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Èçëîæåíû ðåçóëüòàòû èññëåäîâàíèé óïðî÷íÿþùåé îáðàáîòêè äëèííîìåðíûõ òîíêîñòåííûõ äåòàëåé ñ èñïîëü-
çîâàíèåì íàëîæåíèÿ ìàãíèòîäèíàìè÷åñêîãî ýôôåêòà. Ïðåäñòàâëåíû çàêîíîìåðíîñòè äâèæåíèÿ ôåððîìàãíèò-
íûõ èíäåíòîðîâ âî âðàùàþùåìñÿ ýëåêòðîìàãíèòíîì ïîëå (ÂÝÌÏ), òåðìîäèíàìè÷åñêàÿ ìîäåëü, îïðåäåëÿþùàÿ
ýíåðãåòè÷åñêîå ñîñòîÿíèå ôåððîìàãíèòíûõ èíäåíòîðîâ âî âðàùàþùåìñÿ ýëåêòðîìàãíèòíîì ïîëå; îáîñíîâàí õà-
ðàêòåð óäàðíî-èìïóëüñíîãî âçàèìîäåéñòâèÿ ôåððîìàãíèòíûõ èíäåíòîðîâ ñ îáðàáàòûâàåìîé ïîâåðõíîñòüþ è èõ
ýôôåêòèâíàÿ çàãðóçêà â ðàáî÷óþ êàìåðó; ïðåäëîæåíû ðàñ÷¸òíûå çàâèñèìîñòè, îáåñïå÷èâàþùèå îáúåêòèâíóþ îöåí-
êó ïàðàìåòðîâ êà÷åñòâà îáðàáîòàííîé ïîâåðõíîñòè è ïðîèçâîäèòåëüíîñòè ïðîöåññà; ðàçðàáîòàíû ìåòîäèêè ïðî-
åêòèðîâàíèÿ òåõíîëîãè÷åñêèõ ïðîöåññîâ óïðî÷íÿþùåé îáðàáîòêè äåòàëåé âî âðàùàþùåìñÿ ýëåêòðîìàãíèòíîì
ïîëå; äàíû ðåêîìåíäàöèè ïî ïðîåêòèðîâàíèþ óñòðîéñòâ ñ ÂÝÌÏ, à òàêæå èõ òåõíîëîãè÷åñêîãî îñíàùåíèÿ, îáåñ-
ïå÷èâàþùåãî ýôôåêòèâíîå èñïîëüçîâàíèå íà îïåðàöèÿõ óïðî÷íÿþùåé îáðàáîòêè äåòàëåé.

Êëþ÷åâûå ñëîâà: ìàãíèòîäèíàìè÷åñêàÿ îáðàáîòêà, óïðî÷íåíèå, ïàðàìåòðû êà÷åñòâà ïîâåðõíîñòè, ïîâåðõíî-
ñòíîå ïëàñòè÷åñêîå äåôîðìèðîâàíèå (ÏÏÄ), âðàùàþùååñÿ ýëåêòðîìàãíèòíîå ïîëå, ôåððîìàãíèòíûé èíäåíòîð,
ìàãíèòîîæèæåííûé âðàùàþùèéñÿ (ÌÎÂ) ñëîé.

Ïîâûøåíèå êà÷åñòâà, íàäåæíîñòè è äîëãîâå÷-
íîñòè èçäåëèé àâèàöèîííîé òåõíèêè íà ïðîòÿæå-
íèè ìíîãèõ äåñÿòèëåòèé è â íàñòîÿùåå âðåìÿ
ÿâëÿåòñÿ âàæíîé íàðîäíîõîçÿéñòâåííîé ïðîáëå-
ìîé, íàä êîòîðîé ðàáîòàþò ìíîãèå ñïåöèàëèñòû

â íàøåé ñòðàíå è çà ðóáåæîì [1—3]. Ýòà ïðîáëå-
ìà ñòàëà îñîáåííî àêòóàëüíîé â ñâÿçè ñîçäàíèåì
íîâûõ ïîêîëåíèé ñàìîëåòîâ è îáîñòðèâøåéñÿ
êîíêóðåíöèåé íà ìèðîâîì ðûíêå. Â êîíñòðóêöèè
óïîìÿíóòûõ òèïîâ èçäåëèé âõîäÿò ãðóïïû âûñî-
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êîíàãðóæåííûõ äåòàëåé, íàäåæíîñòü è äîëãîâå÷-
íîñòü êîòîðûõ â çíà÷èòåëüíîé ìåðå îïðåäåëÿåò
ðåñóðñ ðàáîòû è íàäåæíîñòü âñåãî èçäåëèÿ. Òàêîãî
ðîäà äåòàëè èìåþò ñëîæíóþ ôîðìó, áîëüøèå ðàç-
ìåðû, îãðàíè÷åííóþ æåñòêîñòü, ê ïàðàìåòðàì
êà÷åñòâà èõ ïîâåðõíîñòè è ïîâåðõíîñòíîãî ñëîÿ
ïðåäúÿâëÿþòñÿ âûñîêèå òðåáîâàíèÿ.

Õàðàêòåðíûì ïðèìåðîì òàêèõ äåòàëåé ÿâëÿþò-
ñÿ áèìñû, ñòðèíãåðû, ïîÿñà, ñòîéêè, ëîíæåðîíû,
øèðîêî èñïîëüçóåìûå äëÿ èçãîòîâëåíèÿ äåòàëåé
ëåòàòåëüíûõ àïïàðàòîâ.

Ïðåèìóùåñòâåííî ýòî ïîëûå, ñëîæíîé êîíôè-
ãóðàöèè äåòàëè ñ îãðàíè÷åííîé òîëùèíîé ñòåíîê,
ñ èçìåíÿþùèìèñÿ ïî äëèíå ðàçìåðàìè ïîïåðå÷-
íîãî ñå÷åíèÿ.

Âûñîêèå òðåáîâàíèÿ ê êà÷åñòâó ïîâåðõíîñòè
îáúÿñíÿþòñÿ òÿæåëûìè óñëîâèÿìè ýêñïëóàòàöèè:
âûñîêèé óðîâåíü çíàêîïåðåìåííûõ íàãðóçîê, âû-
ñîêèå ñêîðîñòü è êîíòàêòíûå íàãðóçêè, êîëåáàíèÿ
òåìïåðàòóðíîãî ãðàäèåíòà, êîððîçèîííûå è ýðîçè-
îííûå ïðîöåññû. Â ýòîé ñâÿçè øåðîõîâàòîñòü ïî-
âåðõíîñòè îãðàíè÷èâàåòñÿ — Ra = 0,5 ÷ 1,25 ìêì,
îãîâàðèâàåòñÿ ñòðóêòóðà è íàïðàâëåííîñòü ìèê-
ðîðåëüåôà; ïîâåðõíîñòíûé ñëîé ïîäâåðãàåòñÿ óï-
ðî÷íÿþùåé îáðàáîòêå. Ðàçðàáàòûâàþòñÿ è ñîâåð-
øåíñòâóþòñÿ ìåòîäû óäàðíî-èìïóëüñíîãî âîçäåé-
ñòâèÿ, íîâûå òåõíîëîãè÷åñêèå ñõåìû óïðî÷íÿþ-
ùåé îáðàáîòêè äåòàëåé ðàññìàòðèâàåìîãî êëàññà,
ñîçäàþòñÿ ñïåöèàëèçèðîâàííîå îáîðóäîâàíèå è
èíñòðóìåíòû.

Ðàçðàáîòêà ýôôåêòèâíûõ òåõíîëîãè÷åñêèõ
ìåòîäîâ è ñðåäñòâ îòäåëî÷íî-óïðî÷íÿþùåé îáðà-
áîòêè âûñîêîíàãðóæåííûõ äåòàëåé ÿâëÿåòñÿ àêòó-
àëüíîé ïðîáëåìîé.

Íåñìîòðÿ íà ìíîæåñòâî äèíàìè÷åñêèõ ìåòî-
äîâ ïîâåðõíîñòíîãî ïëàñòè÷åñêîãî äåôîðìèðîâà-
íèÿ ñâîáîäíîäâèæóùåéñÿ îáðàáàòûâàþùåé ñðå-
äîé [4—13], íà ñåãîäíÿøíèé äåíü íå ñóùåñòâóåò
ýôôåêòèâíîãî ðåøåíèÿ ïðîáëåìû óïðî÷íÿþùåé
îáðàáîòêè òîíêîñòåííûõ äëèííîìåðíûõ äåòàëåé,
â òîì ÷èñëå îáðàáîòêè ïîâåðõíîñòåé ïîëûõ äåòà-
ëåé èçíóòðè.

