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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ â àâèàöèîííîé è ðàêåòíî-
êîñìè÷åñêîé ïðîìûøëåííîñòè èäåò àêòèâíîå îñ-
âîåíèå óæå ñóùåñòâóþùèõ è ðàçðàáîòêà íîâûõ
ëåòàòåëüíûõ àïïàðàòîâ (ËÀ), ê êîòîðûì ïðåäúÿâ-
ëÿþòñÿ ïîâûøåííûå ýêñïëóàòàöèîííûå òðåáîâà-
íèÿ, òðåáîâàíèÿ ïî íàäåæíîñòè, äîëãîâå÷íîñòè
è ò.ä. Ðàçðàáîòêà íîâûõ êîíñòðóêöèé èçäåëèé
àâèàöèîííîé è ðàêåòíî-êîìè÷åñêîé ïðîìûøëåí-
íîñòè îñíîâàíà íà èñïîëüçîâàíèè ïåðåäîâûõ äî-
ñòèæåíèé â îáëàñòè ìàòåðèàëîâåäåíèÿ è òåõíîëî-
ãèè èçãîòîâëåíèÿ äåòàëåé. Â êîíñòðóêöèÿõ ïðèìå-
íÿþòñÿ ìàòåðèàëû, ïîçâîëÿþùèå óìåíüøèòü ìàñ-
ñó ËÀ, íî ïðè ýòîì îòâå÷àþùèå âûñîêèì òðåáî-
âàíèÿì ê ïðî÷íîñòè, íàäåæíîñòè, èçíîñîñòîéêî-
ñòè. Ïðè îáðàáîòêå ïîäîáíûõ ìàòåðèàëîâ âîçíè-
êàþò òðóäíîñòè â âûáîðå ìåòîäà è ñðåäñòâ, òàê êàê
ïîìèìî êà÷åñòâà, ïîëó÷åíèÿ ðàçìåðíûõ õàðàêòå-
ðèñòèê è íåîáõîäèìîé øåðîõîâàòîñòè ïîâåðõíî-
ñòè íàäëåæèò âûïîëíèòü ðÿä òåõíîëîãè÷åñêèõ òðå-
áîâàíèé, ïðè ýòîì îáåñïå÷èâ íàèìåíüøóþ ñåáå-
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 25.12.2018

Ïðåäñòàâëåíû ðåçóëüòàòû òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïðîöåññà ãèäðîàáðàçèâíîé ðåç-
êè ðàçëè÷íûõ ìàòåðèàëîâ. Ïðîèçâåäåíû òåîðåòè÷åñêèå èññëåäîâàíèÿ âîçíèêíîâåíèÿ çîíû âîëíèñòîãî è ãëàäêî-
ãî ðåçà. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü ôîðìèðîâàíèÿ øåðîõîâàòîñòè ïîâåðõíîñòè ðåçà ïî ãëóáèíå ñå÷åíèÿ
ðåçà. Ðàçðàáîòàíà ìåòîäèêà îïòèìèçàöèè ïðîöåññà ãèäðîàáðàçèâíîé ðåçêè. Ïðîâåäåíû èñïûòàíèÿ ìåòîäèêè îï-
òèìèçàöèè â óñëîâèÿõ ðåàëüíîãî ïðîèçâîäñòâà.

Êëþ÷åâûå ñëîâà: ãèäðîàáðàçèâíàÿ ðåçêà, àáðàçèâ, ïîäà÷à, øåðîõîâàòîñòü ïîâåðõíîñòè ðåçà, ñêîðîñòü ðåçêè,
ïîäà÷à ñîïëà, çåðíèñòîñòü àáðàçèâà, îïòèìèçàöèÿ, ìèêðîñòðóæêà, çîíû ðåçà, äàâëåíèå ðåæóùåé ñòðóè, êðèòåðèè
îïòèìèçàöèè.

ñòîèìîñòü èçãîòîâëåíèÿ. Â çàãîòîâèòåëüíîì ïðî-
èçâîäñòâå ïðè ðàñêðîå äàííûõ ìàòåðèàëîâ ïðèìå-
íåíèå ìåõàíè÷åñêîé îáðàáîòêè íåöåëåñîîáðàçíî
ââèäó ìàëîé ïðîèçâîäèòåëüíîñòè, à èñïîëüçîâà-
íèå ëàçåðíîé èëè ïëàçìåííîé ðåçêè íåâîçìîæíî
äëÿ íåêîòîðûõ òèïîâ ìàòåðèàëîâ. Íàïðèìåð, ýòè
âèäû ðàñêðîÿ íåëüçÿ ïðèìåíÿòü äëÿ ðàñêðîÿ
ñòàëüíûõ çàãîòîâîê, òàê êàê íà êðîìêå îáðàçóåò-
ñÿ ãðàò è îí âûñòóïàåò êîíöåíòðàòîðîì íàïðÿæå-
íèé, àëþìèíèåâûå è òèòàíîâûå ñïëàâû íåëüçÿ îá-
ðàáàòûâàòü, òàê êàê îíè èìåþò âûñîêóþ îòðàæà-
þùóþ ñïîñîáíîñòü, à ïîëèìåðêîìïîçèöèîííûå
ìàòåðèàëû (ÏÊÌ) ðàñïëàâëÿþòñÿ. Èñïîëüçîâàíèå
ãèäðîàáðàçèâíîé ðåçêè äëÿ îáðàáîòêè äàííûõ
âèäîâ ìàòåðèàëîâ ïîçâîëÿåò îïòèìèçèðîâàòü ñî-
îòíîøåíèå öåíà – êà÷åñòâî ðåçà.

Äëÿ àâèàöèîííîé è ðàêåòíî-êîñìè÷åñêîé ïðî-
ìûøëåííîñòè ñâîéñòâåííî ìåëêîñåðèéíîå ïðîèç-
âîäñòâî, à èíîãäà è åäèíè÷íîå. Ñ öåëüþ óìåíüøå-
íèÿ ïðîèçâîäñòâåííûõ çàòðàò, à òàêæå ðàñøèðå-
íèÿ ïðîèçâîäñòâåííûõ âîçìîæíîñòåé ìîäåðíèçè-
ðóåòñÿ ïàðê îáîðóäîâàíèÿ îáîðîííî-ïðîìûøëåí-
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íîãî êîìïëåêñà, à òàêæå âíåäðÿþòñÿ ïðîãðåññèâ-
íûå òåõíîëîãèè ïðîèçâîäñòâà äåòàëåé ëåòàòåëüíûõ
àïïàðàòîâ. Â åäèíè÷íîì è îïûòíîì ïðîèçâîäñòâå
èçãîòîâëåíèå øòàìïîâàííûõ è ëèòåéíûõ çàãîòî-
âîê íå ÿâëÿåòñÿ ðåíòàáåëüíûì, ââèäó äîðîãîâèç-
íû èçãîòîâëåíèÿ òåõíîëîãè÷åñêîé îñíàñòêè:
øòàìïîâ, ëèòåéíîé îñíàñòêè è ïðåññôîðì. Ñðîê
ïðîåêòèðîâàíèÿ è èçãîòîâëåíèÿ îñíàñòêè ñîñòàâ-
ëÿåò íåñêîëüêî ìåñÿöåâ.  Ïîýòîìó âñå ÷àùå èñ-
ïîëüçóþò çàãîòîâêè â âèäå ïîêîâîê èëè âûðåçà-
þò ïðèáëèæåííûå ïî êîíòóðó äåòàëè èç òîëñòî-
ëèñòîâûõ ïëèò.

Îäèí èç íàèáîëåå ñîâðåìåííûõ è ïåðñïåêòèâ-
íûì ìåòîäîâ ðàñêðîÿ è ïîëó÷åíèÿ ãîòîâûõ äåòà-
ëåé — ìåòîä ãèäðîàáðàçèâíîé ðåçêè. Øèðîêèå
äèàïàçîíû îáðàáàòûâàåìûõ òîëùèí ìàòåðèàëîâ,
âîçìîæíîñòü ðåçêè ïðàêòè÷åñêè ëþáûõ ìàòåðèà-
ëîâ, âûñîêàÿ ïðîèçâîäèòåëüíîñòü, ïîëó÷åíèå âû-
ñîêîãî êà÷åñòâà ïîâåðõíîñòè ðåçà, âîçìîæíîñòü
îáðàáîòêè äåòàëåé ñëîæíîé ãåîìåòðèè äåëàþò
ýòîò ìåòîä îáðàáîòêè íàèáîëåå âîñòðåáîâàííûì
â óñëîâèÿõ ñîâðåìåííîãî ïðîèçâîäñòâà ËÀ, ñóäî-
ñòðîåíèÿ è ò ä. Îòñóòñòâèå òåðìè÷åñêîãî âîçäåé-
ñòâèÿ íà ìàòåðèàë, íèçêàÿ ñèëà ðåçàíèÿ, ýðîçèîí-
íûé õàðàêòåð ðàçðóøåíèÿ ïîçâîëÿþò èçáåæàòü
ðàçâèòèÿ âíóòðåííèõ íàïðÿæåíèé â çîíå ðåçà [5].
Ãèäðîàáðàçèâíàÿ ðåçêà äàåò âîçìîæíîñòü ïðîèç-
âîäèòü îáðàáîòêó êàê â 3-, òàê è â 5-êîîðäèíàò-
íûõ îñÿõ, ïîëó÷àòü êàê çàãîòîâêè ñ ìèíèìàëüíûì
ïðèïóñêîì, òàê è ãîòîâûå äåòàëè, äåòàëè ñ ðàçäåë-
êîé êðîìîê ïîä äàëüíåéøóþ ñâàðêó.

