìè ïðîõî-
äîâ îáðàçîâàëèñü äåôîðìàöèîííûå ïîëîñû-ôðàãìåíòû, êîòîðûå ÷åðåäóþòñÿ
ñ ïåðåõîäíûìè ïîëîñàìè-ôðàãìåíòàìè ñ äèñëîêàöèîííîé ñòðóêòóðîé. Ïîñëå
âîñüìè ïðîõîäîâ ðàçìåð ñðåäíåãî ôðàãìåíòà ñîñòàâèë îêîëî 300 íì. Â ðå-
çóëüòàòå ïåðåñå÷åíèÿ ïîëîñ ñäâèãà çà âîñåìü ïðîõîäîâ ñôîðìèðîâàíû çîíû â
ôîðìå ðîìáà ),5,15,1( ìêì×  â êîòîðûõ ôðàãìåíòèðîâàííûå äåôîðìàöèîííûå
ïîëîñû ñ ìåíüøèì êîëè÷åñòâîì äèñëîêàöèé îêðóæåíû ïåðåõîäíûìè äèñëî-
êàöèîííûìè ïîëîñàìè è ôðàãìåíòàìè c äèñëîêàöèÿìè. Íà ìàêðîóðîâíå ñòðóê-
òóðà ìåäè, ïîëó÷åííàÿ ïîñëå ÷åòûðåõ ïðîõîäîâ, ìîæåò èìåòü àíèçîòðîïèþ
ìåõàíè÷åñêèõ ñâîéñòâ, à ïîñëå âîñüìè ïðîõîäîâ ìèêðîñòðóêòóðà ïîëîñ óìåíü-
øàåòñÿ. Ïðåäñòàâëåííûå â ñòàòüå ÷èñëåííûå õàðàêòåðèñòèêè ñòðóêòóðíûõ ñî-
ñòàâëÿþùèõ ìåäè ïîñëå õîëîäíîé èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè ïî-
çâîëÿþò ïîíÿòü ñõåìó èçìåëü÷åíèÿ ñòðóêòóðû íà ìåçîóðîâíå.
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Ââåäåíèå