Äëÿ ðàçðåøåíèÿ äàííîé ïðîáëåìû ïðåäëàãà-
åòñÿ ñïîñîá, îñíîâàííûé íà ñîçäàíèè êîíâåêòèâ-
íîãî äâèæåíèÿ îáðàáàòûâàþùåé ñðåäû âî ÂÝÌÏ.
Ðåçóëüòàòû ïîèñêîâûõ èññëåäîâàíèé [14] ïîêàçû-
âàþò, ÷òî äàííûé ñïîñîá ðàñøèðÿåò òåõíîëîãè-
÷åñêèå âîçìîæíîñòè ñïîñîáîâ ÏÏÄ è ìîæåò ïðè-
ìåíÿòüñÿ â îïåðàöèÿõ óïðî÷íÿþùåé îáðàáîòêè
äåòàëåé, èçãîòîâëåííûõ èç íåìàãíèòíûõ ìåòàëëîâ,
ê êîòîðûì îòíîñÿòñÿ áèìñû, ñòðèíãåðû, ïîÿñà,
ñòîéêè, ëîíæåðîíû (ðèñ. 1).

Ñóùíîñòü ìåòîäà çàêëþ÷àåòñÿ â ñëåäóþùåì.
Åñëè ôåððîìàãíèòíûå íåðàâíîîñíûå èíäåíòîðû
ïîìåñòèòü âî âðàùàþùååñÿ ýëåêòðîìàãíèòíîå
ïîëå äîñòàòî÷íîé íàïðÿæåííîñòè, òî îíè ïðèõî-
äÿò â ñëîæíîå, õàîòè÷íîå äâèæåíèå, ñîçäàâàÿ ñâî-
åîáðàçíûé ÌÎÂ-ñëîé. Ïðè õàîòè÷íîì äâèæåíèè
èíäåíòîðîâ âî âðàùàþùåìñÿ ýëåêòðîìàãíèòíîì
ïîëå ïðîèñõîäèò áîëüøîå êîëè÷åñòâî ñòîëêíîâå-
íèé ìåæäó èíäåíòîðàìè, ìåæäó èíäåíòîðàìè è
îáðàáàòûâàåìûìè èçäåëèÿìè, ñîïðîâîæäàþùèõñÿ
êàê ïðÿìûìè, òàê è ñêîëüçÿùèìè óäàðàìè. Â ðå-
çóëüòàòå óäàðíî-èìïóëüñíîãî ñîóäàðåíèÿ èíäåí-
òîðîâ ïðîèñõîäèò ëîêàëüíàÿ óïðóãîïëàñòè÷åñêàÿ
äåôîðìàöèÿ ïîâåðõíîñòè èçäåëèé, íàõîäÿùèõñÿ
â ðàáî÷åé çîíå óñòðîéñòâà. Äëÿ ïðàêòè÷åñêîãî èñ-
ïîëüçîâàíèÿ ÌÎÂ-ñëîÿ ôåððîìàãíèòíûõ ñâîáîä-

Ðèñ. 1. Äåòàëè, ïîäâåðãàåìûå óïðî÷íÿþùåé îáðàáîòêå
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íîäâèæóùèõñÿ èíäåíòîðîâ ïîñëåäíèå ïîìåùàþò
â ðàáî÷óþ êàìåðó, âîêðóã êîòîðîé ðàñïîëàãàþò
óñòðîéñòâî, ñîçäàþùåå â ðàáî÷åé çîíå ýòîé êàìå-
ðû âðàùàþùååñÿ ýëåêòðîìàãíèòíîå ïîëå.

Îáëàäàÿ òåìè æå äîñòîèíñòâàìè, ÷òî è äðóãèå
ñïîñîáû óïðî÷íÿþùåé îáðàáîòêè ÏÏÄ ñâîáîä-
íîäâèæóùåéñÿ îáðàáàòûâàþùåé ñðåäîé [6], ñïî-
ñîá ìàãíèòîäèíàìè÷åñêîé óïðî÷íÿþùåé îáðàáîò-
êè çíà÷èòåëüíî ïðîùå è ïîçâîëÿåò ñ íàèìåíüøè-
ìè çàòðàòàìè îáðàáàòûâàòü òîíêîñòåííûå äëèí-
íîìåðíûå äåòàëè ñ ìàëîé ïëîùàäüþ ñå÷åíèÿ è
ïîâåðõíîñòè ïîëûõ äåòàëåé èçíóòðè. Èç ñðàâíè-
òåëüíîãî àíàëèçà äèíàìè÷åñêèõ ñïîñîáîâ óïðî÷-
íÿþùåé îáðàáîòêè ÏÏÄ âèäíî, ÷òî óñòðîéñòâà ñ
ÂÝÌÏ â íàèáîëüøåé ñòåïåíè ïîäõîäÿò äëÿ óïðî÷-
íÿþùåé îáðàáîòêè äåòàëåé óêàçàííîãî òèïà êîí-
ñòðóêöèé, ýòî îáóñëîâëåíî êîíñòðóêòèâíîé ïðî-
ñòîòîé, íèçêîé ñòîèìîñòüþ è äîñòàòî÷íî âûñîêîé
ïðîèçâîäèòåëüíîñòüþ.

Îäíàêî, íåñìîòðÿ íà î÷åâèäíûå ïðåèìóùåñòâà
ïðåäëàãàåìîãî ìåòîäà óïðî÷íåíèÿ, åãî ïðàêòè÷åñ-
êîå ïðèìåíåíèå â òåõíîëîãèè èçãîòîâëåíèÿ äåòà-
ëåé ñäåðæèâàåòñÿ îòñóòñòâèåì íàó÷íî îáîñíîâàí-
íûõ ðåêîìåíäàöèé ïî âûáîðó êîíñòðóêòèâíî-òåõ-
íè÷åñêèõ õàðàêòåðèñòèê óñòðîéñòâ ñ ÂÝÌÏ, ãåî-
ìåòðè÷åñêèõ ïàðàìåòðîâ îáðàáàòûâàþùåé ñðåäû
è åå ýôôåêòèâíîé çàãðóçêè äëÿ îñóùåñòâëåíèÿ
òåõíîëîãèè óïðî÷íåíèÿ äåòàëåé ìàãíèòîäèíàìè-
÷åñêèì ìåòîäîì, à òàêæå îòñóòñòâèåì îïûòíî-
êîíñòðóêòîðñêèõ ðàçðàáîòîê ïî ïðîåêòèðîâàíèþ
òåõíè÷åñêèõ ñðåäñòâ åãî ðåàëèçàöèè. Íåðåø¸í-
íîñòü ýòèõ âîïðîñîâ ïðåäîïðåäåëÿåò àêòóàëüíîñòü
è öåëåñîîáðàçíîñòü äàííîãî èññëåäîâàíèÿ.

Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ðàçðàáîòêà òåõ-
íîëîãèè óïðî÷íÿþùåé îáðàáîòêè ïîâåðõíîñòíûì
ïëàñòè÷åñêèì äåôîðìèðîâàíèåì òîíêîñòåííûõ
äåòàëåé áîëüøîé äëèíû â óñòðîéñòâàõ ñ ÂÝÌÏ,
îáîñíîâàíèå åãî òåõíîëîãè÷åñêèõ âîçìîæíîñòåé

ïî îáåñïå÷åíèþ êà÷åñòâà ïîâåðõíîñòè è ïðîèçâî-
äèòåëüíîñòè ïðîöåññà

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè â ðàáîòå
ðåøåí ñëåäóþùèé êîìïëåêñ çàäà÷:

1. Óñòàíîâëåíû çàêîíîìåðíîñòè äâèæåíèÿ
ôåððîìàãíèòíûõ èíäåíòîðîâ âî ÂÝÌÏ.

2. Ðàçðàáîòàíà ìîäåëü, îïðåäåëÿþùàÿ ýíåðãå-
òè÷åñêîå ñîñòîÿíèå ôåððîìàãíèòíûõ èíäåíòîðîâ
âî ÂÝÌÏ.

3. Îáîñíîâàíû õàðàêòåð óäàðíî-èìïóëüñíîãî
âçàèìîäåéñòâèÿ ôåððîìàãíèòíûõ èíäåíòîðîâ ñ
îáðàáàòûâàåìîé ïîâåðõíîñòüþ è èõ ýôôåêòèâíàÿ
çàãðóçêà.

4. Óñòàíîâëåíû çàâèñèìîñòè, îáåñïå÷èâàþùèå
îöåíêó ïàðàìåòðîâ êà÷åñòâà îáðàáîòàííîé ïîâåð-
õíîñòè è ïðîèçâîäèòåëüíîñòè ïðîöåññà

5. Ðàçðàáîòàíû ìåòîäèêè ïðîåêòèðîâàíèÿ òåõ-
íîëîãè÷åñêèõ îïåðàöèé îòäåëî÷íî-óïðî÷íÿþùåé
îáðàáîòêè äåòàëåé âî ÂÝÌÏ.

6. Ðàçðàáîòàíû ðåêîìåíäàöèè ïî ïðîåêòèðî-
âàíèþ óñòðîéñòâ ñ ÂÝÌÏ, à òàêæå èõ òåõíîëîãè-
÷åñêîãî îñíàùåíèÿ, îáåñïå÷èâàþùèõ ýôôåêòèâ-
íîå èñïîëüçîâàíèå íà îïåðàöèÿõ îòäåëî÷íî-óï-
ðî÷íÿþùåé îáðàáîòêè äåòàëåé.