Ïðîöåññ ãèäðîàáðàçèâíîé ðåçêè ñëîæíûé,
ìàëîèçó÷åííûé, íà åãî ðåçóëüòàò âëèÿåò ìíîæå-
ñòâî òåõíîëîãè÷åñêèõ ïàðàìåòðîâ, òàêèõ, êàê äàâ-
ëåíèå ðåæóùåé ñòðóè, ïîäà÷à ñîïëà, çåðíèñòîñòü,

òâåðäîñòü, ðàñõîä àáðàçèâà, ðàññòîÿíèå îò ñîïëà
äî îáðàáàòûâàåìîé ïîâåðõíîñòè, ôèçèêî-ìåõàíè-
÷åñêèå õàðàêòåðèñòèêè îáðàáàòûâàåìîãî ìàòåðè-
àëà. Â Ðîññèè íå ïðîèçâîäÿò îáîðóäîâàíèå äëÿ
ãèäðîàáðàçèâíîé îáðàáîòêè. Îäíèìè èç âåäóùèõ
ïðîèçâîäèòåëåé ÿâëÿþòñÿ òàêèå ôèðìû, êàê Flow,
Waterjet. Äàííûå ïðîèçâîäèòåëè èçãîòàâëèâàþò
îáîðóäîâàíèå äëÿ ãèäðîàáðàçèâíîé ðåçêè ñ ×ÏÓ.
Ïðîöåññ ðåçêè çàâèñèò îò ìîùíîñòè íàñîñà âû-
ñîêîãî äàâëåíèÿ, êîòîðûé íàãíåòàåò äàâëåíèå
ðåæóùåé ñòðóè (ïîðÿäêà 6000 áàð). Ñòðóÿ âîäû
êàëèáðóåòñÿ ÷åðåç äþçó, è äàëåå, ïîïàäàÿ â ñìå-
øèâàþùóþ òðóáêó, ñìåøèâàåòñÿ ñ àáðàçèâîì.
Òðóáêà âûïîëíÿåòñÿ èç òâåðäîãî ñïëàâà, è åå ðå-
ñóðñ îãðàíè÷åí.  Ñëîæíîñòü ïðîåêòèðîâàíèÿ òåõ-
íîëîãè÷åñêîãî ïðîöåññà ðåçêè çàêëþ÷àåòñÿ â âû-
áîðå îïòèìàëüíûõ ðåæèìîâ ðåçàíèÿ, ïðè êîòîðûõ
áóäåò îáåñïå÷èâàòüñÿ çàäàííîå êà÷åñòâî ïîâåðõ-
íîñòíîãî ñëîÿ äåòàëè ïðè íàèìåíüøèõ çàòðàòàõ.
Ïðîèçâîäèòåëè îáîðóäîâàíèÿ ïðèâîäÿò ðåêîìåí-
äóåìûå ïàðàìåòðû îáðàáîòêè â âèäå òàáëèö, ãäå
ïðåäñòàâëåíû ëèøü íåêîòîðûå ìàòåðèàëû è êà÷å-
ñòâî ðåçà äåëèòñÿ íà ÷åòûðå ãðóïïû: ðàçäåëèòåëü-
íûé ðåç, ãðóáûé, êà÷åñòâåííûé è òîíêèé. Â äàí-
íûõ òàáëèöàõ îòñóòñòâóþò ñîîòíîøåíèå êà÷åñòâà
ðåçà è øåðîõîâàòîñòè ïîâåðõíîñòè ðåçà, à òàêæå
çàâèñèìîñòü ðàçìåðíûõ õàðàêòåðèñòèê äåòàëåé îò
ïàðàìåòðîâ îáðàáîòêè [18—21].

Ïîìèìî äîñòîèíñòâ, åñòü è íåäîñòàòêè ó äàí-
íîé òåõíîëîãèè, îäíèì èç êîòîðûõ ÿâëÿåòñÿ íå-
ðàâíîìåðíîñòü ðàñïðåäåëåíèÿ øåðîõîâàòîñòè
ïîâåðõíîñòè ðåçà ïî ãëóáèíå ñå÷åíèÿ, à òàêæå
óõóäøåíèå êà÷åñòâà ïîâåðõíîñòè ïðè óâåëè÷åíèè
ïîäà÷è ñîïëà. Ïîâåðõíîñòü ðåçà óñëîâíî ðàçäåëÿ-
þò íà çîíó ãëàäêîãî è âîëíèñòîãî ðåçà (ðèñ. 1).

Ðèñ. 1. Ñõåìà îáðàçîâàíèÿ çîí ãëàäêîãî è âîëíèñòîãî ðåçà
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Ó âåðøèíû ðåçà îáðàçóåòñÿ ãëàäêàÿ ïîâåðõíîñòü
ñ ðàâíîìåðíîé äîñòàòî÷íî íèçêîé øåðîõîâàòîñ-
òüþ, à ó îñíîâàíèÿ ðåçà îáðàçóåòñÿ ïîâåðõíîñòü ñ
ãðóáîé øåðîõîâàòîñòüþ è âîëíèñòîñòüþ.

Àíàëèç îïóáëèêîâàííûõ ðàáîò ïîêàçàë îòñóò-
ñòâèå çàâèñèìîñòåé øåðîõîâàòîñòè ïîâåðõíîñòè
ðåçà îò îñíîâíûõ òåõíîëîãè÷åñêèõ ïàðàìåòðîâ
îáðàáîòêè (äàâëåíèÿ ñòðóè, çåðíèñòîñòè, ðàçìå-
ðà, ðàñõîäà àáðàçèâà, ôèçèêî-ìåõàíè÷åñêèõ ïàðà-
ìåòðîâ ìàòåðèàëà è ò ä). Òåõíîëîã íà ïðîèçâîä-
ñòâå ñòàëêèâàåòñÿ ñ òðóäíîñòüþ îïðåäåëåíèÿ íå
òîëüêî øåðîõîâàòîñòè ïîâåðõíîñòè ðåçà, íî è ðàç-
ìåðîâ çîíû ãëàäêîãî è âîëíèñòîãî ðåçà. Îòñóò-
ñòâèå àäåêâàòíûõ òåîðåòè÷åñêèõ ìîäåëåé ôîðìè-
ðîâàíèÿ ïðîôèëÿ øåðîõîâàòîñòè íå ïîçâîëÿåò
îïòèìèçèðîâàòü ïðîöåññ ðåçêè ñ ó÷åòîì òðåáîâà-
íèé çàäàííîé øåðîõîâàòîñòè [1, 7, 9—17].

Ïðåäëàãàåìàÿ ìåòîäèêà îïòèìèçàöèè ïðîöåññà
ðåçêè ïî çàäàííîìó çíà÷åíèþ øåðîõîâàòîñòè ïî-
çâîëÿåò ïðèìåíÿòü ðåçóëüòàòû äàííîé ðàáîòû ïðè
ðàçðàáîòêå òåõíîëîãè÷åñêèõ ïðîöåññîâ íà âåäó-
ùèõ ïðåäïðèÿòèÿõ àâèàñòðîåíèÿ, ñóäîñòðîåíèÿ è
îáùåãî ìàøèíîñòðîåíèÿ.

Òåîðåòè÷åñêèå èññëåäîâàíèÿ ïðîöåññà
ôîðìèðîâàíèÿ ïðîôèëÿ øåðîõîâàòîñòè
ïîâåðõíîñòè ðåçà ïðè ãèäðîàáðàçèâíîé ðåçêå

Íà îñíîâå ìåòîäîâ îïòèìèçàöèè ñúåìà ìåòàë-
ëà ïðè åäèíè÷íîì âçàèìîäåéñòâèè àáðàçèâíîãî
çåðíà ïðè îáðàáîòêå ìàòåðèàëà äåòàëè ñâîáîäíûì
àáðàçèâîì, ïðåäëîæåííûõ Ì.À. Òàìàðêèíûì, à
òàêæå ðåçóëüòàòîâ èññëåäîâàíèé À.Â. Êîðîëåâà ïî
ôîðìèðîâàíèþ øåðîõîâàòîñòè ïðè øëèôîâàíèè
ïîëó÷åíà çàâèñèìîñòü ôîðìèðîâàíèÿ ïðîôèëÿ
øåðîõîâàòîñòè ïîâåðõíîñòè ðåçà ïðè ãèäðîàáðà-
çèâíîé ðåçêå [2, 3, 6].

