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Öåëü ðàáîòû — îöåíêà èçìåíåíèé ìèêðîñòðóêòóðû àëþìèíèÿ â óñëîâèÿõ äèíàìè÷åñêîé

äåôîðìàöèè â äîâîëüíî øèðîêîì äèàïàçîíå ñêîðîñòè è ñòåïåíè äåôîðìàöèè. Èññëåäîâàíî

ðàñïðåäåëåíèå ìèêðîñòðóêòóðû è ïðî÷íîñòíûõ ñâîéñòâ â ñå÷åíèè îáðàçöîâ ÷èñòîãî àëþ-

ìèíèÿ ìàðêè À99 ïîñëå äèíàìè÷åñêîé äåôîðìàöèè ïî ñõåìå Òåéëîðà. Èñïûòàíèÿ ïðîâî-

äèëè ïðè êîìíàòíîé òåìïåðàòóðå ñ èñïîëüçîâàíèåì ëåãêîãàçîâîé ïóøêè ÏÃ-20, ïðè ñêîðî-

ñòÿõ ìåòàíèÿ îáðàçöà 127 è 165 ì/ñ. Ìèêðîñòðóêòóðó èññëåäîâàëè ñ ïîìîùüþ èíòåðôåðåí-

öèîííîãî ìèêðîñêîïà Leica IM DRM è ðàñòðîâîãî ýëåêòðîííîãî ìèêðîñêîïà Jeol JSM-6490.

Äëÿ èññëåäîâàíèÿ îäíîðîäíîñòè ðàñïðåäåëåíèÿ äåôîðìàöèè â îáðàçöàõ èñïîëüçîâàëè

ìèêðîòâåðäîìåð HVS-1000. Óñòàíîâëåíî, ÷òî â îáðàçöàõ àëþìèíèÿ ïîñëå èñïûòàíèÿ ïî

ñõåìå Òåéëîðà ìîæíî âûäåëèòü òðè õàðàêòåðíûå çîíû: óïðóãîé äåôîðìàöèè, ïëàñòè÷å-

ñêîé äåôîðìàöèè, èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè, êîòîðàÿ ðàñïîëàãàåòñÿ â îáëàñ-

òè ñîóäàðåíèÿ îáðàçöà ñî ñòàëüíîé ïðåãðàäîé. Ïîêàçàíî, ÷òî äèíàìè÷åñêàÿ äåôîðìàöèÿ

ïðèâîäèò ê èçìåëü÷åíèþ çåðåííîé ñòðóêòóðû îò 1 – 1,1 ìì äî 2,5 – 3 ìêì — ïðè áîëüøèõ

ñêîðîñòÿõ óäàðà. Â çîíå ñîóäàðåíèÿ íàáëþäàåòñÿ âûòÿíóòàÿ ôîðìà çåðåí. Èñïîëüçîâàí-

íûé ìåòîä ïîçâîëèë îïðåäåëèòü êðèòè÷åñêóþ ñòåïåíü äåôîðìàöèè, íåîáõîäèìóþ äëÿ íà-

÷àëà ôðàãìåíòàöèè, è îáúÿñíèòü ôîðìèðîâàíèå çîí ñëàáîé è èíòåíñèâíîé äåôîðìàöèè.

Ïîêàçàíî, ÷òî êðèòè÷åñêàÿ ñòåïåíü äåôîðìàöèè, ñîîòâåòñòâóþùàÿ íà÷àëó ôðàãìåíòàöèè

çåðåí, ïîâûøàåòñÿ îò 0,18 äî 0,21 ïðè óâåëè÷åíèè ñêîðîñòè ìåòàíèÿ îáðàçöà îò 127 äî

165 ì/ñ. Â çîíå ñëàáîé äåôîðìàöèè ïëàñòè÷åñêàÿ äåôîðìàöèÿ ïðîòåêàåò ïóòåì âíóòðèçå-

ðåííîãî íàêëåïà è íà÷àëüíûõ ñòàäèé ôðàãìåíòàöèè. Â çîíå èíòåíñèâíîé ïëàñòè÷åñêîé äå-

ôîðìàöèè ïðîèñõîäèò ôîðìèðîâàíèå ìåëêîçåðíèñòîé ìèêðîñòðóêòóðû, êîòîðîå ïðèâîäèò

ê ïîâûøåíèþ ìèêðîòâåðäîñòè àëþìèíèÿ â ñîîòâåòñòâèè ñ óðàâíåíèåì Õîëëà – Ïåò÷à.