Àíàëèç çàêîíîìåðíîñòåé äâèæåíèÿ ôåððîìàã-
íèòíûõ èíäåíòîðîâ âî ÂÝÌÏ [14] ïîêàçàë, ÷òî
ñèëû, äåéñòâèþ êîòîðûõ ïîäâåðãàþòñÿ òåëà â
ýëåêòðîìàãíèòíîì ïîëå, ñâîäÿòñÿ ê ñèëàì, ïðè-
ëîæåííûì ê ýëåêòðè÷åñêèì çàðÿäàì ýòèõ òåë.
Åñëè ôåððîìàãíèòíûå íåðàâíîîñíûå èíäåíòîðû,
ïîìåù¸ííûå â ýëåêòðîìàãíèòíîå ïîëå, íàìàãíè-
÷åíû äî íàñûùåíèÿ, òî èõ ìîæíî ðàññìàòðèâàòü
êàê ýëåìåíòàðíûå ìàãíèòíûå äèïîëè (ðèñ. 2).

Íà ôåððîìàãíèòíûé èíäåíòîð, ïîìåù¸ííûé
âî âðàùàþùååñÿ ñ óãëîâîé ñêîðîñòüþ ω  è ýëåê-

òðîìàãíèòíîé èíäóêöèåé B


 ïîëå, äåéñòâóåò ïàðà
ñèë, ñòðåìÿùàÿñÿ ïîâåðíóòü åãî â íàïðàâëåíèè
âíåøíåãî ïåðåìåííîãî ýëåêòðîìàãíèòíîãî ïîëÿ.

Ðèñ. 2. Îðèåíòàöèÿ ìàãíèòíîãî äèïîëÿ â ýëåêòðîìàãíèòíîì ïîëå
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Âðàùàþùèé ìîìåíò ìîæíî îöåíèòü èç âûðàæå-
íèÿ:

âð sin ,mM p B ϕ=                   (1)

ãäå pm — ìàãíèòíûé ìîìåíò ôåððîìàãíèòíîãî
èíäåíòîðà; ϕ  — óãîë ìåæäó âåêòîðîì ìàãíèòíî-

ãî ìîìåíòà èíäåíòîðà è âåêòîðîì ýëåêòðîìàãíèò-
íîé èíäóêöèè.

Êðîìå òîãî, â íåîäíîðîäíîì ïîëå íà ìàãíèò-
íûé èíäåíòîð äåéñòâóåò ñìåùàþùàÿ (ïåðåíîñíàÿ)
ñèëà

ñì  .
dB

F VB
dy

χ=                        (2)

Çäåñü χ  — ìàãíèòíàÿ âîñïðèèì÷èâîñòü ìàòåðè-

àëà èíäåíòîðà; V — îáú¸ì èíäåíòîðà, 2 / 4V d lπ= ,

ãäå d è l — ñîîòâåòñòâåííî äèàìåòð è äëèíà èí-

äåíòîðà; 
dB
dy  — ãðàäèåíò ïîëÿ.

Ñ ó÷åòîì óñòàíîâëåííîãî ôàêòà, ÷òî ïîä äåé-
ñòâèåì âðàùàþùåãî ìîìåíòà ôåððîìàãíèòíûé
èíäåíòîð âðàùàåòñÿ â ìàãíèòíîì ïîëå ñ àáñîëþò-

íîé óãëîâîé ñêîðîñòüþ àáñψ , êîòîðàÿ â íåïîäâèæ-

íîé ñèñòåìå êîîðäèíàò ðàâíà ñóììå îòíîñèòåëü-
íîé è ïåðåíîñíîé ñêîðîñòåé, ïîëó÷åíî óðàâíåíèå
äëÿ å¸ îïðåäåëåíèÿ [15]:

( )2 2

àáñ 0

1
sin sin ,

4

d lB
t

I

π μ
ψ ω ϕ ω

ωμ
-

= +



          (3)

ãäå μ  — ìàãíèòíàÿ ïîñòîÿííàÿ; I — ìîìåíò èíåð-

öèè ôåððîìàãíèòíîãî èíäåíòîðà.
Ñëåäóåò îòìåòèòü, ÷òî äâèæåíèå áîëüøîãî

êîëè÷åñòâà ôåððîìàãíèòíûõ íåðàâíîîñíûõ èí-
äåíòîðîâ, ïîìåù¸ííûõ âî âðàùàþùååñÿ ýëåêòðî-
ìàãíèòíîå ïîëå, ïðèâîäèò ê ôîðìèðîâàíèþ ìàã-
íèòîîæèæåííîãî âðàùàþùåãîñÿ ñëîÿ, ÿâëÿþùå-
ãîñÿ ðåçóëüòàòîì âîçäåéñòâèÿ íà êàæäûé èíäåí-
òîð öåëîãî êîìïëåêñà ñèë è ìîìåíòîâ.

Ó÷åñòü âñå ôàêòîðû, îáóñëîâëèâàþùèå äâèæå-
íèÿ èíäåíòîðîâ â ÌÎÂ-ñëîå, è ïîëó÷èòü ïðè ýòîì
ïðèåìëåìûå äëÿ ïðàêòèêè àíàëèòè÷åñêèå çàâèñè-
ìîñòè — çàäà÷à âåñüìà ñëîæíàÿ ñ ìàòåìàòè÷åñêîé
òî÷êè çðåíèÿ. Ïîýòîìó äëÿ îöåíêè ýíåðãåòè÷åñ-
êîãî ñîñòîÿíèÿ ôåððîìàãíèòíûõ èíäåíòîðîâ â
ÌÎÂ-ñëîå èñïîëüçîâàí íàèáîëåå óíèâåðñàëüíûé
òåðìîäèíàìè÷åñêèé ïîäõîä ê îïèñàíèþ ïðîöåñ-
ñîâ ïîäîáíîãî òèïà.

Â ñâÿçè ñ ýòèì ïðåäëîæåíî ýíåðãåòè÷åñêîå
ñîîòíîøåíèå [15], ñîãëàñíî êîòîðîìó äëÿ óñòîé-
÷èâîãî ïðîöåññà ìàãíèòîîæèæåíèÿ âðàùàþùåãî-
ñÿ ñëîÿ äèññèïèðóåìàÿ è ïðîâîäèìàÿ ýíåðãèÿ
äîëæíû áûòü ðàâíû, ò.å. äîëæíî ñîáëþäàòüñÿ
ñîîòíîøåíèå

22 2
ï â

ñð

1
6 1 ,

2
mNp f fB B

E N
I m y m I

γ
πω

È ˘ Ê ˆÊ ˆ∂Í ˙+ = + + -Á ˜ Á ˜Ë ¯∂ Ë ¯Í ˙Î ˚
 (4)

ãäå N — êîëè÷åñòâî èíäåíòîðîâ â ðàáî÷åé çîíå,
îõâàòûâàåìîé ýëåêòðîìàãíèòíûì âðàùàþùèìñÿ
ïîëåì; m — ìàññà èíäåíòîðà; Eñð — ñðåäíÿÿ ýíåð-
ãèÿ îäíîé ñòåïåíè ñâîáîäû, à óñðåäíåíèå ïðîâî-
äèòñÿ ïî ðàñïðåäåëåíèþ äëÿ ñîîòâåòñòâóþùåé
ëèíåéíîé èëè óãëîâîé ñêîðîñòè; fï è fâ — ñîîòâåò-
ñòâåííî êîýôôèöèåíòû òðåíèÿ ïðè ïîñòóïàòåëü-
íîì è âðàùàòåëüíîì äâèæåíèè; γ  — ýôôåêòèâ-

íûé êîýôôèöèåíò óïðóãîñòè ñòîëêíîâåíèé.
Òàêèì îáðàçîì, ïîëíàÿ ýíåðãèÿ åäèíè÷íîãî

èíäåíòîðà, îòíåñåííàÿ ê åäèíèöå âðåìåíè, ìîæåò
áûòü çàïèñàíà â âèäå

2
2 .

2
m m mNp p p B

E B
I m yπω

È ˘Ê ˆ∂Í ˙= + Á ˜Ë ¯∂Í ˙Î ˚
            (5)

Óñòàíîâëåííûå ðàíåå çàêîíîìåðíîñòè äâèæå-
íèÿ ôåððîìàãíèòíûõ èíäåíòîðîâ â ÌÎÂ-ñëîå [15]
ïîçâîëÿþò îáîñíîâàòü ìåõàíèçì èõ óäàðíî-èì-
ïóëüñíûõ âçàèìîäåéñòâèé êàê ìåæäó ñîáîé, òàê è
ñ ïîâåðõíîñòüþ äåòàëåé, íàõîäÿùèõñÿ â çîíå âëè-
ÿíèÿ ýëåêòðîìàãíèòíîãî ïîëÿ.

Óñëîâèÿ, â êîòîðûõ íàõîäèòñÿ ôåððîìàãíèò-
íûé èíäåíòîð â ÌÎÂ-ñëîå, ìîæíî îõàðàêòåðèçî-
âàòü êàê ñòåñí¸ííûå, òî åñòü âðàùåíèå íåðàâíî-
îñíîãî èíäåíòîðà öèëèíäðè÷åñêîé ôîðìû ñ l/d > 1
îãðàíè÷èâàåòñÿ äâóìÿ óñëîâíûìè ïëîñêîñòÿìè,
ðàññòîÿíèå ìåæäó êîòîðûìè h < l (ðèñ. 3).