Øåðîõîâàòîñòü ïîâåðõíîñòè äåòàëè ïîñëå îá-
ðàáîòêè ñâîáîäíûìè àáðàçèâàìè ïðåäñòàâëÿåò

ñîáîé ñîâîêóïíîñòü àáðàçèâíûõ öàðàïèí, îñòàâ-
ëåííûõ ÷àñòèöàìè. Íåðîâíûå êðàÿ ñðåçà (ðèñ. 2)
îáðàçóþòñÿ âñëåäñòâèå íàëîæåíèÿ îäíîé öàðàïè-
íû íà äðóãóþ. Åñëè ïðåäïîëîæèòü, ÷òî ÷àñòèöû
àáðàçèâà îñòàâëÿþò ïîëíûå ñðåçû, òî ñóììà øè-
ðèíû âñåõ ïîëíûõ ñðåçîâ íà íåêîòîðîì óðîâíå
íîðìàëüíîãî ñå÷åíèÿ áóäåò ðàâíÿòüñÿ øèðèíå îá-
ðàáàòûâàåìîãî ó÷àñòêà:

ñå÷

åä
1

,
z

i
i

b L


                      (1)

ãäå zñå÷ — êîëè÷åñòâî çåðåí, îñòàâèâøèõ ñâîé ñëåä
â äàííîì íîðìàëüíîì ñå÷åíèè äåòàëè, à âåðøè-
íû âñåõ íåðîâíîñòåé â ñå÷åíèè AMCD ðàñïîëî-
æàòñÿ íà îäíîé ëèíèè (àíàëîãè÷íî ïðîöåññó øëè-
ôîâàíèÿ ïðè ãëóáèíå ðåçàíèÿ áîëüøåé Íóñ).

Íà óðîâíå, ãäå ñóììà âñåõ ÷àñòèö, ïðîøåäøèõ
÷åðåç äàííîå ñå÷åíèå äåòàëè, ðàâíà øèðèíå îáðà-
áàòûâàåìîãî ó÷àñòêà, ðàñïîëîæåíà ñðåäíÿÿ ëèíèÿ
ìåæäó âåðøèíàìè âñåõ íåðîâíîñòåé â äàííîì
íîðìàëüíîì ñå÷åíèè. Ó÷èòûâàÿ, ÷òî âåëè÷èíû zñå÷
è Låä ñâÿçàíû ìåæäó ñîáîé, ðàñ÷åòû ïðîèçâåëè íà
åäèíèöå äëèíû íîðìàëüíîãî ñå÷åíèÿ äåòàëè Låä.

Óñëîâíóþ âûñîòó íåðîâíîñòåé îáðàáàòûâàå-
ìîé ïîâåðõíîñòè îïðåäåëèëè ïðè óñëîâèè, ÷òî
èìåííî íà ýòîé âûñîòå âûïîëíÿåòñÿ ðàâåíñòâî

0 0
0

0,5 ïðè 0 ,
k

i
i i

h
z z h H

H

 
    

 
        (2)

ãäå zi — ÷èñëî ëóíîê íà óðîâíå li îò îòïå÷àòêà
íàèáîëüøåé ãëóáèíû hmax; z0 — íîìèíàëüíîå êî-
ëè÷åñòâî âçàèìîäåéñòâóþùèõ ÷àñòèö íà ðàññìàò-
ðèâàåìîì ó÷àñòêå ðàáî÷åé ñðåäû; H0 — ðàçíîñòü
ãëóáèí ñëåäîâ; k — ïîêàçàòåëü ðàñïðåäåëåíèÿ ãëó-
áèíû îòïå÷àòêîâ.

Ðèñ. 2. Ñõåìà îáðàçîâàíèÿ ïðîôèëÿ øåðîõîâàòîñòè ïîâåðõíîñòè ïðè îáðàáîòêå ñâîáîäíûìè àáðàçèâàìè
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Äëÿ ðàñ÷åòà øåðîõîâàòîñòè ïðèíèìàåòñÿ ïðå-
äåëüíî ìàëûé óãîë âíåäðåíèÿ ÷àñòèö   — äî 1°.

Ñóììà ãëóáèí âñåõ öàðàïèí, îñòàâëåííûõ ÷à-
ñòèöàìè â íîðìàëüíîì ñå÷åíèè ÀÌÑÄ:

ñå÷
2

max
1 1 max

1 ,
z z

i
i

i i

h
a h

h 

 
   

 
             (3)

ãäå zñå÷ — îáùåå ÷èñëî âñåõ çåðåí, êîíòàêò êîòî-
ðûõ âîçìîæåí ñ äàííûì íîðìàëüíûì ñå÷åíèåì
äåòàëè.

Íà óðîâíå AM zñå÷ èìååò âèä

ñå÷
óñ

0
0

0,5 .
k

H
z z

H

 
   

 
                (4)

Âåëè÷èíà Hóñ îïðåäåëÿåòñÿ çàâèñèìîñòüþ

åä
óñ 0

max 0

.
0,32

L
H H

h z
                (5)

Ìàêñèìàëüíàÿ ãëóáèíà âíåäðåíèÿ ÷àñòèöû
îïèñàíà â ðàáîòå Ì.À. Òàìàðêèíà, äëÿ ãèäðîàá-
ðàçèâíîé ðåçêè ñîîòâåòñòâåííî ïðèìåì [6, 8]

äèí ÷
max

ñì

2
sin ,

3L
s s

P
h DK

c k


 

             (6)

ãäå ÷  – ïëîòíîñòü ìàòåðèàëà ÷àñòèö, êã/ì3; ks —

êîýôôèöèåíò, ó÷èòûâàþùèé âëèÿíèå øåðîõîâà-
òîñòè ïîâåðõíîñòè äåòàëè íà ïëîùàäü ôàêòè÷åñ-
êîãî êîíòàêòà; Ðäèí – äèíàìè÷åñêîå äàâëåíèå

ñìåñè, Ïà; ñì  – ïëîòíîñòü ðàáî÷åé ñìåñè æèä-

êîñòè è ÷àñòèö, êã/ì3; D — äèàìåòð ÷àñòèöû, ì;
ÊL – êîýôôèöèåíò ïîòåðü, ó÷èòûâàþùèé ðàññòî-
ÿíèå îò ñîïëà äî ïîâåðõíîñòè îáðàáàòûâàåìîé
äåòàëè; c — êîýôôèöèåíò, îöåíèâàþùèé íåñóùóþ

ñïîñîáíîñòü êîíòàêòíîé ïîâåðõíîñòè; s  — ïðå-

äåë ïðî÷íîñòè ìàòåðèàëà äåòàëè, Ïà.
Ñðåäíåå àðèôìåòè÷åñêîå îòêëîíåíèå ïðîôè-

ëÿ óñòàíîâèâøåéñÿ øåðîõîâàòîñòè:

åä0

max 0

.
3,6

LH
Ra

h z
                    (7)

Ýêñïåðèìåíòàëüíî äëÿ ãèäðîàáðàçèâíîé ðåç-
êè çíà÷åíèå Í0 íåâîçìîæíî îïðåäåëèòü. Çåðíèñ-
òîñòü àáðàçèâà, ìåõàíè÷åñêèå ñâîéñòâà îáðàáàòû-
âàåìîãî ìàòåðèàëà è ðåæèìû îáðàáîòêè âëèÿþò íà

Í0, òàê æå êàê è íà hmax. Ïî îïðåäåëåíèþ, âåëè-
÷èíà hmax âûøå, ÷åì H0. Äëÿ ãèäðîàáðàçèâíîé ðåç-
êè ïðèíÿëè:

max
0 .

2

h
H                        (8)

Ïðèíèìàåòñÿ çàâèñèìîñòü äëÿ ðàñ÷¸òà óñëîâ-
íîé âûñîòû è ñðåäíåãî àðèôìåòè÷åñêîãî îòêëî-
íåíèÿ ïðîôèëÿ óñòàíîâèâøåéñÿ øåðîõîâàòîñòè:

max åä
óñ

0

0,88 ;
h L

H
z

                      (9)

max åä

0

7,2 .
h L

Ra
z

                     (10)

Ïîñêîëüêó âåðîÿòíîñòü ñîâåðøåíèÿ ìèêðîðå-
çàíèÿ ÷àñòèöàìè â êàêîé-ëèáî ôèêñèðîâàííûé
èíòåðâàë âðåìåíè çàâèñèò îò ïðîäîëæèòåëüíîñòè
èíòåðâàëà è íå çàâèñèò íè îò íà÷àëà åãî îòñ÷åòà,
íè îò âîçìîæíîñòè ðåàëèçàöèè ïðåäûäóùèõ èëè
ïîñëåäóþùèõ àíàëîãè÷íûõ àêòîâ, òî èìåþòñÿ
îñíîâàíèÿ ñ÷èòàòü ðàññìàòðèâàåìûé ïîòîê ñîáû-
òèé ñîîòâåòñòâóþùèì ðàñïðåäåëåíèþ Ïóàññîíà.