Ñòðóêòóðà ìåòàëëà ïîñëå èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè (ÈÏÄ) çàâè-
ñèò îò ìíîãèõ ôàêòîðîâ: èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè êðó÷åíèåì (ÈÏÄÊ)
èëè ðàâíîêàíàëüíîãî óãëîâîãî ïðåññîâàíèÿ (ÐÊÓÏ), òåìïåðàòóðû äåôîðìèðîâàíèÿ,
âûáîðà ìàòåðèàëà, ïðåäâàðèòåëüíîé òåðìè÷åñêîé îáðàáîòêè îáðàçöîâ, ïëîùàäè åãî
ñå÷åíèÿ, ìàðøðóòà ïðîõîæäåíèÿ ÷åðåç êàíàë ïðåññà, êîëè÷åñòâà ïðîõîäîâ [1–20].
Ìåòîä ÐÊÓÏ ïðèìåíÿþò äëÿ ïîëó÷åíèÿ îáúåìíûõ îáðàçöîâ. ×òîáû ïîëó÷èòü ìàê-
ñèìàëüíóþ ïðî÷íîñòü äëÿ ìåäè, äîñòàòî÷íî ïðîâåñòè 2 ïðîõîäà ÐÊÓÏ, íåäîñòàò-
êîì ìîæíî ñ÷èòàòü íåîäíîðîäíîñòü ïîëó÷àåìîé ñòðóêòóðû. Ïîñëå 4 ïðîõîäîâ ÐÊÓÏ
(ìàðøðóò Bc) âîçìîæíî ïîëó÷èòü ïîëîñîâóþ ôðàãìåíòèðîâàííóþ ñòðóêòóðó [11].
Èçâåñòíî, ÷òî ïîëîñîâàÿ ñòðóêòóðà ïðèâîäèò ê àíèçîòðîïèè ìåõàíè÷åñêèõ ñâîéñòâ.
Òàêàÿ ñòðóêòóðà, áåçóñëîâíî, âîñòðåáîâàíà, íî íå âñåãäà æåëàòåëüíà [12]. Âàæíî
ïîëó÷èòü áîëåå îäíîðîäíóþ ñòðóêòóðó â áîëüøèõ ñå÷åíèÿõ îáðàçöîâ. Ñõåìà èç-
ìåëü÷åíèÿ ñòðóêòóðû ïðè ÈÏÄ òàêæå âàæíà. Â ïóáëèêàöèÿõ [4, 6, 7, 13] ïðåäñòàâëå-
íû ñõåìà èçìåëü÷åíèÿ ïîëîñ â ñòðóêòóðå Fe ïîñëå 4 ïðîõîäîâ ÐÊÓÏ ïî ìàðøðóòó
Bc è ñõåìà èçìåëü÷åíèÿ çåðíà. Íà ïåðâîé ñõåìå ïðåäñòàâëåíû ðàâíîâåëèêèå ïîëî-
ñû, êîòîðûå ïîñòåïåííî ïîâîðà÷èâàþòñÿ, îáðàçóÿ îäèíàêîâûå ïî ðàçìåðàì ôðàã-
ìåíòû. Íà âòîðîé ñõåìå ïîêàçàíî ïîëîñîâîå èçìåëü÷åíèå çåðíà àóñòåíèòà. Íà ïðàê-
òèêå êàðòèíà èçìåëü÷åíèÿ ïîëîñ èìååò îòëè÷èÿ îò ïðèâåäåííûõ ñõåì. Òàê, ïîñëå
õîëîäíîé ïðîêàòêè íèêåëÿ ñî ñòåïåíüþ äåôîðìàöèè 4,5 ïîëó÷åíû ïîëîñû ðàçíîé
äëèíû ñ íåîäíîðîäíî ôðàãìåíòèðîâàííîé ñòðóêòóðîé [4]. Â íàñòîÿùåå âðåìÿ îñòà-
þòñÿ âîïðîñû ïî ñõåìå èçìåëü÷åíèÿ ñòðóêòóðû ïîñëå áîëüøîé ïëàñòè÷åñêîé äå-
ôîðìàöèè è, â ÷àñòíîñòè, ïîñëå 8 ïðîõîäîâ ÐÊÓÏ ïî ìàðøðóòó Âñ. Æåëàòåëüíî â
ìîäåëè èçìåëü÷åíèÿ ñòðóêòóðû (çåðíà) ïðèâåñòè êàêèå-òî ÷èñëåííûå õàðàêòåðèñ-
òèêè, íàïðèìåð ðàçìåðû ôðàãìåíòèðîâàííûõ ïîëîñ. Íàñòîÿùàÿ ñòàòüÿ ÿâëÿåòñÿ ïðî-
äîëæåíèåì èññëåäîâàíèé, ïðåäñòàâëåííûõ â [9, 10], â íåé ïðèâîäÿòñÿ ðåçóëüòàòû
èçó÷åíèÿ ìèêðîñòðóêòóðû ìåäè ïîñëå æåñòêîé õîëîäíîé ÈÏÄ. Èññëåäîâàíèå ïðî-
âîäèëîñü â îòñóòñòâèå ñòàáèëèçèðóþùåé òåðìè÷åñêîé îáðàáîòêè ïîñëå âîëî÷åíèÿ
ñ öåëüþ îäíîðîäíîãî äåôîðìèðîâàíèÿ äëÿ îáðàçöîâ áîëüøîãî ñå÷åíèÿ (20 ìì).
Ïðèâåäåíû ðàçìåðû ïîëîñ ïîñëå 4 è 8 ïðîõîäîâ ÐÊÓÏ; ðàññìîòðåíà ñõåìà èçìåëü-
÷åíèÿ ñòðóêòóðû ìåäè ïîñëå 4 è 8 ïðîõîäîâ ÐÊÓÏ ïî ìàðøðóòó Âñ.

Ìàòåðèàëû è ìåòîäèêà

Äëÿ èññëåäîâàíèÿ áûë ïîëó÷åí ïðóòîê ÷èñòîé ìåäè (99,97%) äèàìåòðîì 20 ìì
è äëèíîé 150 ìì. ÈÏÄ ìåòîäîì ÐÊÓÏ ïðîâîäèëè íà âåðòèêàëüíîì ãèäðàâëè÷åñ-
êîì ïðåññå ìàðêè RHP 250 ñ ìàêñèìàëüíûì óñèëèåì 40 ò â òå÷åíèå 8 ïðîõîäîâ ïî
ìàðøðóòó Âñ ïðè êîìíàòíîé òåìïåðàòóðå. Ñòðóêòóðó ìåäè èññëåäîâàëè â ïîïåðå÷-
íîì ñå÷åíèè îáðàçöîâ ïîñëå 4 è 8 ïðîõîäîâ ÐÊÓÏ ïðè òåìïåðàòóðå T = 20 °C ñ ïî-
ìîùüþ ýëåêòðîííîãî ïðîñâå÷èâàþùåãî ìèêðîñêîïà (ÏÝÌ) JEM-2100 (JEOL).