Â ìîìåíò ñîóäàðåíèÿ ëèíèÿ äåéñòâèÿ ñèëû

îáðàçóåò ñ íîðìàëüþ ê ïîâåðõíîñòè óãîë β . Òà-

êèì îáðàçîì, êîëè÷åñòâî ýíåðãèè, âûçûâàþùåé
óïðóãîïëàñòè÷åñêóþ äåôîðìàöèþ ïîâåðõíîñòè,
ìîæíî îöåíèòü êàê ïðîèçâåäåíèå

óä ïîëí sin .E E β=                     (6)

Âûðàçèâ sinβ  ÷åðåç îòíîøåíèå h/l, ïîëó÷èì

óä ïîëí / ,E E h l=                  (7)

ãäå h — ðàññòîÿíèå ìåæäó ïîâåðõíîñòüþ äåòàëè è
ñëîåì íèæåëåæàùèõ èíäåíòîðîâ.



205Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹1

Òåõíîëîãèÿ ìàøèíîñòðîåíèÿ Mechanical engineering technology

Èç ôîðìàëèçîâàííîãî ïðåñòàâëåíèÿ äâèæåíèÿ
ôåððîìàãíèòíûõ èíäåíòîðîâ â ÌÎÂ-ñëîå (ðèñ. 4)
ñëåäóåò, ÷òî ïî äëèíå ðàáî÷åé çîíû èíäåíòîðû
ðàñïîëîæåíû ïàðàëëåëüíûìè ýëåìåíòàðíûìè
ñëîÿìè, à â ñå÷åíèè ÌÎÂ-ñëîé ïîäðàçäåëÿåòñÿ íà
êîëüöåâûå ñëîè, òîëùèíà êîòîðûõ ñîèçìåðèìà ñ
äëèíîé ôåððîìàãíèòíîãî èíäåíòîðà.

Ýòî ïîçâîëèëî ïîëó÷èòü çàâèñèìîñòü äëÿ ðàñ-
÷¸òà ýôôåêòèâíîãî êîëè÷åñòâà ôåððîìàãíèòíûõ
èíäåíòîðîâ â ðàáî÷åé çîíå óñòðîéñòâà è ïðåäñòà-
âèòü åå â ñëåäóþùåì âèäå [16]:

( )12
,

4

l iiL
N R

ld
π È ˘+

= -Í ˙
Î ˚

               (8)

ãäå L — äëèíà ðàáî÷åé çîíû óñòðîéñòâà ñ ÂÝÌÏ;
d — äèàìåòð èíäåíòîðà; R — ðàäèóñ ðàáî÷åé êà-
ìåðû; i — êîëè÷åñòâî êîíöåíòðèðîâàííûõ îêðóæ-
íîñòåé ðàñïîëîæåíèÿ öåíòðîâ âðàùåíèÿ ôåððî-
ìàãíèòíûõ èíäåíòîðîâ, îïðåäåëÿåòñÿ èç ñîîòíî-

øåíèÿ 0,5.
R

i
l

= -

Íà îñíîâàíèè àíàëèçà ðåçóëüòàòîâ èññëåäîâà-
íèé óäàðíî-èìïóëüñíûõ ñèñòåì [17] ñäåëàíî ïðåä-
ïîëîæåíèå, ÷òî ÌÎÂ-ñëîé äîëæåí ñîñòîÿòü èç
òðåõ—÷åòûðåõ êîëüöåâûõ ñëî¸â, òîëùèíà êîòî-

ðûõ ñîèçìåðèìà ñ äëèíîé ôåððîìàãíèòíîãî èí-
äåíòîðà.

Ó÷èòûâàÿ, ÷òî ïðîöåññ óïðóãîïëàñòè÷åñêîé
äåôîðìàöèè îáðàáàòûâàåìîé ïîâåðõíîñòè íîñèò
ñëó÷àéíûé õàðàêòåð, åãî ìîæíî îïèñàòü íà îñíîâå
òåîðåòèêî-âåðîÿòíîñòíûõ ïðåäñòàâëåíèé êîíòàê-
òíîãî âçàèìîäåéñòâèÿ èíäåíòîðîâ ñ ïîâåðõíîñòüþ
[13]. Òàêèì îáðàçîì, áûëà ïîëó÷åíà çàâèñèìîñòü
äëÿ ðàñ÷åòà ïðîäîëæèòåëüíîñòè îáðàáîòêè â ôóíê-
öèè îò èíòåíñèâíîñòè è êðàòíîñòè ïîêðûòèÿ îá-
ðàáàòûâàåìîé ïîâåðõíîñòè ñëåäàìè ïëàñòè÷åñêèõ
îòïå÷àòêîâ:

îáð

2
,

k
T

P
π
ω

=                         (9)

ãäå k — êîëè÷åñòâî àêòîâ ñèëîâîãî âîçäåéñòâèÿ
ôåððîìàãíèòíûõ èíäåíòîðîâ ÌÎÂ-ñëîÿ; Ð — âå-
ðîÿòíîñòü òîãî, ÷òî ëþáàÿ òî÷êà îáðàáàòûâàåìîé
ïîâåðõíîñòè ïîäâåðãàåòñÿ óïðóãîïëàñòè÷åñêîé
äåôîðìàöèè çà îäèí ïåðèîä êîëåáàíèÿ ÌÎÂ-ñëîÿ
â ýëåêòðîìàãíèòíîì âðàùàþùåìñÿ ïîëå.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ âëèÿíèÿ
îñíîâíûõ òåõíîëîãè÷åñêèõ ôàêòîðîâ íà ïðîèçâî-
äèòåëüíîñòü ïðîöåññà è êà÷åñòâî ïîâåðõíîñòíî-
ãî ñëîÿ ïðîâîäèëèñü íà îïûòíî-ýêñïåðèìåíòàëü-
íîé óñòàíîâêå (ðèñ. 5).

Ðèñ. 3. Ñõåìà äâèæåíèÿ ôåððîìàãíèòíîãî èíäåíòîðà â ÌÎÂ-ñëîå
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Â êà÷åñòâå ìàòåðèàëà îáðàçöîâ áûëè ïðèíÿòû
àëþìèíèåâûå ñïëàâû (ðèñ. 6,à). Äëÿ îáðàáîòêè
èñïîëüçîâàëàñü îáðàáàòûâàþùàÿ ñðåäà, ñîñòîÿùàÿ
èç ñòàëüíûõ öèëèíäðè÷åñêèõ èíäåíòîðîâ, èçãî-
òîâëåííûõ èç ñòàëè ØÕ15 è 50ÕÔÀ (ðèñ. 6,á).

Äëÿ îöåíêè âëèÿíèÿ âûøåóêàçàííûõ ôàêòîðîâ
íà ïðîèçâîäèòåëüíîñòü ïðîöåññà ìàãíèòîäèíàìè-
÷åñêîé îáðàáîòêè áûëà ïðèíÿòà ñòåïåíü ïîêðû-
òèÿ ïîâåðõíîñòè ñëåäàìè ïëàñòè÷åñêèõ îòïå÷àò-
êîâ â óñòàíîâëåííûé ïðîìåæóòîê âðåìåíè. Çà
ïàðàìåòð ñòåïåíè ïîêðûòèÿ ïîâåðõíîñòè ñëåäàìè
ïëàñòè÷åñêèõ îòïå÷àòêîâ ïðèíèìàëîñü îòíîøåíèå
ïëîùàäè ïÿòåí êîíòàêòà Sê.ý, ñôîðìèðîâàííûõ çà
óñòàíîâëåííûé ïðîìåæóòîê âðåìåíè, ê ïëîùàäè
ëîêàëüíî âûäåëåííîãî ó÷àñòêà îáðàáàòûâàåìîé
ïîâåðõíîñòè Sý.ý (ðèñ. 7):

Pýêñï = Sê.ý / Sý.ý.               (10)

Â ðåçóëüòàòå ïðîâåä¸ííûõ ýêñïåðèìåíòàëüíûõ
èññëåäîâàíèé (ðèñ. 8) óñòàíîâëåíî ñëåäóþùåå:

— ýôôåêòèâíàÿ çàãðóçêà èíäåíòîðîâ, îáðàçó-
þùèõ ÌÎÂ-ñëîé, â ðàáî÷óþ çîíó óñòðîéñòâà íå

ïðåâûøàåò òðåõ ðàäèàëüíî ðàñïîëîæåííûõ êîëü-
öåâûõ ñëî¸â, òîëùèíà êîòîðûõ ñîèçìåðèìà ñ äëè-
íîé èíäåíòîðà, ÷òî ïîäòâåðäèëî òåîðåòè÷åñêîå
ïðåäïîëîæåíèå, âûäâèíóòîå ïðè àíàëèçå âèáðî-
óäàðíûõ ñèñòåì;

— ñ óâåëè÷åíèåì èíäóêöèè ìàãíèòíîãî ïîëÿ
ïîâûøàåòñÿ èíòåíñèâíîñòü ïðîöåññà è, êàê ñëåä-
ñòâèå, ðàñòåò ïðîèçâîäèòåëüíîñòü îáðàáîòêè
(ðèñ. 9);

— îïòèìàëüíîå ñîîòíîøåíèå ãåîìåòðè÷åñêèõ
ðàçìåðîâ ôåððîìàãíèòíûõ èíäåíòîðîâ (îòíîøå-
íèå äëèíû ê äèàìåòðó), ïðè êîòîðîì äîñòèãàåò-
ñÿ íàèëó÷øèé ýôôåêò îáðàáîòêè, íàõîäèòñÿ íà
óðîâíå l/d = 10 (ðèñ. 10).