Â çàêîíå Ïóàññîíà   — èíòåíñèâíîñòü ïîòîêà
ñîáûòèé. Òàê êàê z0 — ÷èñëî çåðåí, ïðîõîäÿùèõ

÷åðåç åäèíè÷íóþ äëèíó â åäèíèöó âðåìåíè,   —
÷èñëî ïîëåçíûõ âçàèìîäåéñòâèé â åäèíèöó âðåìå-
íè íà ïëîùàäè êâàäðàòà óïàêîâêè, òî ÷åðåç ñòî-

ðîíó êâàäðàòà óïàêîâêè 2R áóäåò ïðîõîäèòü 
÷àñòèö, à ÷åðåç åäèíè÷íóþ äëèíó áóäåò ïðîõîäèòü

â åä

2

L

R
 áîëüøå ÷àñòèö:

max
óñ 1,24 ;

h R
H 


                  (11)

max10,18 ,Ra h R
Ra k


             (12)

ãäå Rak  – êîýôôèöèåíò, ó÷èòûâàþùèé óãîë ïà-

äåíèÿ ñòðóè; R – ðàäèóñ ÷àñòèö, ì.
Ôîðìóëà äëÿ îïðåäåëåíèÿ øåðîõîâàòîñòè ïî-

âåðõíîñòè ðåçà áóäåò èìåòü âèä

äèí ÷2

ñì

2
10,18 2 sin .

3
Ra

L
S S

P
Ra Ê R K

ñ K


 

      (13)
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Çäåñü   — ÷èñëî ïîëåçíûõ âçàèìîäåéñòâèé â åäè-
íèöó âðåìåíè íà ïëîùàäè êâàäðàòà óïàêîâêè.

Âåëè÷èíó   ñëîæíî îïèñàòü òåîðåòè÷åñêè, ïîýòî-
ìó áûëè âûïîëíåíû ýêñïåðèìåíòàëüíûå èññëåäî-
âàíèÿ. Êîëè÷åñòâî ñîóäàðåíèé ìîæíî ïðåäñòàâèòü
êàê ôóíêöèþ îò ïîäà÷è, ðàñõîäà àáðàçèâà, ãëóáè-

íû èçìåðåíèÿ øåðîõîâàòîñòè = f (S, Q, h).

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ âûïîëíÿ-
ëèñü íà áàçå ïðåäïðèÿòèÿ ÐÂÏÊ ÏÀÎ «Ðîñòâåð-
òîë» íà óñòàíîâêå 5-êîîðäèíàòíîé ãèäðîàáðàçèâ-
íîé ðåçêè «Flow». Â êà÷åñòâå àáðàçèâà èñïîëüçî-
âàëñÿ ãðàíàòîâûé ïåñîê çåðíèñòîñòüþ 80 ìêì.

Èçìåðåíèå øåðîõîâàòîñòè ïðîèçâîäèëè íà
öèôðîâîì ïðîôèëîìåòðå Surtronic 25 ôèðìû
Taylor Hobson. Âëèÿíèå âîçäåéñòâèÿ âîäû ïðè
ðåçêå ÏÊÌ èññëåäîâàëè íà äèôôåðåíöèàëüíî
ñêàíèðóþùåì êàëîðèìåòðå DSC 200 F3 Maia ïðî-
èçâîäñòâà NETZSCH. Äëÿ ñòàòèñòè÷åñêîé îáðà-
áîòêè ðåçóëüòàòîâ èññëåäîâàíèé èñïîëüçîâàëàñü
ïðîãðàììà ïðèêëàäíûõ è íàó÷íûõ ðàñ÷åòîâ
MathÑad.

Â êà÷åñòâå ìàòåðèàëîâ äëÿ ýêñïåðèìåíòàëüíûõ
èññëåäîâàíèé áûëè âûáðàíû íàèáîëåå ÷àñòî èñ-
ïîëüçóåìûå â àâèàñòðîåíèè ìàòåðèàëû: ñòàëü
30ÕÃÑÀ â çàêàëåííîì è íåçàêàëåííîì ñîñòîÿíèè
(ðèñ. 3 è 4), àëþìèíèåâûé ñïëàâ Ä16Ò, ïîëèìåð-

êîìïîçèöèîííûé ìàòåðèàë òèïà «ñòåêëîïëàñòèê-
òèòàí». Èññëåäîâàëîñü âëèÿíèå ïîäà÷è íà øåðî-
õîâàòîñòü ïîâåðõíîñòè ðåçà. Îáðàçöû òîëùèíîé
30 ìì ïîäâåðãàëèñü îáðàáîòêå ïðè ñòóïåí÷àòîì
óâåëè÷åíèè ïîäà÷è ñîïëà ðåæóùåé ãîëîâêè îò âå-
ëè÷èíû 5 ìì/ìèí äî òîãî ìîìåíòà, ïîêà íå ïðå-
êðàòèëîñü ñêâîçíîå ðàçðåçàíèå ìåòàëëà.

Äàííûå ýêñïåðèìåíòîâ ïîêàçûâàþò, ÷òî ïðè
óâåëè÷åíèè ïîäà÷è ñîïëà óõóäøàåòñÿ øåðîõîâà-
òîñòü ïîâåðõíîñòè ðåçà, ðàñòåò îòíîøåíèå âûñî-
òû çîíû âîëíèñòîãî ðåçà ê çîíå ãëàäêîãî ðåçà.

Íà îñíîâàíèè ýòèõ äàííûõ áûëè âûïîëíåíû
ñòàòèñòè÷åñêàÿ îáðàáîòêà è ðåãðåññèîííûé àíà-
ëèç, â ðåçóëüòàòå ÷åãî ïîëó÷åíû îäíî- (ðèñ. 5) è
äâóõôàêòîðíûå óðàâíåíèÿ ðåãðåññèè, êîòîðûå ïî-
êàçûâàþò, êàê èçìåíÿåòñÿ øåðîõîâàòîñòü ïîâåðõ-
íîñòè ðåçà ñ óâåëè÷åíèåì ïîäà÷è ñîïëà S, à òàê-
æå ïðè èçìåíåíèè ãëóáèíû èçìåðåíèÿ øåðîõîâà-
òîñòè h (ðèñ. 6 è 7).

Îäíîôàêòîðíîå óðàâíåíèå ðåãðåññèè äëÿ íà-
õîæäåíèÿ âåëè÷èíû øåðîõîâàòîñòè ðåçà íà ãëóáè-
íå èçìåðåíèÿ 10 ìì â çàâèñèìîñòè îò ïîäà÷è S
èìååò âèä

6 9 11 2
10 2,261 10 7,15 10 5,633 10 .Ra S S         (14)

Äâóõôàêòîðíîå óðàâíåíèå ðåãðåññèè äëÿ íà-
õîæäåíèÿ âåëè÷èíû øåðîõîâàòîñòè ïîâåðõíîñòè
ðåçà â çàâèñèìîñòè îò ïîäà÷è S è ãëóáèíû èçìå-

Ðèñ. 3. Ïîâåðõíîñòü ðåçà  îáðàçöà èç ñòàëè 30ÕÃÑÀ òîëùèíîé 30 ìì ïðè óâåëè÷åíèè ïîäà÷è (ñïðàâà íàëåâî):
à — ïîäà÷à îò 5 äî 40 ìì/ìèí; á — ïîäà÷à îò 45 äî 80 ìì/ìèí; â — ïîäà÷à îò 85 äî 120 ìì/ìèí

â)

á)

à)
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ðåíèÿ øåðîõîâàòîñòè h äëÿ ñòàëè 30ÕÃÑÀ â ñîñòî-
ÿíèè ïîñòàâêè èìååò âèä

6 8 7

9 11 2

3,602 10 3,225 10 1,35 10

1,963 10 2,439 10

Ra S h

Sh S h

  

 

      

    

11 2 10 2 11 2

12 3 10 3

9,569 10 8,116 10 6,191 10

5,056 10 1,202 10 .