Õîä ðàáîòû è îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 1 ïðåäñòàâëåíà ìèêðîñòðóêòóðà ìåäè, íàáëþäàåìàÿ ñ ïîìîùüþ ÏÝÌ
(ÏÝÌ-ìèêðîñòðóêòóðà), ïîñëå 4 è 8 ïðîõîäîâ ÐÊÓÏ.

Ïîñëå 4 ïðîõîäîâ ÐÊÓÏ íà ðèñ. 1a âèäíî ÷åðåäîâàíèå ïåðåõîäíûõ ïîëîñ (ÏÏ)
è äåôîðìàöèîííûõ ïîëîñ (ÄÏ). Ïîäîáíîå ðàñïîëîæåíèå ïîëîñ ñ íåðàâíîìåðíîé
ôðàãìåíòàöèåé áûëî ïîëó÷åíî äëÿ α-Fe ïîñëå 4 ïðîõîäîâ ÐÊÓÏ õîëîäíîé äåôîð-
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ìàöèè [11]. Ïðè÷èí ìàëîé äëèíû ïîëîñ íåñêîëüêî: âî-ïåðâûõ, ýòî ïåðåñå÷åíèå âîë-
íèñòûõ ëèíèé ñêîëüæåíèÿ ìåæäó ñîáîé; âî-âòîðûõ, âëèÿíèå ñäâèãîâîé äåôîðìà-
öèè, î ÷åì ñâèäåòåëüñòâóåò ñòóïåíüêà â 200 íì ìåæäó ïîëîñàìè ¹1 è ¹2 íà ðèñ. 1a.
Ïðîõîæäåíèå ïîëîñû ñäâèãà øèðèíîé 700 íì ñòàíîâèòñÿ ïîäòâåðæäåíèåì îáðàçî-
âàíèÿ ñóáçåðíà èç òðåõ ïîëîñîâûõ ôðàãìåíòîâ ñ öèôðîé 1 â ñðåäíåì èç íèõ (ñì.
ðèñ. 1à â îâàëå). Ïîñëå 8 ïðîõîäîâ ÐÊÓÏ îñòàëèñü ïîëîñû-ôðàãìåíòû, ñðåäíèé
ðàçìåð ôðàãìåíòà ñîñòàâèë 300 íì. Ìîæíî âûäåëèòü ñòðóêòóðó â çîíå ðîìáà ðàçìå-
ðîì 5,15,1 ×  ìêì. Íà ðèñ. 1á âèäíî, ÷òî ÏÏ ðàñïîëîæåíû ïî ïåðèìåòðó ðîìáà, à â
öåíòðå ðîìáà ðàñïîëîæèëèñü ÄÏ áåëîãî öâåòà ñ ìåíüøèì êîëè÷åñòâîì äèñëîêà-
öèé. Ïîäîáíàÿ ñòðóêòóðà ïîëó÷åíà ïðè ïåðåñå÷åíèè ïîëîñ ñäâèãà â ñïëàâå Inconel
718 ïîñëå ÈÏÄÊ ñî ñòåïåíüþ äåôîðìàöèè 3,5 ïðè êîìíàòíîé òåìïåðàòóðå [4]. Çíàÿ
ðàçìåð ðîìáîâ, ìîæíî ðàññ÷èòàòü æåëàåìîå ñå÷åíèå äåòàëè ñ äîñòàòî÷íî îäíîðîä-
íîé ñòðóêòóðîé.

Íàáëþäàåìàÿ ñ ïîìîùüþ ñêàíèðóþùåãî ýëåêòðîííîãî ìèêðîñêîïà (ÑÝÌ) ìèê-
ðîñòðóêòóðà ìåäè (ÑÝÌ-ìèêðîñòðóêòóðà) ïîñëå 8 ïðîõîäîâ ÐÊÓÏ ïðåäñòàâëåíà íà
ðèñ. 2 [9].