Ñëåäóþùàÿ ñåðèÿ ýêñïåðèìåíòàëüíûõ èññëå-
äîâàíèé áûëà ïîñâÿùåíà èññëåäîâàíèþ âëèÿíèÿ
ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè íà êà÷åñòâî
ïîâåðõíîñòíîãî ñëîÿ.

Øåðîõîâàòîñòü ïîâåðõíîñòè îïðåäåëÿëàñü ñ
ïîìîùüþ ïðîôèëîìåòðà SJ-210. Ìîðôîëîãè÷åñ-
êèå îñîáåííîñòè ôîðìèðóåìîé â ïðîöåññå îáðà-
áîòêè ïîâåðõíîñòè èññëåäîâàëèñü â ëàáîðàòîðèè

Ðèñ. 4. Ôîðìàëèçîâàííàÿ ìîäåëü ïðîöåññà ïåðåìåøèâàíèÿ â ÌÎÂ-ñëîå
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Í.Í. Äàâèäåíêîâûì [18]. Îí çàêëþ÷àåòñÿ â ðàç-
ðåçêå êîëüöà âäîëü îáðàçóþùåé è çàìåðå èçìåíå-
íèÿ äèàìåòðà â ðåçóëüòàòå âûðåçêè.

Ðèñ. 5. Îïûòíî-ýêñïåðèìåíòàëüíàÿ óñòàíîâêà äëÿ ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè: 1 — óñòðîéñòâî ñ ÂÝÌÏ;
2 — øêàô óïðàâëåíèÿ óñòðîéñòâîì ñ ÂÝÌÏ; 3 — ìàñëîáàê; 4 — ïîìïà; 5 — òåïëîîáìåííèê; 6 — êóëåð; 7 — ïà-
íåëü èíäèêàöèè; 8 — ïàíåëü óïðàâëåíèÿ

Ðèñ. 6. Îáùèé âèä îáðàçöîâ, ïðèíÿòûõ äëÿ èññëåäîâàíèé (à); îáðàáàòûâàþùàÿ ñðåäà (á)

à)

«Ñêàíèðóþùèé çîíäîâûé ìèêðîñêîï
Nanoeducator (NT-MDT)».

Îïðåäåëåíèå îñòàòî÷íûõ íàïðÿæåíèé îñíîâà-
íî íà ìåòîäå ðàçðåçêè êîëåö, ïðåäëîæåííîì

á)
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Íà óñòàíîâêå Nanotest 600 îïðåäåëÿëè òâåð-
äîñòü ñòðóêòóðíûõ åäèíèö ìàòåðèàëà íà íàíîóðîâ-
íå, èñïîëüçóÿ «ìàÿòíèêîâûé» ìåòîä.

Ìîðôîëîãè÷åñêèå èññëåäîâàíèÿ îáðàáîòàííîé
ïîâåðõíîñòè (ðèñ. 11) ïîêàçàëè, ÷òî â ïðîöåññå

ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè, êàê è ïðè èñ-
ïîëüçîâàíèè äðóãèõ ìåòîäîâ ÏÏÄ ñâîáîäíîäâè-
æóùèìèñÿ èíäåíòîðàìè, ôîðìèðóåòñÿ êà÷åñòâåí-
íî íîâûé ìèêðîðåëüåô, õàðàêòåðèçóþùèéñÿ áî-
ëåå ñãëàæåííûìè âûñòóïàìè è âïàäèíàìè ìèêðî-
íåðîâíîñòåé.

Õàðàêòåð èçìåíåíèÿ âûñîòû ìèêðîïðîôèëÿ
îáðàáîòàííîé ïîâåðõíîñòè çàâèñèò îò âûñîòû
ìèêðîïðîôèëÿ èñõîäíîé ïîâåðõíîñòè (ðèñ. 12).
Äëÿ îáðàçöîâ ñ èñõîäíîé øåðîõîâàòîñòüþ ïîâåðõ-
íîñòè Ra = 1,6 ìêì íàáëþäàåòñÿ å¸ ñíèæåíèå, à
äëÿ îáðàçöîâ ñ 0,2 è 0,44 ìêì — ðîñò. Ïðè ýòîì
íåçàâèñèìî îò èñõîäíîé âûñîòà ìèêðîïðîôèëÿ
îáðàáîòàííîé ïîâåðõíîñòè, äëÿ âûáðàííûõ óñëî-
âèé îáðàáîòêè, ñòàáèëèçèðóåòñÿ ïðè ïðîäîëæè-
òåëüíîñòè îáðàáîòêè â ïðåäåëàõ 3—4 ìèí, ÷òî ïî
êðàòíîñòè ïîêðûòèÿ ïîâåðõíîñòè ñëåäàìè ïëàñòè-
÷åñêèõ îòïå÷àòêîâ íàõîäèòñÿ â ïðåäåëàõ 12—14 ðàç.

Àïïðîêñèìàöèÿ ýêñïåðèìåíòàëüíûõ êðèâûõ
èçìåíåíèÿ âûñîòû ìèêðîïðîôèëÿ ïîêàçàëà, ÷òî îíè
àäåêâàòíî ìîãóò áûòü îïèñàíû çàâèñèìîñòüþ, ïðåä-
ëîæåííîé â ðàáîòàõ Áàáè÷åâà è Êîïûëîâà [19, 20]

Ðèñ. 7. Ëîêàëüíî âûäåëåííûé ó÷àñòîê îáðàáàòûâàåìîé ïîâåðõíîñòè, ïîêðûòûé ñëåäàìè ïëàñòè÷åñêèõ îòïå÷àò-
êîâ ñ óâåëè÷åíèåì: à — 487 êðàò; á — 250 êðàò

à) á)

Ðèñ. 9. Âëèÿíèå ìàãíèòíîé èíäóêöèè B íà èçìåíåíèå
ñòåïåíè ïîêðûòèÿ îáðàáàòûâàåìîé ïîâåðõíîñòè ïëàñ-
òè÷åñêèìè îòïå÷àòêàìè

Ðèñ. 8. Çàâèñèìîñòü èçìåíåíèÿ ñòåïåíè ïîêðûòèÿ ïî-
âåðõíîñòè ïëàñòè÷åñêèìè îòïå÷àòêàìè îò êîëè÷åñòâà
ñëîåâ çàãðóçêè èíäåíòîðîâ ñ ðàçíûì ñîîòíîøåíèåì
l/d  ïðè B = 0,1 Òë, t = 10 ñ

Ðèñ. 10. Âëèÿíèå ãåîìåòðè÷åñêîãî ñîîòíîøåíèÿ l/d íà
èçìåíåíèå ñòåïåíè ïîêðûòèÿ îáðàáàòûâàåìîé ïîâåðõ-
íîñòè ïëàñòè÷åñêèìè îòïå÷àòêàìè
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ïðè ñîîòâåòñòâóþùåì óòî÷íåíèè ôóíêöèîíàëà èç-
ìåíåíèÿ âûñîòû ìèêðîïðîôèëÿ óïðî÷í¸ííîé ïî-
âåðõíîñòè, èñõîäÿ èç îñîáåííîñòåé ìåòîäà (â ÷à-
ñòíîñòè, ñïåöèôèêà êîíòàêòíîãî âçàèìîäåéñòâèÿ
è âëèÿíèÿ ýëåêòðîìàãíèòíîãî ïîëÿ íà ñòðóêòóð-
íî-ôàçîâûå èçìåíåíèÿ, ïðîèñõîäÿùèå â ïîâåðõ-
íîñòíîì ñëîå îáðàáàòûâàåìîãî ìàòåðèàëà).

Ïîäòâåðæäåíî ïðåäïîëîæåíèå, ÷òî ïåðâûé
ñîìíîæèòåëü â óòî÷í¸ííîé ïî ðåçóëüòàòàì ýêñïå-
ðèìåíòàëüíûõ èññëåäîâàíèé ðàñ÷¸òíîé çàâèñèìî-
ñòè âïîëíå àäåêâàòíî îöåíèâàåò âûñîòó ìèêðî-
ïðîôèëÿ îáðàáîòàííîé ïîâåðõíîñòè çà âðåìÿ,
îáåñïå÷èâàþùåå îäíîêðàòíîå å¸ ïîêðûòèå ïëàñ-
òè÷åñêèìè îòïå÷àòêàìè.