Sh S h

S h

  

 

      

    (15)

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîâîäèëè
íà çàêàëåííîì ìàòåðèàëå 30ÕÃÑÀ è àëþìèíèåâîì

Ðèñ. 4. Ïîâåðõíîñòü ðåçà  îáðàçöà èç çàêàë¸ííîé ñòàëè 30ÕÃÑÀ òîëùèíîé 30 ìì ïðè óâåëè÷åíèè ïîäà÷è (ñïðàâà
íàëåâî), ïîäà÷à îò 5 äî 120 ìì/ìèí

Ðèñ. 5. Çàâèñèìîñòü øåðîõîâàòîñòè ïîâåðõíîñòè ðåçà ñòàëè 30ÕÃÑÀ íà ãëóáèíå 10 ìì îò ïîäà÷è
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ñïëàâå Ä16Ò (ðèñ. 7, 8). Óñòàíîâëåíî, ÷òî íà áî-
ëåå òâåðäûõ çàãîòîâêàõ øåðîõîâàòîñòü ïîâåðõíî-
ñòè ñòðåìèòåëüíî âîçðàñòàåò ïðè óâåëè÷åíèè ïî-
äà÷è, âûñîòà çîíû âîëíèñòîãî ðåçà ïðåîáëàäàåò
íàä çîíîé ãëàäêîãî ðåçà. Íà çàêàëåííîé ñòàëè
ñêâîçíîå ðàçðåçàíèå ìàòåðèàëà ïðåêðàòèëîñü ïðè

áîëåå íèçêèõ çíà÷åíèÿõ ïîäà÷è, ïî ñðàâíåíèþ ñ
«ñûðîé», íåòåðìîîáðàáîòàííîé ñòàëüþ. Òàêîå ÿâ-
ëåíèå ìîæíî îïèñàòü ïàäåíèåì ýíåðãåòè÷åñêèõ
ïàðàìåòðîâ ñòðóè è ýôôåêòîì «îòðàæåíèÿ». Ñî-
óäàðÿÿñü ñ áîëåå òâåðäûì ìàòåðèàëîì, çåðíà ìà-
òåðèàëà èíòåíñèâíåå ðàçðóøàþòñÿ, à òàêæå áîëü-

Ðèñ. 6. Çàâèñèìîñòü øåðîõîâàòîñòè ïîâåðõíîñòè íà îáðàçöå èç ñòàëè 30ÕÃÑÀ òîëùèíîé 30 ìì îò ïîäà÷è ñîïëà
è ãëóáèíû èçìåðåíèÿ øåðîõîâàòîñòè

Ðèñ. 7. Çàâèñèìîñòü øåðîõîâàòîñòè ïîâåðõíîñòè íà îáðàçöå èç ñòàëè 30ÕÃÑÀ òîëùèíîé 30 ìì â òåðìîîáðàáî-
òàííîì ñîñòîÿíèè îò ïîäà÷è ñîïëà è ãëóáèíû èçìåðåíèÿ øåðîõîâàòîñòè
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øåå êîëè÷åñòâî çåðåí îòñêàêèâàåò â îáðàòíîì
íàïðàâëåíèè, íå âûçûâàÿ ïîëåçíîãî âçàèìîäåé-
ñòâèÿ, òåì ñàìûì ìåøàÿ ñëåäóþùèì çåðíàì ïî-
ïàñòü â çîíó ðåçàíèÿ.

Äâóõôàêòîðíîå óðàâíåíèå ðåãðåññèè äëÿ íà-
õîæäåíèÿ âåëè÷èíû øåðîõîâàòîñòè ïîâåðõíîñòè
ðåçà â çàâèñèìîñòè îò ïîäà÷è S è ãëóáèíû èçìå-
ðåíèÿ øåðîõîâàòîñòè h äëÿ ñòàëè 30ÕÃÑÀ â òåð-
ìîîáðàáîòàííîì ñîñòîÿíèè èìååò âèä

6 8 7

9 12 2

11 2 10 2 9 2

12 3 11 3

3,091 10 1,819 10 1,429 10

4,101 10 6,565 10

1,456 10 3,491 10 6,054 10

1,852 10 6,222 10 ;

Ra S h

Sh S h

Sh S h

S h
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6 8 7

9 12 2

11 2 11 2 8 2

13 3 10 3

4,882 10 1,412 10 1,983 10

2,233 10 4,112 10

5,087 10 4,118 10 1,455 10

1,821 10 2,856 10 .

Ra S h

Sh S h

Sh S h

S h
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Ðåçóëüòàòû ýêñïåðèìåíòà ïîêàçûâàþò, ÷òî ó
âåðøèíû ðåçà øåðîõîâàòîñòü ïîâåðõíîñòè õóæå íà
ìàòåðèàëå Ä16Ò, íà íåé èìåþòñÿ áîëåå ãëóáîêèå
öàðàïèíû. Ñ óâåëè÷åíèåì ãëóáèíû øåðîõîâàòîñòü
ïîâåðõíîñòè óëó÷øàåòñÿ. Ïîòîê ÷àñòèö ñòàáèëè-
çèðóåòñÿ, ðàññåÿíèå ÷àñòèö óìåíüøàåòñÿ. Ïðè
óâåëè÷åíèè ïîäà÷è ïàäàåò êîëè÷åñòâî âçàèìîäåé-
ñòâèé ÷àñòèö ñ ìàòåðèàëîì, ïîýòîìó øåðîõîâà-
òîñòü ïîâåðõíîñòè óõóäøàåòñÿ, îñòàþòñÿ ãëóáîêèå
öàðàïèíû íà ïîâåðõíîñòè ðåçà. Àëþìèíèåâûé
ñïëàâ áîëåå ìÿãêèé ìàòåðèàë, è íà ìàëûõ çíà÷å-
íèÿõ ïîäà÷è íàáëþäàåòñÿ îáðàçîâàíèå áîëåå ãëó-

áîêèõ öàðàïèí ïî ñðàâíåíèþ ñ îáðàáîòêîé áîëåå
òâåðäûõ ìàòåðèàëîâ. Ýòî ñëåäñòâèå òîãî, ÷òî åäè-
íè÷íûì ÷àñòèöàì, êîòîðûå îòêëîíÿþòñÿ îò òðà-
åêòîðèè äâèæåíèÿ âäîëü ðåçà, ëåã÷å âñòóïèòü âî
âçàèìîäåéñòâèå ñ ìàòåðèàëîì. Íî ïðè ýòîì ïðî-
öåññ ðåçàíèÿ ïðîõîäèò èíòåíñèâíåå, ìåòàëë ñèëü-
íåå ïîääàåòñÿ àáðàçèâíîìó èçíîñó, à çíà÷èò, ðîñò
çîíû âîëíèñòîãî ðåçà ìåíåå ñòðåìèòåëüíûé.

Ïîëó÷åííàÿ ðåãðåññèîííàÿ ìîäåëü ïîçâîëÿåò
îïðåäåëèòü øåðîõîâàòîñòü ïîâåðõíîñòè ðåçà â
ëþáîé òî÷êå ïî ãëóáèíå ðåçà, à òàêæå îïðåäåëèòü
øèðèíó çîíû ãëàäêîãî è âîëíèñòîãî ðåçà.

Ïðåäëîæåí ìåõàíèçì îáðàçîâàíèÿ çîíû âîë-
íèñòîãî ðåçà.

Ïðè óâåëè÷åíèè ïîäà÷è óâåëè÷èâàåòñÿ óãîë
âíåäðåíèÿ ÷àñòèö â ìàòåðèàë äåòàëè çà ñ÷åò áîëü-
øåãî îòñòàâàíèÿ ðåæóùåé ñòðóè. Ïðè ìàëûõ óã-
ëàõ âíåäðåíèÿ ïðîèñõîäèò ñúåì ìåòàëëà, îáðàçî-
âàíèå ðàâíîìåðíîé ïîâåðõíîñòè. Ñ ðîñòîì óãëà
êîëè÷åñòâî îòðàæåííûõ ÷àñòèö ðàñòåò, óìåíüøà-
åòñÿ êîëè÷åñòâî ïîëåçíûõ âçàèìîäåéñòâèé ñ ìà-
òåðèàëîì (ðèñ. 9).

Îòðàæåííûå ÷àñòèöû ïðåïÿòñòâóþò ïðîöåññó
ðåçàíèÿ è ÿâëÿþòñÿ ïðåãðàäîé äëÿ âíîâü ïîñòóïà-
þùèõ â çîíó ðåçàíèÿ ÷àñòèö. Ïðè ýòîì ïðîèñõî-
äèò íåïðåðûâíîå äâèæåíèå ñòðóè â íàïðàâëåíèè
ïîäà÷è. Óãîë âíåäðåíèÿ ðàñò¸ò, è ïðè äîñòèæåíèè
îïðåäåëåííîãî îòêëîíåíèÿ ñòðóè ïðîöåññ ñêâîç-
íîãî ïðîáèòèÿ ìàòåðèàëà âîçîáíîâëÿåòñÿ. Ïðè
ýòîì ÷àñòèöû, ñîóäàðÿÿñü äðóã ñ äðóãîì, îòñêàêè-
âàþò â ñòîðîíó è ïðîäâèãàþòñÿ â íàïðàâëåíèè îá-
ðàáîòàííîé ïîâåðõíîñòè, òåì ñàìûì îáðàçóÿ ãëó-
áîêèå áîðîçäû. Ïðè äâèæåíèè ðåæóùåé ñòðóè ïî
íàïðàâëåíèþ ïîäà÷è ñòðóÿ îòêëîíÿåòñÿ, óãîë âçà-
èìîäåéñòâèÿ ðàñòåò è ïðîáèòèå ìàòåðèàëà ïîâòî-

Ðèñ. 8. Çàâèñèìîñòü øåðîõîâàòîñòè ïîâåðõíîñòè íà îáðàçöå èç àëþìèíèåâîãî ñïëàâà Ä16Ò òîëùèíîé 30 ìì
îò ïîäà÷è è ãëóáèíû èçìåðåíèÿ
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Ðèñ. 9. Ñõåìà âîçíèêíîâåíèÿ çîíû âîëíèñòîãî ðåçà

Ðèñ. 10. Ñõåìà îáðàçîâàíèÿ çîíû âîëíèñòîãî ðåçà



221Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

Òåõíîëîãèÿ ìàøèíîñòðîåíèÿ Mechanical engineering technology

ðÿåòñÿ ñíîâà. Â ðåçóëüòàòå îáðàçóåòñÿ çîíà âîëíè-
ñòîãî ðåçà, ðåëüåô êîòîðîé, ñîñòîÿùèé èç âïàäèí
è ãðåáíåâ, ïîõîæ íà âîëíû (ðèñ. 9 è 10).