Êëþ÷åâûå ñëîâà: àëþìèíèé; ïëàñòè÷åñêàÿ äåôîðìàöèÿ; âûñîêîñêîðîñòíàÿ äåôîðìà-

öèÿ; òåñò Òåéëîðà.
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The aim of the study is to develop a methodology for assessing changes in the microstructure of aluminum

under dynamic deformation in a rather wide range of the strain rate and strain degree. The distribution of

the microstructure and the strength properties in the cross-section of pure aluminum samples (A99) after

dynamic deformation according to the Taylor test were studied. The tests were carried out at room tem-

perature using a PG-20 light-gas cannon, at sample throwing speeds of 127 and 165 m/sec. An interfer-

ence microscope (Leica IM DRM) and a scanning electron microscope (Jeol JSM-6490) were used to study

the aluminum microstructure; the microhardness measurements were carried out on an HVS-1000 device

to study the uniformity of the strain distribution in samples. It is shown that three characteristic areas

46 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 5



can be distinguished in aluminum samples after Taylor test: the elastic deformation zone, the plastic de-

formation zone, and the zone of severe plastic deformation, which is located in the area of collision of the

sample with a steel barrier. It is shown that dynamic deformation reduced the grain structure from

1 – 1.1 mm to 2.5 – 3 ìm at high impact velocities. An elongated grain shape is observed in the collision

zone. The proposed method provided determination of the critical strain degree necessary for the onset of

grain fragmentation and allowed us to explain the formation of zones of weak and severe plastic deforma-

tion. It is shown that the critical strain degree corresponding to the beginning of grain fragmentation

increases from 0.18 to 0.21 with an increase in the throwing speed of the sample from 127 to 165 m/sec.

In the zone of weak deformation, plastic deformation proceeds by intragrain riveting and the initial stages

of grain fragmentation. In the zone of severe plastic deformation, a fine-grained microstructure is formed,

which leads to an increase in the microhardness of aluminum in accordance with the Hall – Petch

equation.

Keywords: aluminum; plastic deformation; high-strain rate; Taylor test.

Ââåäåíèå

Ïðîöåññû âûñîêîñêîðîñòíîé äåôîðìàöèè õà-

ðàêòåðíû äëÿ øèðîêîãî ñïåêòðà òåõíîëîãè÷å-

ñêèõ îïåðàöèé îáðàáîòêè è ôîðìîâêè àëþìèíèå-

âûõ èçäåëèé, à òàêæå äëÿ íåêîòîðûõ ýêñïëóàòà-

öèîííûõ ïðîöåññîâ, òàêèõ êàê ñðàáàòûâàíèå óäà-

ðîñòîéêèõ îáîëî÷åê (íàïðèìåð, êàðòåðà äâèãàòå-

ëÿ âíóòðåííåãî ñãîðàíèÿ), óäàðíîå âîçäåéñòâèå

íà ëåòàòåëüíûå àïïàðàòû èëè êîñìè÷åñêóþ òåõ-

íèêó, ïîâðåæäåíèÿ äîííîé ÷àñòè ëåãêèõ ïëàâ-

ñðåäñòâ îá íåîäíîðîäíîñòè áåðåãîâîãî ãðóíòà è

ïð. Ïîíèìàíèå îñîáåííîñòåé äåôîðìàöèîííîãî

ïîâåäåíèÿ àëþìèíèÿ â óñëîâèÿõ âûñîêîñêîðîñò-

íîãî íàãðóæåíèÿ íåîáõîäèìî ïðè ðàçðàáîòêå íî-

âûõ àëþìèíèåâûõ ñïëàâîâ ñ ïîâûøåííîé äèíà-

ìè÷åñêîé ïðî÷íîñòüþ [1].

Ñëåäóåò ïîä÷åðêíóòü, ÷òî ìåõàíèçìû äåôîð-

ìàöèîííîãî ïîâåäåíèÿ àëþìèíèÿ è àëþìèíèå-

âûõ ñïëàâîâ ïðè âûñîêèõ ñêîðîñòÿõ äåôîðìàöèè

(~103 – 104 ñ–1) è ïðè êâàçèñòàòè÷åñêîì íàãðóæå-

íèè ñóùåñòâåííî îòëè÷àþòñÿ [2 – 6]. Íàïðèìåð,

â óêàçàííîì äèàïàçîíå ñêîðîñòåé äèíàìè÷åñêîãî

(óäàðíîãî) íàãðóæåíèÿ íàáëþäàåòñÿ ñóùåñòâåí-

íàÿ çàâèñèìîñòü íàïðÿæåíèÿ òå÷åíèÿ îò ñêî-

ðîñòè äåôîðìàöèè, â òî âðåìÿ êàê ïðè êâàçè-

ñòàòè÷åñêîì íàãðóæåíèè âåëè÷èíà ïðåäåëà òå-

êó÷åñòè ïðàêòè÷åñêè íå çàâèñèò îò íåå [2, 3, 7].

Ïîñêîëüêó îñîáåííîñòè äåôîðìàöèîííîãî ïî-

âåäåíèÿ ìàòåðèàëà îáóñëîâëåíû ýâîëþöèåé åãî

ìèêðîñòðóêòóðû ïðè íàãðóæåíèè, òî èññëåäîâà-

íèå òðàíñôîðìàöèè ìèêðîñòðóêòóðû ïðè âûñî-

êîñêîðîñòíîì âîçäåéñòâèè ÿâëÿåòñÿ àêòóàëüíîé

çàäà÷åé.