Óñòàíîâëåíî ñîîòíîøåíèå [14], ñâÿçûâàþùåå
ýíåðãåòè÷åñêîå ñîñòîÿíèå èíäåíòîðîâ ñ âûñòîé
ìèêðîïðîôèëÿ èñõîäíîé ïîâåðõíîñòè, ïîçâîëÿ-
þùåå îöåíèòü õàðàêòåð èçìåíåíèÿ âûñîòû ìèê-
ðîïðîôèëÿ îáðàáîòàííîé ïîâåðõíîñòè è îáîñíî-
âàòü âèä ðàñ÷¸òíîé çàâèñèìîñòè (+ èëè -)

 èñõ Ra

2
Ra Ra 1 .

k

kdE
K lnk

dHV dπ
È ˘ Ê ˆ

= ± -Í ˙ Á ˜Ë ¯Í ˙Î ˚
    (11)

Ñðàâíèòåëüíûé àíàëèç ýêñïåðèìåíòàëüíûõ è
ðàñ÷åòíûé çíà÷åíèé âûñîòû ìèêðîïðîôèëÿ îáðà-
áîòàííîé ïîâåðõíîñòè ïîêàçàë, ÷òî èõ ðàñõîæäå-
íèå íàõîäèòñÿ â ïðåäåëàõ ýêñïåðèìåíòàëüíîé
îøèáêè.

Ðèñ. 11. Èçìåíåíèå ìîðôîëîãèè ïîâåðõíîñòè îáðàçöîâ èç Ä16Ò â çàâèñèìîñòè îò âðåìåíè ìàãíèòîäèíàìè÷åñ-
êîé îáðàáîòêè

Ðèñ. 12. Èçìåíåíèå âûñîòû ìèêðîïðîôèëÿ ïîâåðõíîñòè îáðàçöîâ èç Ä16Ò â çàâèñèìîñòè îò êðàòíîñòè ïîêðû-
òèÿ ïîâåðõíîñòè ñëåäàìè ïëàñòè÷åñêèõ îòïå÷àòêîâ (l/d = 10; i = 3; B = 0,1 Òë): à — Raèñõ = 1,61 ìêì; á — Raèñõ=
= 0,21 ìêì

à) á)
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Â õîäå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ôè-
çèêî-ìåõàíè÷åñêèõ ïàðàìåòðîâ, ôîðìèðóåìûõ â
ïðîöåññå ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè ïîâåðõ-
íîñòíîãî ñëîÿ (ðèñ. 13), óñòàíîâëåíî, ÷òî ñ óâå-
ëè÷åíèåì âðåìåíè îáðàáîòêè ìèêðîòâåðäîñòü ïî-
âåðõíîñòè ðàñòåò äî îïðåäåëåííîãî ïðåäåëà è ñòà-
áèëèçèðóåòñÿ íà ýòîì óðîâíå. Îòìå÷åíî, ÷òî ìàê-
ñèìàëüíîå óïðî÷íåíèå îáðàçöîâ, äëÿ âûáðàííûõ
óñëîâèé îáðàáîòêè, äîñòèãàåòñÿ ïðè â ïðåäåëàõ
3—4 ìèí, ÷òî ñîîòâåòñòâóåò 12-, 14-êðàòíîìó ïî-
êðûòèþ ïîâåðõíîñòè ñëåäàìè ïëàñòè÷åñêèõ îòïå-
÷àòêîâ.

Äàëüíåéøåå óâåëè÷åíèå âðåìåíè îáðàáîòêè íå
ïðèâîäèò ê ðîñòó ìèêðîòâåðäîñòè, ÷òî ïîäòâåðæ-
äàåò ýêñïåðèìåíòàëüíî óñòàíîâëåííûé ôàêò: ïîä-
âåðãàåìûé óïðî÷íåíèþ ìàòåðèàë èìååò îãðà-
íè÷åííóþ ñïîñîáíîñòü ê àêêóìóëèðîâàíèþ ýíåð-
ãèè äåôîðìàöèè.

Àíàëîãè÷íûå çàêîíîìåðíîñòè óñòàíîâëåíû
ïðè èññëåäîâàíèè èçìåíåíèÿ íàïðÿæ¸ííîãî ñî-
ñòîÿíèÿ ïîâåðõíîñòíîãî ñëîÿ (ðèñ. 14). Ìàêñè-
ìàëüíûå îñòàòî÷íûå ñæèìàþùèå íàïðÿæåíèÿ,
ïðåäñòàâëåííûå íà ãðàôèêå, ïî àáñîëþòíîé âåëè-
÷èíå ðàñòóò äî îïðåäåëåííîãî ïðåäåëà.

Ðèñ. 13. Èçìåíåíèå ìèêðîòâ¸ðäîñòè ïîâåðõíîñòè â çà-
âèñèìîñòè îò êðàòíîñòè ñïëîøíîãî ïîêðûòèÿ ñëåäàìè
ïëàñòè÷åñêèõ îòïå÷àòêîâ

Ðèñ. 14. Èçìåíåíèå ìàêñèìàëüíûõ îñòàòî÷íûõ ñæèìà-
þùèõ íàïðÿæåíèé ïîâåðõíîñòè â çàâèñèìîñòè îò êðàò-
íîñòè ñïëîøíîãî ïîêðûòèÿ ñëåäàìè ïëàñòè÷åñêèõ îò-
ïå÷àòêîâ

Êàê ïîêàçàë ñðàâíèòåëüíûé àíàëèç, ðàçíèöà
ìåæäó òåîðåòè÷åñêèìè è ýêñïåðèìåíòàëüíûìè
çíà÷åíèÿìè íå ïðåâûøàåò 20%, à ýòî ãîâîðèò î
òîì, ÷òî ïðåäëîæåííûå ðàñ÷åòíûå çàâèñèìîñòè
äëÿ îöåíêè ôèçèêî-ìåõàíè÷åñêèõ ïàðàìåòðîâ êà-
÷åñòâà ïîâåðõíîñòíîãî ñëîÿ, ôîðìèðóåìîãî â ïðî-
öåññå ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè, âïîëíå
àäåêâàòíû è ìîãóò áûòü èñïîëüçîâàíû íà ïðàêòè-
êå.

Àíàëèòè÷åñêèå ìîäåëè îöåíêè ìèêðîòâåðäî-
ñòè ïîâåðõíîñòè è åå íàïðÿæ¸ííîãî ñîñòîÿíèÿ â
ïðîöåññå ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè ïðåä-
ñòàâëåíû ñëåäóþùèìè âûðàæåíèÿìè [14]:
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Íà îñíîâàíèè ðåçóëüòàòîâ òåîðåòè÷åñêèõ è
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ðàçðàáîòàíû
ìåòîäèêà ðàñ÷¸òà òåõíîëîãè÷åñêèõ õàðàêòåðèñòèê
ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè, ìåòîäèêà ðàñ-
÷¸òà ïàðàìåòðîâ êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ,
ôîðìèðóåìîãî â ïðîöåññå ìàãíèòîäèíàìè÷åñêîé
îáðàáîòêè, è ïðåäëîæåí àëãîðèòì ïðîåêòèðîâà-
íèÿ îïåðàöèè ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè
[19] (ðèñ. 15), à òàêæå ïðåäñòàâëåíû ðåêîìåíäà-
öèè ïî îáîñíîâàíèþ êîíñòðóêòèâíûõ è òåõíè÷åñ-
êèõ õàðàêòåðèñòèê óñòðîéñòâ äëÿ ìàãíèòîäèíàìè-
÷åñêîé îáðàáîòêè [20].

Ïðîöåññ ìàãíèòîäèíàìè÷åñêîé óïðî÷íÿþùåé
îáðàáîòêè äëèííîìåðíûõ äåòàëåé ìîæåò áûòü
ðåàëèçîâàí íà óñòàíîâêå ïðîõîäíîãî òèïà, ïðèí-
öèïèàëüíàÿ ñõåìà êîòîðîé ïîêàçàíà íà ðèñ. 16.

Ðàçðàáîòàííûé ìàãíèòîäèíàìè÷åñêèé ìåòîä
ïðåäëîæåí â êà÷åñòâå àëüòåðíàòèâíîãî ìåòîäà
óïðî÷íåíèÿ äëèííîìåðíûõ äåòàëåé. Â ÒÀÍÒÊ èì.
Ã.Ì. Áåðèåâà äëÿ óïðî÷íåíèÿ äåòàëåé ïî ñóùå-
ñòâóþùåé òåõíîëîãèè èñïîëüçóåòñÿ óñòàíîâêà
äðîáåìåòíîãî óïðî÷íåíèÿ ÓÄÏ-2,5 ïðåäïðèÿòèÿ-
èçãîòîâèòåëÿ ÎÀÎ «Ýëåêòðîìåõàíèêà». Ââèäó
îòñóòñòâèÿ äðóãîãî îáîðóäîâàíèÿ íà ÒÀÍÒÊ âñå
äåòàëè, âêëþ÷àÿ ìåëêîãàáàðèòíûå, óïðî÷íÿþòñÿ
íà ýòîì îáîðóäîâàíèè.