Âèäíû ñâåòëûå ó÷àñòêè, êîòîðûå ñîñòîÿò èç ôðàãìåíòîâ áåç äèñëîêàöèé, è ôðàã-
ìåíòû ñ îãðàíêîé òåìíîãî öâåòà ñ äèñëîêàöèÿìè ðàçìåðîì 300 íì. Ðàñïðåäåëåíèå
çîí – ðîìáîâ ïî ñå÷åíèþ – áûëî îáíàðóæåíî ðàíåå ïðè èçó÷åíèè ìàêðîñòðóêòóðû
ìåäè [9].

Ñðàâíèâàÿ ñòðóêòóðó ìåäè, ïîëó÷åííóþ ïîñëå ÷åòûðåõ è âîñüìè ïðîõîäîâ ÐÊÓÏ
(ñì. ðèñ. 1á è ðèñ. 2), ìîæíî âèäåòü, ÷òî îáùåå êîëè÷åñòâî ñóáçåðåí ñ äèñëîêàöè-
ÿìè (òåìíîãî öâåòà) óâåëè÷èëîñü íåçíà÷èòåëüíî, íî óâåëè÷èëàñü îáùàÿ ïðîòÿæåí-
íîñòü íåðàâíîâåñíûõ ãðàíèö ñóáçåðåí. Ôîòî ìèêðîñòðóêòóðû ìåäè, ïðåäñòàâëåí-
íîå íà ðèñ. 2, ïóáëèêóåòñÿ âïåðâûå.

Ðèñ. 1. ÏÝÌ-ìèêðîñòðóêòóðà ìåäè ïîñëå 4 ïðîõîäîâ (a) è 8 ïðîõîäîâ (á) ÐÊÓÏ

à)                                                                                    á)
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Çàêëþ÷åíèå

Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé âûÿâëåíî èçìåëü÷åíèå ñòðóêòóðû ìåäè
ïîñëå 4 è 8 ïðîõîäîâ ÐÊÓÏ. Îòìå÷åíî, ÷òî ïîëîñîâàÿ ñòðóêòóðà â ìåäè, ïîëó÷åí-
íàÿ ïîñëå 4 ïðîõîäîâ, ÷àñòè÷íî ñîõðàíÿåòñÿ ïîñëå 8 ïðîõîäîâ ÐÊÓÏ. Ïîëîñû èìå-
þò ðàçíóþ ïðîòÿæåííîñòü è ðàçíîå êîëè÷åñòâî äèñëîêàöèé, ñîäåðæàíèå êîòîðûõ
ïîñëå 8 ïðîõîäîâ óâåëè÷èâàåòñÿ íåçíà÷èòåëüíî, îäíàêî ðàñòåò ñóììàðíàÿ ïðîòÿ-
æåííîñòü íåðàâíîâåñíûõ ãðàíèö ñóáçåðåí, ïîýòîìó ïðî÷íîñòü ìàòåðèàëà íå èçìå-
íÿåòñÿ, êàê ïîêàçàíî â ïðåäûäóùèõ ðàáîòàõ.
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SHAPE AND DIMENSIONS OF FRAGMENTED BANDS AFTER COLD DRAWING
AND INTENSE PLASTIC DEFORMATION OF THE COPPER

Zemlyakova N.V.1, Rogachev S.O.2

1Mechanical 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
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In this work, experimental methods were used to study the refinement of the structure of
commercially pure copper (grade M 1) after double cold (at room temperature) plastic deformation
by drawing and subsequent severe plastic deformation by equal channel angular pressing. The
paper presents the results of measuring the structural components obtained on thin sections and
foils cut from the cross-section of samples with a diameter of 20 mm after four and eight passes
through the press channel with a 90° rotation after each pass (route Bc). A transmission electron
microscope was used to study the structure. To compare changes in the microstructure at the meso-
level (less than m),3μ  we used the data obtained earlier in the study of copper samples using a
scanning electron microscope. It is shown that after 4 passes and 8 passes, the deformation bands
are formed – fragments (from m6,0 μ in length), which alternate with transition bands – fragments
with a dislocation structure. After 8 passes, the average size of the fragment was about 300 nm. As
a result of crossing the shear bands in eight passes, diamond-shaped zones )m5,15,1( μ× was
formed, in which fragmented deformation bands with less dislocation was surrounded by transition
dislocation bands and fragments with dislocations. At the macro level, the copper structure obtained
after 4 passes can have anisotropy of mechanical properties. The numerical characteristics of the
structural components of copper after severe cold plastic deformation presented in the article make
it possible to understand the structure refinement scheme at the mesoscale.

Keywords: severe plastic deformation, pure copper, stripes-fragments.