Ìåòîäû èññëåäîâàíèÿ âëèÿíèÿ àìïëèòóäû,

ñêîðîñòè è ñòåïåíè äåôîðìàöèè íà ìèêðîñòðóê-

òóðó è ìåõàíè÷åñêèå õàðàêòåðèñòèêè ìàòåðèàëîâ

äëÿ êâàçèñòàòè÷åñêîãî è äèíàìè÷åñêîãî äèàïàçî-

íîâ ñóùåñòâåííî îòëè÷àþòñÿ. Òàê, äëÿ èçó÷åíèÿ

êâàçèñòàòè÷åñêîé äåôîðìàöèè (ñêîðîñòè äåôîð-

ìàöèè äî 100 ñ–1) ÷àùå âñåãî èñïîëüçóþò ñòàí-

äàðòíûå ðàçðûâíûå ìàøèíû, ïîçâîëÿþùèå ïðî-

âîäèòü ìåõàíè÷åñêèå èñïûòàíèÿ â ñîîòâåòñòâèè

ñ ÃÎÑÒ 1497 èëè èíûìè íîðìàòèâíûìè äîêó-

ìåíòàìè. Äåôîðìàöèîííîå ïîâåäåíèå ìàòåðèà-

ëîâ ïðè ñêîðîñòÿõ 102 – 104 ñ–1 ÷àñòî èññëåäóåòñÿ

ìåòîäîì Êîëüñêîãî, ðåàëèçîâàííûì íà ðàçðåç-

íûõ ñòåðæíÿõ Ãîïêèíñîíà [8 – 10]. Íåñìîòðÿ íà

øèðîêîå ðàñïðîñòðàíåíèå äàííîãî ìåòîäà, îí

èìååò íåêîòîðûå íåäîñòàòêè, ê êîòîðûì ìîæíî

îòíåñòè ìàëûé ðàçìåð îáðàçöîâ è ñëîæíîñòè ñ

èíòåðïðåòàöèåé ðåçóëüòàòîâ èññëåäîâàíèé ìèê-

ðîñòðóêòóðû, â ïðîöåññå íàãðóæåíèÿ ïîñëåäîâà-

òåëüíî ïîäâåðãàåìîé öèêëè÷åñêîìó âîçäåéñòâèþ

âîëí íàãðóçêè è ðàçãðóçêè [9, 10]. Ìåíåå ðàñïðî-

ñòðàíåííûì, íî àêòèâíî ïðèìåíÿåìûì ñïîñîáîì

èçó÷åíèÿ îñîáåííîñòåé äèíàìè÷åñêîãî äåôîðìà-

öèîííîãî ïîâåäåíèÿ ìàòåðèàëîâ ÿâëÿåòñÿ òåñò

Òåéëîðà [11 – 14]. Ê íåäîñòàòêàì äàííîãî ìåòîäà

ñëåäóåò îòíåñòè íåîäíîðîäíîñòü ðàñïðåäåëåíèÿ

äåôîðìàöèè â ñå÷åíèè îáðàçöà, à ê ïîëîæèòåëü-

íûì ñòîðîíàì — âîçìîæíîñòü åãî èñïîëüçîâàíèÿ

äëÿ ïîäáîðà êîíñòàíò óðàâíåíèÿ Äæîíñîíà –

Êóêà [12, 15] è èíûõ ïîëóôåíîìåíîëîãè÷åñêèõ

óðàâíåíèé, îïèñûâàþùèõ äåôîðìàöèîííîå ïîâå-

äåíèå ìàòåðèàëà â øèðîêîì èíòåðâàëå òåìïåðà-

òóð è ñêîðîñòåé íàãðóæåíèÿ.

Öåëü äàííîé ðàáîòû — ðàçðàáîòêà ìåòîäà

îöåíêè èçìåíåíèé ìèêðîñòðóêòóðû ìàòåðèàëà â

äîñòàòî÷íî øèðîêèõ äèàïàçîíàõ ñêîðîñòè è ñòå-

ïåíè äåôîðìàöèè. Îöåíêó ïðîâîäèëè íà îáðàç-

öàõ âûñîêî÷èñòîãî àëþìèíèÿ, ïîäâåðãíóòûõ

äèíàìè÷åñêîìó íàãðóæåíèþ ïî ñõåìå Òåéëîðà.

Â ðåçóëüòàòå èñïûòàíèé â îáðàçöå íàáëþäàëè

äèàïàçîí ñòðóêòóðíûõ ñîñòîÿíèé îò ïðàêòè÷åñêè

íóëåâîé ñòåïåíè äåôîðìàöèè â õâîñòîâîé ÷àñòè

äî äåôîðìàöèè äî 100 – 150 % ñî ñêîðîñòüþ äî

104 ñ–1 — â ãîëîâíîé ÷àñòè. Ýòî ïîçâîëèëî íà

îäíîì îáðàçöå (â îäíîì ýêñïåðèìåíòå) èññëå-

äîâàòü îñîáåííîñòè ýâîëþöèè ìèêðîñòðóêòóðû

â øèðîêèõ èíòåðâàëàõ ñòåïåíåé è ñêîðîñòåé

äåôîðìàöèè.