Òåõíèêî-ýêîíîìè÷åñêèå ïðåèìóùåñòâà ìàãíè-
òîäèíàìè÷åñêîé óïðî÷íÿþùåé îáðàáîòêè äëèí-
íîìåðíûõ äåòàëåé ïðèâåäåíû â òàáëèöå.
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Ðèñ. 15. Àëãîðèòì ïðîåêòèðîâàíèÿ îïåðàöèè ìàãíèòîäèíàìè÷åñêîé îáðàáîòêè

Ðèñ. 16. Ñõåìà îáðàáîòêè äëèííîìåðíûõ äåòàëåé: 1 — ðàáî÷èé áëîê óñòðîéñòâà ñ ÂÝÌÏ; 2 — ïðèâîäíîé ðîëè-
êîâûé ðîëüãàíã; 3 — äåòàëü
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Êàê âèäíî èç òàáëèöû, óïðî÷íåíèå äëèííî-
ìåðíûõ äåòàëåé â óñòàíîâêå ïðîõîäíîãî òèïà, ðå-
àëèçóþùåé ìàãíèòîäèíàìè÷åñêèé ìåòîä îáðàáîò-
êè, ïî ñðàâíåíèþ ñ ñóùåñòâóþùåé òåõíîëîãèåé
óïðî÷íåíèÿ íà ÓÄÏ-2,5 ïîçâîëèò ñíèçèòü ìàòå-
ðèàëî¸ìêîñòü è ýíåðãî¸ìêîñòü îáîðóäîâàíèÿ â
âîñåìü ðàç, ñîêðàòèòü òåõíîëîãè÷åñêîå âðåìÿ îá-
ðàáîòêè, ñîêðàòèòü âñïîìîãàòåëüíîå âðåìÿ íà óñ-
òàíîâêó è, êàê ñëåäñòâèå, ïîâûñèòü ïðîèçâîäè-
òåëüíîñòü ïðîöåññà óïðî÷íåíèÿ íà 30%, îáåñïå-
÷èâ ïàðàìåòðû êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ, ðåã-
ëàìåíòèðóåìûå òåõíè÷åñêèìè òðåáîâàíèÿìè.

Âûâîäû

1. Ïðèìåíåíèå ÂÝÌÏ â êà÷åñòâå èñòî÷íèêà
ýíåðãèè íåðàâíîîñíûõ ñâîáîäíîäâèæóùèõñÿ ôåð-
ðîìàãíèòíûõ èíäåíòîðîâ ÿâëÿåòñÿ áàçîé äëÿ ðàç-
ðàáîòêè è ñîâåðøåíñòâîâàíèÿ íîâîãî ìåòîäà óï-
ðî÷íÿþùåé îáðàáîòêè äåòàëåé, íàçûâàåìîé ìàã-
íèòîäèíàìè÷åñêîé îáðàáîòêîé.

2. Ìàãíèòîäèíàìè÷åñêàÿ îáðàáîòêà ðàñøèðÿåò
âîçìîæíîñòè óïðî÷íÿþùåé îáðàáîòêè ñâîáîäíî-
äâèæóùèìèñÿ èíäåíòîðàìè è îáåñïå÷èâàåò ïîâû-
øåíèå ýôôåêòèâíîñòè óïðî÷íÿþùåé îáðàáîòêè

Ñðàâíèòåëüíûé àíàëèç òåõíè÷åñêèõ õàðàêòåðèñòèê óñòàíîâîê
äëÿ óïðî÷íåíèÿ äëèííîìåðíûõ äåòàëåé òèïà «ïîÿñ âåðõíèé»

¹ 
 ï/ï 

Õàðàêòåðèñòèêà 
Åäèíèöà 

èçìåðåíèÿ 

Óñòàíîâêà 

ÓÄÏ-2,5 

Óñòàíîâêà  
íà áàçå óñòðîéñòâà ñ ÂÝÌÏ 

1 Íàïðÿæåíèå ïèòàþùåé ñåòè Â 380 380 

2 Íîìèíàëüíàÿ ÷àñòîòà Ãö 50 50 

3 Чèñëî ôàç — 3 3 

4 Óñòàíîâëåííàÿ ìîùíîñòü êÂò 185 7 

5 

Ãàáàðèòíûå ðàçìåðû 
 îáðàáàòûâàåìîãî èçäåëèÿ: 

äëèíà 

øèðèíà 

âûñîòà 

 
 

 

ìì 

 
 

6500 

400 

1600 

 
 

14000 

150 

150 

6 Ìàòåðèàë èçäåëèÿ — 
ÀÊ-4-1÷Ò 
Â95ï÷Ò1, 

 -Ò2,-Ò3, 1163 
Âñå íåìàãíèòíûå ñïëàâû 

7 Ðàçìåð îáðàáàòûâàþùåé ñðåäû ìì Äðîáü ∅2 ìì 

Öèëèíäðû 

l/d = 8-12 

d=1-3 ìì 

8 Ñêîðîñòü ïåðåìåùåíèÿ èçäåëèÿ ì/ìèí 0,5-5 
Â çàâèñèìîñòè îò äëèíû 
òåõíîëîãè÷åñêîé çîíû  

ðàáî÷åé êàìåðû 

9 
Ïðîèçâîäèòåëüíîñòü 

(ïî îáðàáàòûâàþùåé ñðåäå) 
êã/ìèí 210 0,1 

10 Îáúåì çàãðóçêè êã 5000 1-15 

11 Óðîâåíü øóìà, íå áîëåå äÁÀ 80 80 

12 

Ãàáàðèòíûå ðàçìåðû óñòàíîâêè: 

äëèíà 

øèðèíà 

âûñîòà 

ìì 

 

36000 

6400 

8800 

 

720 

880 

1100 
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ïîâåðõíîñòè äåòàëåé èçíóòðè è òîíêîñòåííûõ
äåòàëåé áîëüøîé äëèíû.

3. Òåõíîëîãè÷åñêèé ýôôåêò ìàãíèòîäèíàìè-
÷åñêîé óïðî÷íÿþùåé îáðàáîòêè îáóñëîâëåí äâè-
æåíèåì áîëüøîãî ÷èñëà ôåððîìàãíèòíûõ ñâîáîä-
íîäâèæóùèõñÿ èíäåíòîðîâ, ïîìåùåííûõ â
ÂÝÌÏ, ôîðìèðóþùèõ ìàãíèòîîæèæåííûé âðà-
ùàþùèéñÿ ñëîé, êîòîðûé âçàèìîäåéñòâóåò ñ ïî-
âåðõíîñòíûì ñëîåì îáðàáàòûâàåìûõ äåòàëåé è
ÿâëÿåòñÿ ðåçóëüòàòîì âëèÿíèÿ íà êàæäûé ôåððî-
ìàãíèòíûé ñâîáîäíîäâèæóùèéñÿ èíäåíòîð öåëîãî
ðÿäà ñèë è ìîìåíòîâ.

4. Äîêàçàíî, ÷òî äëÿ óñòîé÷èâîãî ïðîöåññà
ìàãíèòîîæèæåíèÿ âðàùàþùåãîñÿ ñëîÿ ïîäâîäè-
ìàÿ è äèññèïèðóåìàÿ ýíåðãèè äîëæíû áûòü ïðè-
ðàâíåíû. Òàêèì îáðàçîì, ìàãíèòîîæèæåííûé
âðàùàþùèéñÿ ñëîé ïåðåéäåò èç ìàãíèòîîæèæåí-
íîãî ñîñòîÿíèÿ â òâåðäóþ ôàçó, êîãäà èíäóêöèÿ
ÂÝÌÏ áóäåò íèæå 0,08 Òë.

5. Íà îñíîâå ìîäåëèðîâàíèÿ ýíåðãåòè÷åñêîãî
áàëàíñà ïîëó÷åíà çàâèñèìîñòü äëÿ îöåíêè ýíåð-
ãåòè÷åñêèõ õàðàêòåðèñòèê ôåððîìàãíèòíûõ ñâî-
áîäíîäâèæóùèõñÿ èíäåíòîðîâ â ÂÝÌÏ, ïîçâîëÿ-
þùàÿ îáîñíîâàòü ñèëîâûå óñëîâèÿ èìïóëüñíîãî
âîçäåéñòâèÿ, êîòîðûå îáåñïå÷èâàþò ïëàñòè÷åñêóþ
äåôîðìàöèþ â çîíå êîíòàêòà èíäåíòîðà ñ îáðà-
áàòûâàåìîé ïîâåðõíîñòüþ è, êàê ñëåäñòâèå, ðàç-
âèòèå óïðî÷íÿþùåãî ýôôåêòà.