Â ñëåäóþùèõ ýêñïåðèìåíòàõ ïðîâåëè èññëåäî-
âàíèÿ âëèÿíèå ðàñõîäà àáðàçèâà íà øåðîõîâàòîñòü
ïîâåðõíîñòè ðåçà (ðèñ. 11).

Äâóõôàêòîðíîå óðàâíåíèå ðåãðåññèè äëÿ íà-
õîæäåíèÿ âåëè÷èíû øåðîõîâàòîñòè ïîâåðõíîñòè
ðåçà â çàâèñèìîñòè îò ðàñõîäà àáðàçèâà Q è ãëó-
áèíû èçìåðåíèÿ øåðîõîâàòîñòè h èìååò âèä

4 6 6

8 11 2 10 2

19 2 8 2 12 3

1,213 10 1,222 10 4,961 10

3,65 10 8,78 10 2,136 10

4,62 10 3,627 10 7,589 10

Ra Q h

Qh Q h Qh

Q h S

  

  

  

      

      

      

10 3 13 2 2

14 3 12 3

15 4 12 4

9,706 10 1,233 10

6,703 10 2,089 10

4,572 10 2,089 10 .

h Q h

Q h Qh

Q h
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Òàê êàê âñå ÷àùå ïðè èçãîòîâëåíèè äåòàëåé ËÀ
èñïîëüçóþòñÿ êîìïîçèöèîííûå ìàòåðèàëû, ïðî-
âåëè èññëåäîâàíèå âëèÿíèÿ ïîäà÷è íà øåðîõîâà-
òîñòü ïîâåðõíîñòè ðåçà ïðè îáðàáîòêå ÏÊÌ
(ðèñ. 12 è 13). Êîìïîçèöèîííûå ìàòåðèàëû òðóä-
íî ïîääàþòñÿ ìåõàíè÷åñêîé îáðàáîòêå, ïðè ñâåð-
ëåíèè èëè ôðåçåðîâàíèè íàáëþäàåòñÿ ðàññëîåíèå
ìàòåðèàëà, ðàçëîõìà÷èâàíèå êðàåâ, ÷òî íåðåäêî
ïðèâîäèò ê áðàêó èçãîòàâëèâàåìûõ äåòàëåé. Ýêñ-

Ðèñ. 11. Çàâèñèìîñòü øåðîõîâàòîñòè ïîâåðõíîñòè íà îáðàçöå èç ñòàëè 30ÕÃÑÀ òîëùèíîé 30 ìì îò ðàñõîäà
àáðàçèâà è ãëóáèíû èçìåðåíèÿ øåðîõîâàòîñòè

Ðèñ. 12. Ïîâåðõíîñòü ðåçà îáðàçöîâ èç êîìïîçèòíîãî ìàòåðèàëà òèïà ñòåêëîïëàñòèê—òèòàí ïðè óâåëè÷åíèè ïî-
äà÷è: à — îò 5 äî 40 ìì/ìèí; á — îò 440 äî 480 ìì/ìèí

á)

à)
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ïåðèìåíòàëüíûå èññëåäîâàíèÿ ïðîâîäèëèñü íà
êîìëåâîé ÷àñòè íåñóùåãî âèíòà âåðòîëåòà Ìè-28,
êîòîðàÿ ñîñòîèò èç ïàêåòà óñèëåíèÿ ìåòàëëîì
òèïà ñòåêëîïëàñòèê—òèòàí. Ïðè ãèäðîàáðàçèâíîé
ðåçêå ðàññëîåíèÿ îáíàðóæåíû ëèøü â ìåñòå òåõ-
ïðèïóñêà ïðè ïðîáèòèè ðåæóùåé ñòðóè ìàòåðèà-
ëà íàñêâîçü.

Äâóõôàêòîðíîå óðàâíåíèå ðåãðåññèè  äëÿ íà-
õîæäåíèÿ âåëè÷èíû øåðîõîâàòîñòè ïîâåðõíîñòè
ðåçà â çàâèñèìîñòè îò ïîäà÷è S è ãëóáèíû èçìå-
ðåíèÿ øåðîõîâàòîñòè h äëÿ ÏÊÌ ñòåêëîïëàñòèê-
òèòàí èìååò âèä

13 10 8 2

7 10

12 2 6 8

11 2 14 3

2,706 10 3,157 10 1,886 10

3,062 10 1,301 10

1,469 10 4,288 10 1,324 10

5,142 10 7,308 10 .

Ra Sh h h

h Sh

S h S

S S
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ÏÊÌ íà îñíîâå ñòåêëîïëàñòèêà î÷åíü ÷óâ-
ñòâèòåëüíû ê ïîãëîùåíèþ âëàãè, ïîýòîìó, äëÿ
òîãî ÷òîáû óáåäèòüñÿ â âîçìîæíîñòè îáðàáîòêè
äàííîãî òèïà ìàòåðèàëà ãèäðîàáðàçèâíûì ñïîñî-
áîì, ïðèìåíÿëè ìåòîä äèôôåðåíöèàëüíî ñêàíè-
ðóþùåé êàëîìåòðèè. Äëÿ ýòîãî ñðàâíèâàëè ñóõîé
ìàòåðèàë ñî ñëîåì ìàòåðèàëà, ãäå ïðîèñõîäèë êîí-
òàêò ñ ãèäðîàáðàçèâíîé ñòðóåé. Èññëåäîâàíèÿ
ïðîâîäèëè êàê ñðàçó ïîñëå ðåçêè, òàê è ñïóñòÿ
íåäåëþ, ïîñëå âûñûõàíèÿ îáðàçöîâ. Ñëîé ñòðóæ-
êè ñíèìàëñÿ â çîíå 1 ìì îò êðàÿ ðåçà.

Ðåçóëüòàòû ýêñïåðèìåíòà ñâèäåòåëüñòâóþò î
òîì, ÷òî â ïðîöåññå ðåçêè ïðîèñõîäèò ïîãëîùå-
íèå âîäû áëèçëåæàùèìè ê ãèäðîàáðàçèâíîé ñòðóå
ñëîÿìè ìàòåðèàëà. Îá ýòîì ñâèäåòåëüñòâóåò èçìå-

íåíèå òåìïåðàòóðû ïåðåõîäà ìàòåðèàëà â äðóãîå
ôàçîâîå ñîñòîÿíèå. Îäíàêî ñïóñòÿ íåäåëþ ïîñëå
âûñûõàíèÿ ìàòåðèàë âíîâü ïðèíèìàåò èñõîäíûå
õàðàêòåðèñòèêè (ðèñ. 14). Òàêèì îáðàçîì, ìîæíî
ñ÷èòàòü, ÷òî òåõíîëîãèþ ãèäðîàáðàçèâíîé ðåçêè
ìîæíî ïðèìåíÿòü ê ÏÊÌ.

Ðåçóëüòàòîì ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
ñòàëî íàõîæäåíèÿ ÷èñëà ïîëåçíûõ âçàèìîäåéñòâèé

÷àñòèö â åäèíèöó âðåìåíè  , êîòîðîå ðàññ÷èòû-

âàëîñü ïî ñîîòíîøåíèþ òåîð

ýêñï

Ra

Ra
  , òàê êàê çíà-

÷åíèå ñëîæíî îïèñàòü òåîðåòè÷åñêè (ðèñ. 15). Â
ðåçóëüòàòå èññëåäîâàíèé áûëè ïîëó÷åíû ôóíêöè-

îíàëüíûå çàâèñèìîñòè   îò èçìåíåíèÿ ôèçèêî-
ìåõàíè÷åñêèõ ñâîéñòâ ìàòåðèàëà, ïîäà÷è ñîïëà,
ðàñõîäà àáðàçèâà è èçìåíåíèÿ âûñîòû èçìåðåíèÿ
øåðîõîâàòîñòè ïîâåðõíîñòè ðåçà.

Äâóõôàêòîðíàÿ çàâèñèìîñòü   îò ïîäà÷è S è
ãëóáèíû èçìåðåíèÿ øåðîõîâàòîñòè h äëÿ ñòàëè
30ÕÃÑÀ â ñîñòîÿíèè ïîñòàâêè:

3 2 3 2

3 2

2 4 3

9,657 10 0,017 1,711 49,435

0,7 2,214 10 237,124 6,54

0,104 4,761 10 .

Sh h h h

Sh S h S

S S







      

     

   (20)

Äâóõôàêòîðíàÿ çàâèñèìîñòü   îò ðàñõîäà àá-
ðàçèâà Q è ãëóáèíû èçìåðåíèÿ øåðîõîâàòîñòè h
äëÿ ñòàëè 30ÕÃÑÀ â ñîñòîÿíèè ïîñòàâêè:

3 2

3 2

7,111 10 0,093 8,785 132,855

1,661 1,511 10 .