Ìàòåðèàëû, ìåòîäû, îáîðóäîâàíèå

Îáúåêò èññëåäîâàíèé — çàãîòîâêè âûñîêî-

÷èñòîãî àëþìèíèÿ ìàðêè À99 (Al — 99 %, Fe —

íå áîëåå 0,003 %, Si — íå áîëåå 0,010 %), èçãî-

òîâëåííûå ìåòîäîì âàêóóìíîãî èíäóêöèîííîãî

ëèòüÿ ñ èñïîëüçîâàíèåì ëèòüåâîé ìàøèíû Indu-
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therm VCC-300, êâàäðàòíîãî ñå÷åíèÿ 20 × 20 ×

150 ìì. Äëÿ èñïûòàíèé èç ïîëó÷åííûõ çàãîòîâîê

ìåòîäîì ýëåêòðîýðîçèîííîé ðåçêè ïîëó÷àëè îá-

ðàçöû äèàìåòðîì 5 ìì è âûñîòîé 25 ìì.

Äèíàìè÷åñêîå íàãðóæåíèå îáðàçöîâ ïî ñõåìå

òåñòà Òåéëîðà ïðîâîäèëè ïóòåì ìåòàíèÿ îáðàç-

öîâ ñî ñêîðîñòÿìè 127 è 165 ì/ñ ñ èñïîëüçîâàíè-

åì ëåãêîãàçîâîé ïóøêè ÏÃ-20 ïðè êîìíàòíîé

òåìïåðàòóðå.

Ñëåäóåò îòìåòèòü, ÷òî â îñíîâå ìåòîäà Òåéëî-

ðà ëåæèò ïðåäïîëîæåíèå îá îäíîìåðíîì ðàñïðî-

ñòðàíåíèè âîëí â æåñòêîïëàñòè÷åñêîì ìàòåðèàëå

[7]. Îáðàçåö íà áîëüøîé ñêîðîñòè óäàðÿåòñÿ â

ïðåãðàäó èç çàêàëåííîé ñòàëè, êîòîðàÿ â óñëîâè-

ÿõ ýêñïåðèìåíòà íå èñïûòûâàåò ïëàñòè÷åñêèõ

äåôîðìàöèé. Â ïðîöåññå èñïûòàíèÿ â îáðàçöå

ïðîòåêàþò ïðîöåññû ïëàñòè÷åñêîé è óïðóãîé äå-

ôîðìàöèè, êîòîðàÿ íåîäíîðîäíî ðàñïðåäåëÿåòñÿ

âäîëü îñè îáðàçöà. Íà ðèñ. 1 ïðèâåäåíà ïîêàäðî-

âàÿ âûñîêîñêîðîñòíàÿ ñúåìêà èñïûòàíèé îáðàç-

öà ÷èñòîãî ëèòîãî àëþìèíèÿ. Äëÿ âûñîêîñêîðîñò-

íîé ñúåìêè èñïîëüçîâàëè êàìåðó PCO HSFCpro.

Ñõåìà îáðàçöà ïîñëå èñïûòàíèÿ â òåñòå Òåé-

ëîðà ïðåäñòàâëåíà íà ðèñ. 2. Ïîñëå èñïûòàíèÿ

ìåòàëëè÷åñêèé îáðàçåö èìååò çîíû 1 – 3 — ñîîò-

âåòñòâåííî óïðóãîé, ïëàñòè÷åñêîé è èíòåíñèâíîé

ïëàñòè÷åñêîé äåôîðìàöèè (ñì. ðèñ. 2). Ðàçìåðû

çîí çàâèñÿò îò ñâîéñòâ ìàòåðèàëà è ðåæèìîâ

èñïûòàíèé. Â çîíå óïðóãîé äåôîðìàöèè ìèê-

ðîñòðóêòóðà è ìåõàíè÷åñêèå ñâîéñòâà ñîîòâåò-

ñòâóþò àíàëîãè÷íûì ïàðàìåòðàì èñõîäíîãî ìà-

òåðèàëà. Â çîíå ïëàñòè÷åñêîé äåôîðìàöèè

ïðîèñõîäèò íåçíà÷èòåëüíîå èçìåíåíèå ìåõà-

íè÷åñêèõ ñâîéñòâ è ìèêðîñòðóêòóðû. Äëÿ çîíû

èíòåíñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè õàðàê-

òåðíà ïåðåñòðîéêà çåðåííîé ìèêðîñòðóêòóðû

(èçìåëü÷åíèå/ôðàãìåíòàöèÿ çåðåí), à òàêæå çíà-

÷èòåëüíîå óâåëè÷åíèå ìåõàíè÷åñêèõ ñâîéñòâ

ìàòåðèàëà.

Ïî êîíå÷íîé ôîðìå îáðàçöà ïîñëå ïðîâåäå-

íèÿ èñïûòàíèé ìîæíî îöåíèòü âåëè÷èíó äèíà-

ìè÷åñêîãî ïðåäåëà òåêó÷åñòè óò [14, 16]:
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ãäå l0 — èñõîäíàÿ äëèíà îáðàçöà; H — äëèíà íå-

äåôîðìèðîâàííîãî ó÷àñòêà (çîíà 1); l1 — äëèíà

äåôîðìèðîâàííîãî îáðàçöà; ñ — ïëîòíîñòü ìàòå-

ðèàëà; v0 — ñêîðîñòü óäàðà. Ïðè ðàñ÷åòàõ äèíà-

ìè÷åñêîãî ïðåäåëà òåêó÷åñòè èçìåíåíèåì ïëîò-

íîñòè ìàòåðèàëà îáû÷íî ïðåíåáðåãàþò.