6. Õàðàêòåð ýíåðãîñèëîâîãî âîçäåéñòâèÿ èí-
äåíòîðîâ íà îáðàáàòûâàåìûé ïîâåðõíîñòíûé ñëîé
çàâèñèò îò ñòåïåíè èõ ñòåñíåííîãî ñîñòîÿíèÿ â
ÌÎÂ-ñëîå. Ýêñïåðèìåíòàëüíî ïîäòâåðæäåíî, ÷òî
â ðàáî÷åé êàìåðå óñòðîéñòâà äîëæíî áûòü íå áî-
ëåå òðåõ êîíöåíòðè÷íî ðàñïîëîæåííûõ êîëüöåâûõ
ñëî¸â ôåððîìàãíèòíûõ ñâîáîäíîäâèæóùèõñÿ èí-
äåíòîðîâ ïðè òîëùèíå ñëîÿ, ñîèçìåðèìîé ñ äëè-
íîé èíäåíòîðà.

7. Íà îñíîâå òåîðåòèêî-âåðîÿòíîñòíûõ ïðåä-
ñòàâëåíèé îïðåäåëåíà çàâèñèìîñòü, ïîçâîëÿþùàÿ
ïðîãíîçèðîâàòü ïðîäîëæèòåëüíîñòü ìàãíèòîäèíà-
ìè÷åñêîé óïðî÷íÿþùåé îáðàáîòêè è, ñîîòâåò-
ñòâåííî, îöåíèòü ïðîèçâîäèòåëüíîñòü ïðîöåññà.

8. Ïðåäñòàâëåííûå äëÿ îïðåäåëåíèÿ ïàðàìåò-
ðîâ êà÷åñòâà óïðî÷íåííîé â ïðîöåññå îáðàáîòêè
ìàãíèòîäèíàìè÷åñêèì ìåòîäîì ïîâåðõíîñòè àíà-
ëèòè÷åñêèå çàâèñèìîñòè ñ äîñòàòî÷íîé äîñòîâåð-
íîñòüþ îïðåäåëÿþò âëèÿíèå íà åå ôîðìèðîâàíèå
ýíåðãåòè÷åñêîãî ñîñòîÿíèÿ è ðàçìåðîâ ôåððîìàã-
íèòíûõ èíäåíòîðîâ, èñõîäíîãî ñîñòîÿíèÿ ãåîìåò-
ðè÷åñêèõ õàðàêòåðèñòèê ïîâåðõíîñòè, à òàêæå
ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà, ïîäâåðãàåìîãî
îáðàáîòêå. Â ðåçóëüòàòå èññëåäîâàíèé ïîêàçàíî,
÷òî ïðåäñòàâëåííûå àíàëèòè÷åñêèå çàâèñèìîñòè

ñ ïîãðåøíîñòüþ 10—15% ìîãóò áûòü èñïîëüçîâà-
íû ïðè ïðîåêòèðîâàíèè òåõíîëîãèè ìàãíèòîäè-
íàìè÷åñêîé óïðî÷íÿþùåé îáðàáîòêè äåòàëåé.

9. Ðàçðàáîòàí àëãîðèòì, îïðåäåëÿþùèé òåõíî-
ëîãè÷åñêèå óñëîâèÿ îáðàáîòêè, äàíû ðåêîìåíäà-
öèè ïî êîíñòðóêòèâíîìó èñïîëíåíèþ óñòðîéñòâ
ñ ÂÝÌÏ, íà îñíîâå êîòîðûõ âîçìîæíî ôîðìàëè-
çîâàòü ïðîåêòèðîâàíèå îïåðàöèé óïðî÷íÿþùåé
îáðàáîòêè ìàãíèòîäèíàìè÷åñêèì ìåòîäîì, ÷òî
ñïîñîáñòâóåò ïîâûøåíèþ ýôôåêòèâíîñòè ïðîöåñ-
ñà òåõíîëîãè÷åñêîé ïîäãîòîâêè ïðîèçâîäñòâà â
ÑÀÏÐ ÒÏ.

10. Èñïîëüçîâàíèå óñòàíîâîê ïðîõîäíîãî òèïà,
ðåàëèçóþùèõ ìàãíèòîäèíàìè÷åñêèé ìåòîä ÏÏÄ,
ïî ñðàâíåíèþ ñ èìåþùåéñÿ íà ÒÀÍÒÊ èì.
Ã.Ì. Áåðèåâà òåõíîëîãèåé óïðî÷íåíèÿ íà
ÓÄÏ-2,5, ïîçâîëÿåò ñóùåñòâåííî ñíèçèòü ýíåðãî-
¸ìêîñòü è ìàòåðèàëî¸ìêîñòü îáîðóäîâàíèÿ,
óìåíüøèòü òåõíîëîãè÷åñêîå âðåìÿ îáðàáîòêè, ñî-
êðàòèòü âñïîìîãàòåëüíîå âðåìÿ íà óñòàíîâêó äå-
òàëåé è òàêèì îáðàçîì ïîâûñèòü ïðîèçâîäèòåëü-
íîñòü ïðîöåññà óïðî÷íåíèÿ, îáåñïå÷èâ ïðè ýòîì
ïàðàìåòðû êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ, ðåãëà-
ìåíòèðóåìûå òåõíè÷åñêèìè òðåáîâàíèÿìè.
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Àbstract

The article gives an account of the studies of
hardening treatment of long thin-walled parts
employing imposition of magneto-dynamic effect. It
presents characteristics of movement of the
ferromagnetic indenters moving freely in rotating
magnetic field (REMF) and thermodynamic model,
which determines energy characteristics of
ferromagnetic indenters moving freely in REMF. The
article describes characteristics of its impulse function
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on the processed surface, as well as the degree of their
effective loading. It presents analytical dependencies,
allowing objectively ensure prediction of the surface
layer parameters of quality while its forming, and
productivity of magneto-dynamic hardening
treatment. A technique for technological process
developing of parts treatment operation with
magnetodunamic effect imposition. Recommendations
on the design of devices with REMF, as well as
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technological outfit means, allowing enhancing
efficiency of their employing in the parts hardening
treatment technology, are given.

The purpose of the study consists in developing a
hardening treatment technology by surface plastic
deformation of long thin-walled parts with magneto-
dynamic effect imposition and practical
recommendations on its application.

The following conclusions were made by the
results of the conducted study:

1. The rotating electromagnetic field application
as an energy source of the freely moving ferromagnetic
indenters is the basis for developing and improving of
a new method for parts hardening treatment, called
magneto-dynamic processing.

2. Magnetohydrodynamic treatment enhances
technological capabilities of hardening treatment by
freely moving indenters, and ensures efficiency
increasing of finishing-strengthening treatment of the
inner cavities of long thin parts.

3. Technological effect of the magneto-dynamic
processing is stipulated by the motion of a large
number of ferromagnetic freely moving indenters,
placed into the REMF, forming in gross amount a
magneto-liquefied moving layer. This layer interacts
with the surface layer of the processed parts, being the
result of the effect on each ferromagnetic freely
moving indenter of the whole row of forces and
moments.

4. It was proved that for stable magneto-
liquefaction process of the rotating layer both input
and dissipated energies should be set equal in such a
way that the magneto-liquefied moving layer would
transfer from liquefied phase to a hard one under
condition when the REMF induction would be less
than 0.08 Tl.

5. Based on the energy balance modelling the
dependency for energy characteristics evaluation of
ferromagnetic indenters freely moving in the REMF
was obtained. It allows substantiate the force
conditions of the shock-pulse impact, which ensure
plastic deformation in contact zone of indenter with
the processed surface and, as a consequence, the
hardening effect development.

6. The nature of the energy-force action of
indenters on the processed surface layer depends on
the degree of their constricted state in the MRF layer.
It was confirmed experimentally that the loading
quantity of freely moving ferromagnetic indenters,
which formed the MRF layer, into the processing
chamber of the device should not exceed three
concentrically arranged layers, commensurable with
the indenter length.

7. Based on theoretical and probabilistic
representations, the dependence allowing predicting
duration of the magneto-dynamic hardening treatment
and correspondingly evaluate the process productivity
was obtained.

8. The presented analytical dependencies for
determining quality parameters of the surface hardened
while magneto-dynamic method processing determine
with adequate fidelity the effect of energy condition
and size of ferromagnetic indenters, the initial state
of the surface geometry, as well as mechanical
properties of the material, subjected to the treatment,
on their formation. The results of the studies
demonstrate that the presented analytical
dependencies can be employed while developing
magneto-dynamic parts hardening treatment
technology with with an accuracy to 10–15%.

9. An algorithm, determining technological
conditions of treatment was developed.
Recommendations are given on embodiment of the
devices with REFM , on which basis formalization of
operations for hardening procession by magneto-
dynamic method are possible. It contributes to
effectiveness enhancing of the production planning
process employing CAD TP

10. Application of feed-through type installations,
realizing magneto-dynamic processing method
compared to the existing hardening technology with
UPD-2.5 allows significantly decrease both energy and
materials consumption of the equipment, reduce
technological processing time, decrease auxiliary time
on parts setting and, thus, increase the productivity
of hardening process, ensuring herewith quality
parameters of the surface layer, regulated by technical
requirements.

Keywords: magneto-dynamic treatment,
hardening, surface quality parameters, surface plastic
deformation (SPD), rotating electromagnetic field
(REMF), ferromagnetic indenter, magnetically
fluidized rotating (MFR) layer.
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