Qh h h

Q Q





      

  
  (21)

Ðèñ. 13. Äâóõôàêòîðíàÿ ìîäåëü ôîðìèðîâàíèÿ øåðîõîâàòîñòè ïîâåðõíîñòè ðåçà â çàâèñèìîñòè îò ïîäà÷è ñîïëà
è ãëóáèíû èçìåðåíèÿ øåðîõîâàòîñòè
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Äâóõôàêòîðíàÿ çàâèñèìîñòü   îò ïîäà÷è S è
ãëóáèíû èçìåðåíèÿ øåðîõîâàòîñòè h äëÿ ñòàëè
30ÕÃÑÀ â çàêàëåííîì ñîñòîÿíèè:

3 2 3 3 2

4 2

2 4 3

8,613 10 2,624 10 0,439

7,746 0,352 4,977 10 288,04

3,655 0,044 1,262 10 .

Sh h h

h Sh S h

S S S
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Ïîëó÷åííûå çàâèñèìîñòè ïîçâîëÿþò êà÷å-
ñòâåííî îöåíèòü õàðàêòåð âçàèìîäåéñòâèÿ àáðà-
çèâíûõ ÷àñòèö ïðè âîçäåéñòâèè íà ðàçëè÷íûé
ìàòåðèàë çàãîòîâêè ïðè èçìåíåíèè ðåæèìîâ îá-

ðàáîòêè è ïîäòâåðæäàþò âûøåóïîìÿíóòûå ïîëî-
æåíèÿ î õàðàêòåðå ôîðìèðîâàíèÿ øåðîõîâàòîñòè
ïîâåðõíîñòè ðåçà.

Ïðèâåäåíû ðàñ÷åòíûå äàííûå ïî îïðåäåëåíèþ
øåðîõîâàòîñòè ïîâåðõíîñòè ðåçà ñîãëàñíî òåîðå-
òè÷åñêîé ìîäåëè (ðèñ. 16 è 17).

Ïîëó÷åííûå òåîðåòè÷åñêèå çàâèñèìîñòè àäåê-
âàòíî îïèñûâàþò ïðîöåññ ôîðìèðîâàíèÿ øåðîõî-
âàòîñòè ïîâåðõíîñòè. Ïîÿâëÿåòñÿ âîçìîæíîñòü
îïðåäåëèòü øåðîõîâàòîñòü ïîâåðõíîñòè ðåçà íà
ðàçëè÷íîé ãëóáèíå, îïðåäåëèòü, ïðè êàêèõ ðåæè-
ìàõ ðåçàíèÿ îòñóòñòâóåò çîíà âîëíèñòîãî ðåçà, à
ïðè åå ïîÿâëåíèè îïðåäåëèòü åå øèðèíó. Ðàçíè-
öà â ðåçóëüòàòàõ òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëü-
íûõ èññëåäîâàíèé íå ïðåâûøàåò 15%.

Ðèñ. 14. Òåðìîãðàììà ÏÊÌ äî è ïîñëå ãèäðîàáðàçèâíîé ðåçêè

Ðèñ. 15. Îïðåäåëåíèå   ïðè èçìåíåíèè ïîäà÷è è èçìåíåíèè ãëóáèíû èçìåðåíèÿ øåðîõîâàòîñòè äëÿ ìàòåðèàëà

30ÕÃÑÀ òâåðäîñòüþ 20HRC



224 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

Òåõíîëîãèÿ ìàøèíîñòðîåíèÿ Mechanical engineering technology

Ïðàêòè÷åñêîå ïðèìåíåíèå. Îïòèìèçàöèÿ
ãèäðîàáðàçèâíîé ðåçêè äåòàëåé

Íà îñíîâàíèè ðåçóëüòàòîâ òåîðåòè÷åñêèõ è
ýêñïåðèìåíòàëüíû èññëåäîâàíèé ðàçðàáîòàíà
ìåòîäèêà ïðîåêòèðîâàíèÿ è îïòèìèçàöèè òåõíî-
ëîãè÷åñêèõ ïðîöåññîâ ãèäðîàáðàçèâíîé ðåçêè,
ïðè ó÷åòå çàäàííîé øåðîõîâàòîñòè ïîâåðõíîñòè
ðåçà è íåîáõîäèìîñòè ìèíèìèçàöèè ñåáåñòîèìî-
ñòè ðåçà. Ðàñ÷åò ïðîèçâîäèòñÿ ïî ìàòåìàòè÷åñêèì
çàâèñèìîñòÿì, ïðåäñòàâëåííûì â ðàáîòå [4]

Îïòèìèçàöèÿ ïðîâîäèòñÿ ïî êðèòåðèþ íàè-
ìåíüøåé ñåáåñòîèìîñòè ðåçà. Çàäàâàÿ íà÷àëüíûå

óñëîâèÿ, ðàññ÷èòûâàåòñÿ âåëè÷èíà  , çàòåì Ra.

Ðèñ. 16. Øåðîõîâàòîñòü ïîâåðõíîñòè ðåçà ìàòåðèàëà ñòàëü 30ÕÃÑÀ

Ðèñ. 17. Øåðîõîâàòîñòü ïîâåðõíîñòè ðåçà ìàòåðèàëà çàêàëåííàÿ ñòàëü 30ÕÃÑÀ ïðè èçìåíåíèè ïîäà÷è ñîïëà

Îòñåèâàþòñÿ òå çíà÷åíèÿ ïàðàìåòðîâ îáðàáîòêè,

ïðè êîòîðûõ íå îáåñïå÷èâàåòñÿ óñëîâèå Ra Raçàä.
Çàòåì ïðîèçâîäèòñÿ ðàñ÷åò ñåáåñòîèìîñòè ðåçà è
âûáèðàþòñÿ òå çíà÷åíèÿ ïàðàìåòðîâ îáðàáîòêè,
ïðè êîòîðûõ ñåáåñòîèìîñòü áóäåò ìèíèìàëüíîé
(ðèñ. 18,à):

ðåçà àì ýë.ýí âîçä îáñë àáð

âîä í.÷.ðàá.

С С С С С С

С С

     

      
(23)

Ïðèâåäåí ïðèìåð îïòèìèçàöèè òåõíîëîãè÷åñ-
êîãî ïðîöåññà ãèäðîàáðàçèâíîé ðåçêè äåòàëè
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«ñêîáà» âåðòîëåòà Ìè-28, ðåçóëüòàòîì êîòîðîãî
ÿâëÿþòñÿ äàííûå, ïðåäñòàâëåííûå íà ðèñ.18,á.

Âûâîäû

 Ïîñëå îïòèìèçàöèè ïàðàìåòðîâ ãèäðîàáðà-
çèâíîé ðåçêè ìîæíî ñäåëàòü ñëåäóþùèé âûâîä:
çíà÷èòåëüíî ñíèæàåòñÿ òðóäîåìêîñòü èçãîòîâëå-

Ðèñ. 18. Áëîê-ñõåìà àëãîðèòìà îïòèìèçàöèè (à); ïðèìåð îáðàáàòûâàåìîé çàãîòîâêè (á)

à) á)

Ñðàâíåíèå ðåæèìîâ ãèäðîàáðàçèâíîé ðåçêè äåòàëè «Ñêîáà» äî è ïîñëå îïòèìèçàöèè ïðîöåññà

Èñõîäíûå äàííûå Ðåçóëüòàòû ðàñ÷åòà 

Îáðàáîòêà äî 
îïòèìèçàöèè ñîãëàñíî 
ñåðèéíîé òåõíîëîãèè 

Ìàòåðèàë – ñòàëü 30ÕÃÑÀ, σs - 490 ÌÏÀ; 

èñõ. øåðîõîâàòîñòü Rà – 6,3 ìêì;  

äèàìåòð ÷àñòèö D – 0,08 ìì;  

äàâëåíèå ñòðóè Ð – 405,3 ÌÏà;  

ðàñõîä àáðàçèâà Q=395 ã/ìèí; 

äëèíà ðåçà L= 1717ìì; 

ãëóáèíà èçìåðåíèÿ h = 30ìì 

Øåðîõîâàòîñòü: Ra – 2,6 ìêì; 

ïîäà÷à S – 25 ìì/ìèí, 

âðåìÿ ðåçà Òðåçà – 0,907÷, 

ñòîèìîñòü ðåçà Сðåçà - 2126ðóá 

 

Îáðàáîòêà ïî ðåæèìàì, 
ïðåäëîæåííûì ïîñëå 
îïòèìèçàöèè ÒÏ 

Ìàòåðèàë – ñòàëü 30ÕÃÑÀ, σs - 490 ÌÏÀ; 

èñõ. øåðîõîâàòîñòü Rà – 6,3 ìêì;  

äèàìåòð ÷àñòèö D – 0,08 ìì;  

äàâëåíèå ñòðóè Ð – 405,3 ÌÏà;  