Îáðàçöû ïîñëå èñïûòàíèé ðàçðåçàëè âäîëü

îñè ñ èñïîëüçîâàíèåì ýëåêòðîýðîçèîííîé ðåçêè.

Èññëåäîâàëè ìèêðîñòðóêòóðó è ìèêðîòâåðäîñòü

äåôîðìèðîâàííîãî ìåòàëëà â êàæäîé èç çîí â ñî-

îòâåòñòâèè ñ ðèñ. 2.

Ìèêðîñòðóêòóðó àëþìèíèÿ èññëåäîâàëè ñ èñ-

ïîëüçîâàíèåì îïòè÷åñêîãî ìèêðîñêîïà Leica IM

DRM è ðàñòðîâîãî ýëåêòðîííîãî ìèêðîñêîïà Jeol

JSM-6490. Äëÿ âûÿâëåíèÿ ìèêðîñòðóêòóðû

àëþìèíèÿ èñïîëüçîâàëè ìåòîä òðàâëåíèÿ ïîñëå

ýëåêòðîëèòè÷åñêîé ïîëèðîâêè. Â êà÷åñòâå ýëåê-

òðîëèòà ïðèìåíÿëè ðàñòâîð, ñîñòîÿùèé èç 20 %
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Ðèñ. 1. Êàäðû âûñîêîñêîðîñòíîé ñúåìêè äèíàìè÷åñêèõ

èñïûòàíèé îáðàçöà àëþìèíèÿ ïî ìåòîäó Òåéëîðà: ñêî-

ðîñòè ñîóäàðåíèÿ 165 ì/ñ; à – ã — 0, 20, 40, 60 ìêñ ñîîòâåò-

ñòâåííî; 1 — ñòàëüíàÿ ïðåãðàäà; 2 — îáðàçåö àëëþìèíèÿ

Fig. 1. High-speed shooting of dynamic tests of an alumi-

num sample using the Taylor test method. The impact veloc-

ity is 165 m/sec; a – d — 0, 20, 40, 60 ìsec, respectively; 1 —

steel barrier; 2 — aluminum sample
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Ðèñ. 2. Ñõåìà îáðàçöà ïîñëå ñîóäàðåíèÿ ñ æåñòêîé ïðå-

ãðàäîé: çîíû 1 – 3 — îáëàñòè óïðóãèõ, ïëàñòè÷åñêèõ è èí-

òåíñèâíûõ ïëàñòè÷åñêèõ äåôîðìàöèé ñîîòâåòñòâåííî

[16]

Fig. 2. Schematic view of the sample after impact with a

rigid barrier. Zone 1 is the area of elastic deformations; Zone

2 is the area of plastic deformation; Zone 3 is the area of se-

vere plastic deformation [16]



CH3COOH è 10 % HClO4. Òðàâëåíèå îáðàçöîâ

àëþìèíèÿ ïðîâîäèëè â ðàñòâîðå, ñîñòîÿùåì èç

HF (15 ìë) + HNO3 (3 ìë) + ãëèöåðèí (40 ìë).

Ñðåäíèé ðàçìåð çåðíà àëþìèíèÿ îïðåäåëÿëè ìå-

òîäîì õîðä.

Ïîñëå ìåòàëëîãðàôè÷åñêèõ èññëåäîâàíèé

ïðîâîäèëè èçìåðåíèå òâåðäîñòè HV îáðàçöîâ

(ïðè íàãðóçêå 0,1 êã) ñ èñïîëüçîâàíèåì òâåðäîìå-

ðà HVS-1000.

Îáñóæäåíèå ðåçóëüòàòîâ

Â èñõîäíîì ñîñòîÿíèè îáðàçöû àëþìèíèÿ

ìàðêè À99 èìåëè ðàâíîìåðíóþ êðóïíîçåðíèñòóþ

ìèêðîñòðóêòóðó ñî ñðåäíèì ðàçìåðîì çåðíà 1,0 –

1,1 ìì (çåðíà ðàâíîîñíîé ôîðìû). Ñðåäíÿÿ òâåð-

äîñòü îáðàçöîâ — 180 ± 10 ÌÏà.

Öèëèíäðè÷åñêèå îáðàçöû àëþìèíèÿ ïîäâåð-

ãàëè äèíàìè÷åñêîìó íàãðóæåíèþ ïî ñõåìå òåñòà

Òåéëîðà ñî ñêîðîñòÿìè óäàðà 127 è 165 ì/ñ.

Òèïè÷íûå ôîòîãðàôèè äåôîðìèðîâàííûõ îáðàç-

öîâ ïðåäñòàâëåíû íà ðèñ. 3. Èñêðèâëåííàÿ ôîð-

ìà îáðàçöîâ ñâèäåòåëüñòâóåò î òîì, ÷òî èõ ñîóäà-

ðåíèå ñî ñòàëüíîé ïðåãðàäîé ïðîèñõîäèëî ïîä

íåêîòîðûì óãëîì.

Â êà÷åñòâå ïðèìåðà íà ðèñ. 3, á ïðåäñòàâëåíû

óñëîâíî ðàçäåëåííûå íà çîíû 1 – 3 ïðîòðàâëåí-

íûå ñå÷åíèÿ äåôîðìèðîâàííûõ îáðàçöîâ.

Çåðåííàÿ ìèêðîñòðóêòóðà â çîíàõ 1 è 2 ïðàê-

òè÷åñêè íå èçìåíèëàñü ïî ñðàâíåíèþ ñ èñõîä-

íûì ëèòûì ìàòåðèàëîì. Â çîíå 3 íàáëþäàåòñÿ

ñóùåñòâåííîå èçìåëü÷åíèå çåðåííîé ìèêðî-

ñòðóêòóðû — â ìåñòå ñîóäàðåíèÿ ñî ñòàëüíîé

ïðåãðàäîé íàáëþäàþòñÿ âûòÿíóòûå ôðàãìåíòû

äëèíîé 5 – 10 ìêì è øèðèíîé 2,5 – 3 ìêì. Ýëåê-

òðîííî-ìèêðîñêîïè÷åñêèå èçîáðàæåíèÿ ìàêðî-

ñòðóêòóðû îáðàçöîâ â çîíå 3 ïðèâåäåíû íà ðèñ. 4.

Âèäíî, ÷òî êîýôôèöèåíò óäëèíåíèÿ çåðåí (îòíî-

øåíèå äëèíû ê øèðèíå çåðåí) áëèçîê ê 2,5 – 3.

Ïî ïðåäâàðèòåëüíîé îöåíêå ñòåïåíü äåôîðìàöèè

àëþìèíèÿ â çîíå 3 ñîñòàâëÿåò 60 %.

Â òàáë. 1 ïðèâåäåíû ðåçóëüòàòû èññëåäîâà-

íèÿ ìèêðîñòðóêòóðû â ðàçíûõ çîíàõ îáðàçöîâ.

Âèäíî, ÷òî óâåëè÷åíèå ñêîðîñòè ìåòàíèÿ ïðèâî-

äèò ê íåçíà÷èòåëüíîìó óìåíüøåíèþ ñðåäíåãî

ðàçìåðà çåðíà â çîíå ñîóäàðåíèÿ îáðàçöà ñî
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Ðèñ. 3. Îáðàçöû, ïîäâåðãíóòûå äèíàìè÷åñêîìó íàãðóæå-

íèþ ïî ñõåìå òåñòà Òåéëîðà: à — íàðóæíûå ïîâåðõíîñòè

îáðàçöîâ ïîñëå óäàðà ñî ñêîðîñòÿìè 165 (íèæíèé) è

127 ì/ñ (âåðõíèé); á — ïðîòðàâëåííûå ñå÷åíèÿ

Fig. 3. Samples after dynamic loading according to the

Taylor test scheme: a — the outer surface of the samples af-

ter the impact (impact velocity 165 m/sec (lower) and

127 m/sec (upper)); b — etched sections

à á

Ðèñ. 4. Èçîáðàæåíèå çåðåííîé ìèêðîñòðóêòóðû îáðàçöîâ àëþìèíèÿ À99 â çîíå 3: à è á — ñêîðîñòè óäàðà 127 è 165 ì/ñ

Fig. 4. SEM image of the grain microstructure of A99 aluminum samples in zone 3: a — 127 m/sec, b — 165 m/sec

Òàáëèöà 1. Ðåçóëüòàòû ìåòàëëîãðàôè÷åñêèõ èññëåäîâà-

íèé ìèêðîñòðóêòóðû îáðàçöîâ àëþìèíèÿ ïîñëå èñïûòà-

íèÿ ïî ìåòîäó òåñòà Òåéëîðà ñ ðàçëè÷íûìè ñêîðîñòÿìè

Table 1. Results of metallographic studies of the micro-

structure of aluminum samples after testing by the Taylor

test method with different speeds

Íîìåð

çîíû

Ñðåäíèé ðàçìåð çåðíà d, ìêì

Ñêîðîñòü ìåòàíèÿ 163 ì/ñ Ñêîðîñòü ìåòàíèÿ 127 ì/ñ

1 1010 ± 242 1101 ± 321

2 954 ± 253 831 ± 234

3 2,5 ± 0,6 2,9 ± 0,7



ñòàëüíîé ïðåãðàäîé. Ñëåäîâ ïåðâè÷íîé ðåêðè-

ñòàëëèçàöèè â ìèêðîñòðóêòóðå àëþìèíèÿ íå íà-

áëþäàåòñÿ. Ýòî ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî íà-

ãðåâ îáðàçöà àëþìèíèÿ â çîíå èíòåíñèâíîé ïëà-

ñòè÷åñêîé äåôîðìàöèè íåçíà÷èòåëåí, à îñíîâ-

íûì ìåõàíèçìîì èçìåëü÷åíèÿ çåðåííîé ìèêðî-

ñòðóêòóðû àëþìèíèÿ ïðè äàííûõ ñêîðîñòÿõ

íàãðóæåíèÿ ÿâëÿåòñÿ ôðàãìåíòàöèÿ ïðè èíòåí-

ñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè (ñì. [2]).

Îïðåäåëåííûå ñ èñïîëüçîâàíèåì ñîîòíîøå-

íèÿ (1) çíà÷åíèÿ äèíàìè÷åñêîãî ïðåäåëà òåêó÷å-

ñòè îáðàçöîâ ïðèâåäåíû â òàáë. 2. Âèäíî, ÷òî

óâåëè÷åíèå ñêîðîñòè äåôîðìàöèè ïðèâîäèò ê

ðîñòó äèíàìè÷åñêîãî ïðåäåëà òåêó÷åñòè. Ñêî-

ðîñòü äåôîðìàöèè îöåíèâàëè ïî ðåçóëüòàòàì âû-

ñîêîñêîðîñòíîé ñúåìêè ïðîöåññà äåôîðìàöèè.

Íà ðèñ. 5 ïîêàçàíû ðàñïðåäåëåíèÿ ìèêðî-

òâåðäîñòè è ñòåïåíè ïîïåðå÷íîé äåôîðìàöèè

âäîëü îñè îáðàçöîâ ïîñëå äèíàìè÷åñêèõ èñïûòà-

íèé. Âåëè÷èíó ïîïåðå÷íîé äåôîðìàöèè îöåíèâà-

ëè ïî óâåëè÷åíèþ äèàìåòðà îáðàçöà â ñîîòâåòñò-

âóþùåì ñå÷åíèè îòíîñèòåëüíî èñõîäíîãî äèà-

ìåòðà îáðàçöà. Ýêñïåðèìåíòàëüíûå òî÷êè ïîëó-

÷åíû óñðåäíåíèåì ïî òðåì ïàðàëëåëüíûì èçìå-

ðåíèÿì.

Âèäíî, ÷òî ïî ìåðå ïðèáëèæåíèÿ ê çîíå ñî-

óäàðåíèÿ îáðàçöà ñ ïîâåðõíîñòüþ ñòàëüíîé ïðå-

ãðàäû íàáëþäàåòñÿ ìîíîòîííûé ðîñò ìèêðîòâåð-

äîñòè è ñòåïåíè äåôîðìàöèè. Â çîíå 3,

ïðîòÿæåííîñòü êîòîðîé íå ïðåâûøàåò 10 % îò îñ-

òàòî÷íîé äëèíû îáðàçöà, ìèêðîòâåðäîñòü äîñòè-

ãàåò 290 – 310 ÌÏà è ïðàêòè÷åñêè íå èçìåíÿåòñÿ

â ïðåäåëàõ ïîãðåøíîñòè. Õîä êðèâûõ ðàñïðåäå-

ëåíèÿ ìèêðîòâåðäîñòè è îñòàòî÷íîé äåôîðìàöèè

ïîêàçûâàåò, ÷òî ìàêñèìàëüíîå óïðî÷íåíèå íà-

áëþäàåòñÿ ïîñëå äîñòèæåíèÿ ñòåïåíè äåôîðìà-

öèè 0,18 äëÿ îáðàçöà, èñïûòàííîãî ïðè ñêîðîñòè

127 ì/ñ è 0,21 äëÿ îáðàçöà, èñïûòàííîãî ïî ñõåìå

òåñòà Òåéëîðà ñî ñêîðîñòüþ 165 ì/ñ. Óâåëè÷åíèå

ñêîðîñòè ìåòàíèÿ îò 127 äî 163 ì/ñ ïðèâîäèò ê

ïîâûøåíèþ ìèêðîòâåðäîñòè â çîíå 3 îò 290 äî

315 ÌÏà è ñòåïåíè äåôîðìàöèè — îò 0,32 äî

0,54 %.

Òàêèì îáðàçîì, ìîæíî ñ÷èòàòü, ÷òî ïîñëå äå-

ôîðìàöèè íà âåëè÷èíó ïîðÿäêà 0,2 â ìàòåðèàëå

íà÷èíàåòñÿ èíòåíñèâíàÿ ôðàãìåíòàöèÿ, ïðèâî-

äÿùàÿ â èòîãå ê ôîðìèðîâàíèþ ìåëêîçåðíèñòîé

ìèêðîñòðóêòóðû.

Êîñâåííûì ïðèçíàêîì, ñâèäåòåëüñòâóþùèì î

òîì, ÷òî èçìåëü÷åíèå çåðåí ÿâëÿåòñÿ îñíîâíûì

ìåõàíèçìîì ïîâûøåíèÿ ìèêðîòâåðäîñòè â çîíå

3, ÿâëÿåòñÿ âûïîëíåíèå ñîîòíîøåíèÿ Õîëëà –

Ïåò÷à. Êàê âèäíî èç ðèñ. 6, çàâèñèìîñòü HV –

d
–1/2 ìîæåò áûòü ñ õîðîøåé òî÷íîñòüþ èíòåðïî-

ëèðîâàíà ïðÿìîé ëèíèåé. Êîýôôèöèåíò Õîëëà –

Ïåò÷à, ñîîòâåòñòâóþùèé óãëó íàêëîíà çàâèñèìî-

ñòè HV – d
–1/2, ñîñòàâëÿåò K 
 0,2 ÌÏà · ì1/2. Ýòà

âåëè÷èíà K áëèçêà ê ëèòåðàòóðíûì çíà÷åíèÿì

äàííîãî êîýôôèöèåíòà äëÿ ìåëêîçåðíèñòûõ

àëþìèíèåâûõ ñïëàâîâ, ïîëó÷åííûõ ìåòîäàìè
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Òàáëèöà 2. Ðàñ÷åòíûå çíà÷åíèÿ ìåõàíè÷åñêèõ ñâîéñòâ

(äèíàìè÷åñêîãî ïðåäåëà òåêó÷åñòè, ìèêðîòâåðäîñòè) è

ñêîðîñòè äåôîðìàöèè äëÿ îáðàçöîâ àëþìèíèÿ, ïîäâåðã-

íóòûõ íàãðóæåíèþ ïî ñõåìå òåñòà Òåéëîðà

Table 2. Calculated values of the mechanical properties

(dynamic yield strength, microhardness) and the deformati-

on rate for aluminum samples subjected to loading accor-

ding to the Taylor test

Èçìåðÿåìûå

âåëè÷èíû

Ñêîðîñòü ìåòàíèÿ

127 ì/ñ

Ñêîðîñòü ìåòàíèÿ

165 ì/ñ

HV, ÌÏà (çîíà 3) 290 ± 10 315 ± 10

óòä, ÌÏà 165 208

·,� ñ–1 9,9 · 103 12,1 · 103

å

Ðèñ. 5. Ðàñïðåäåëåíèå âåëè÷èíû ìèêðîòâåðäîñòè (HV) è

ñòåïåíè ïîïåðå÷íîé äåôîðìàöèè (å) âäîëü îñè îáðàçöîâ

Fig. 5. Distribution of the microhardness (HV) and strain

along the axis of the samples
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Ðèñ. 6. Çàâèñèìîñòü ìèêðîòâåðäîñòè àëþìèíèÿ îò ðàç-

ìåðà çåðíà â êîîðäèíàòàõ HV – d
–1/2 (ïðîâåðêà âûïîëíè-

ìîñòè ñîîòíîøåíèÿ Õîëëà – Ïåò÷à)

Fig. 6. Dependence of the aluminum microhardness on the

grain size in coordinates HV – d–1/2. (Checking the feasibility

of the Hall – Petch relation)



èíòåíñèâíîãî ïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ

(ñì. [17 – 19]).

Çàêëþ÷åíèå

Îïèñàíà ìåòîäèêà îïðåäåëåíèÿ ïàðàìåòðîâ,

îòâå÷àþùèõ çà ýâîëþöèþ ìèêðîñòðóêòóðû ìå-

òàëëà ïðè äèíàìè÷åñêîé äåôîðìàöèè.

Ïðîâåäåííûé ìåòàëëîãðàôè÷åñêèé àíàëèç è

èññëåäîâàíèå ðàñïðåäåëåíèÿ ìèêðîòâåðäîñòè îá-

ðàçöîâ ÷èñòîãî àëþìèíèÿ ìàðêè À99 ïîñëå èñïû-

òàíèé ïî ñõåìå òåñòà Òåéëîðà ïîêàçàëè, ÷òî äè-

íàìè÷åñêàÿ äåôîðìàöèÿ ìîæåò ïðèâîäèòü ê èç-

ìåëü÷åíèþ çåðåííîé ñòðóêòóðû îò 1000 – 1100 äî

2,5 – 3 ìêì. Èñïîëüçîâàííûé ìåòîä àíàëèçà

ðåçóëüòàòîâ ïîçâîëèë îïðåäåëèòü êðèòè÷åñêóþ

ñòåïåíü äåôîðìàöèè, íåîáõîäèìóþ äëÿ íà÷àëà

ôðàãìåíòàöèè, à òàêæå îáúÿñíèòü ôîðìèðîâàíèå

çîí ñëàáîé è èíòåíñèâíîé äåôîðìàöèé. Â çîíå

ñëàáîé äåôîðìàöèè ïëàñòè÷åñêàÿ äåôîðìàöèÿ

ïðîòåêàåò ïóòåì âíóòðèçåðåííîãî íàêëåïà è íà-

÷àëüíûõ ñòàäèé ôðàãìåíòàöèè. Â çîíå èíòåíñèâ-

íîé ïëàñòè÷åñêîé äåôîðìàöèè ïðîèñõîäèò ôîð-

ìèðîâàíèå ìåëêîçåðíèñòîé ìèêðîñòðóêòóðû.

Ïîâûøåíèå òâåðäîñòè àëþìèíèÿ â çîíå èíòåí-

ñèâíîé ïëàñòè÷åñêîé äåôîðìàöèè ïðîèñõîäèò â

ñîîòâåòñòâèè ñ óðàâíåíèåì Õîëëà – Ïåò÷à.
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