ðàñõîä àáðàçèâà Q=395 ã/ìèí; 

äëèíà ðåçà L= 1717ìì; 

ãëóáèíà èçìåðåíèÿ h = 30ìì 

Øåðîõîâàòîñòü: Ra – 6,126 ìêì; 

ïîäà÷à S – 63 ìì/ìèí, 

âðåìÿ ðåçà Òðåçà – 0,36÷ 

ñòîèìîñòü ðåçà Сðåçà – 843,51ðóá 
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íèÿ äåòàëè Òðåçà, à èìåííî â 2,5 ðàçà. Ñåáåñòîè-
ìîñòü îáðàáîòêè äåòàëè «ñêîáà» ñîñòàâëÿåò
Ñðåçà = 843,51 ðóá., ÷òî ïîçâîëÿåò ïðåäïðèÿòèþ
ýêîíîìèòü 1286 ðóá. ïðè èçãîòîâëåíèè êàæäîé äå-
òàëè. Ïðèìåíåíèå ìåòîäèêè îïòèìèçàöèè òåõíî-
ëîãè÷åñêèõ ïðîöåññîâ ãèäðîàáðàçèâíîé ðåçêè
ïðîøëî ïðîìûøëåííûå èñïûòàíèÿ â ö.35 Ìåõà-
íè÷åñêîãî çàâîäà ÐÂÏÊ ÏÀÎ «Ðîñòâåðòîë», ÷òî
ïîäòâåðæäàåòñÿ íàëè÷èåì àêòà ïðîìûøëåííûõ
èñïûòàíèé.

Ñîãëàñíî òåõíè÷åñêèì òðåáîâàíèÿì íà èçãî-
òîâëåíèå ëîïàñòè íåñóùåãî âèíòà, à òàêæå ïîëó-
÷åííûì ðåçóëüòàòàì, ïîêàçàíà âîçìîæíîñòü ïðè-
ìåíåíèÿ ãèäðîàáðàçèâíîé ðåçêè äëÿ óäàëåíèÿ òåõ-
íîëîãè÷åñêîãî ïðèïóñêà â êîìëåâîé ÷àñòè ëîíæå-
ðîíà íåñóùåãî âèíòà âåðòîëåòà Ìè-28 êàê àëüòåð-
íàòèâû ÷åðíîâîìó ôðåçåðîâàíèþ. Ïðèìåíåíèå
ïîäà÷è ðåçêè â èíòåðâàëå 160—240 ìì/ìèí ïîçâî-
ëÿåò ñîêðàòèòü òðóäîåìêîñòü íà 80% ïðè òðåáóå-
ìûõ ïîêàçàòåëÿõ êà÷åñòâà. Â íàñòîÿùåå âðåìÿ
ðàçðàáàòûâàþòñÿ ìåðîïðèÿòèÿ ïî âíåäðåíèþ
ïðåäëîæåííîé òåõíîëîãèè â ñåðèéíîå ïðîèçâîä-
ñòâî Ëîïàñòíîãî çàâîäà ÏÀÎ «Ðîñòâåðòîë».

Ïðèìåíåíèå ðàçðàáîòàííîé òåîðåòè÷åñêîé
ìîäåëè ôîðìèðîâàíèÿ ïðîôèëÿ øåðîõîâàòîñòè ïî
ñå÷åíèþ ðåçà ïîçâîëÿåò ïðîãíîçèðîâàòü êà÷åñòâî
îáðàáîòêè â ëþáîé òî÷êå ñå÷åíèÿ ðåçà. Òåõíîëîã
èìååò âîçìîæíîñòü ïðîãíîçèðîâàòü âûñîòó çîí
ãëàäêîãî èëè âîëíèñòîãî ðåçà, âûáèðàÿ âåëè÷èíó
ïðèïóñêà ïîä äàëüíåéøóþ ÷èñòîâóþ îáðàáîòêó.
Òåîðåòè÷åñêèå ìîäåëè ïîäòâåðæäàþòñÿ ðåçóëüòà-
òàìè ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé. Ïîìèìî
ìåòàëëîâ, ïîêàçàíà âîçìîæíîñòü ïðèìåíåíèÿ òåõ-
íîëîãèè ãèäðîàáðàçèâíîé ðåçêè äëÿ îáðàáîòêè
ïîëèìåðêîìïîçèöèîííûõ ìàòåðèàëîâ, íàïðèìåð
íà îñíîâå ñòåêëîïëàñòèêà. Ðàçðàáîòàííûé àëãî-
ðèòì îïòèìèçàöèè òåõíîëîãè÷åñêèõ ïðîöåññîâ
ãèäðîàáðàçèâíîé ðåçêè ïîçâîëÿåò äîñòè÷ü íàè-
ìåíüøåé ñåáåñòîèìîñòè ðåçà ïðè îáåñïå÷åíèè
çàäàííûõ ïàðàìåòðîâ êà÷åñòâà ïîâåðõíîñòè äåòà-
ëè.
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Abstract

Single and small batch production is predominant
in parts production for aerospace industry. Stamped
blanks and castings manufacturing with small batches
is not cost-effective due to the high cost of tooling.
Thus, forgings or billet plates made of thick plates that
are close to the part’s shape are used in increasing
frequency as work pieces.

One of the most up-to-date and promising method
of cutting and obtaining finished parts is the method
of water-jet cutting. It ensures wide ranges of
processed material thickness, the ability to cut almost
any material, high performance, obtaining high quality
cutting surface, the ability to process complex
geometry. All this makes this method of processing the
most popular in conditions of modern aircraft
building, shipbuilding, etc. The absence of thermal
impacts on the material, low cutting force, the
erosional nature of the destruction do not contribute
to the development of internal stresses in the cut zone.

The process of water-jet cutting is complex, poorly
understood, which result is affected by many
technological parameters such as cutting pressure,
nozzle feed, grain, hardness, abrasive consumption,
distance from nozzle to the surface being processed,
physical and mechanical characteristics of the material

WATER-JET CUTTING PROCESS OPTIMIZATION OF WORK PIECES
FROM AIRCRAFT MATERIALS
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being processed. The design complexity of the cutting
technological process consists in selection of optimal
cutting conditions, which will ensure the specified
quality of the part surface layer at the minimum cost.
The production technologist faces the difficulty of
determining not only the cutting surface hardness, but
the size of the smooth and wavy cut zone as well.

The goal of the work consists in improving the
efficiency of the waterjet cutting process by optimizing
processing modes based on the development of an
adequate theoretical model for the formation of
surface roughness at different depths of the cut section.

To achieve this goal the following tasks were
solved:

1) Theoretical and experimental studies of the cut
surface roughness profile formation depending on the
processing parameters;

2) Theoretical studies of the wavy cut zone
formation depending on the technological parameters
of the process;

3) Development of methods for predicting the
quality of the cut surface;

4) Development of methods for optimizing the
process of water-jet cutting.

The paper presents the results of theoretical and
experimental studies of the surface roughness profile
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formation while water jet cutting of various materials,
such as 30HGSA steel, hardened 30HGSA steel,
D16T aluminum alloy, fiberglass-titanium composite
material. A theoretical model for the roughness profile
formation of the cut surface was obtained, which
shows the dependence of roughness on the main
technological parameters of the process (nozzle feed,
particle radius, mixture pressure, etc.) depending on
the depth measurement of the cut surface roughness.
It reflects thereby the distribution of the ratio of the
smooth and wavy cut zone. Statistical processing of the
studies results was performed using MathÑad. The
experimental studies result was the obtained
dependencies of the number of the particles’ useful
encounters with a material on the magnitude of the
nozzle feed, abrasive consumption, and section depth.
One and two-factor regression equations describe the
effect of abrasive consumption, nozzle feed, thickness
of the material being processed, section depth on the
cut surface roughness.

A two-factor regression model for the formation
of the roughness profile of the cut from the nozzle feed
rate and the roughness measurement depth while
polymeric composite materials (PCM) processing of
the fiberglass-titanium type was obtained. The material
layering and shagging while cutting were not detected,
the cut quality was high. To assess the water impact
while cutting fiberglass-based PCM, an analysis was
performed using differential scanning calorimetry,
which resulted in the conclusion that the waterjet
cutting technology can be used for PCM processing.

Based on the theoretical and experimental studies
results, a for designing and optimizing the
technological processes of water-jet cutting technique
has been developed, with account for the specified cut
surface roughness ensuring and obtaining the
minimum cutting costs.

The optimization of the technological process of
water-jet cutting of the “Bracket” part of the Mi-28
helicopter was performed, which resulted in a 2.5 times
reduction in labor intensity, a cost cut of 843.51 rubles,
which allowed the company to save 1286 rubles while
each part production. The technique for the water-jet
cutting technological process optimization application
was undergone industrial tests at the Rostverol plant.

According to the technical requirements for rotor
blade manufacturing, as well as the results obtained
by the authors, the possibility of hydro-abrasive cutting
application for removing the technological allowance
in the basis part of Mi-28 helicopter main rotor spar
as an alternative to the rough milling was
demonstrated. Application of cutting feed within the
160-240 mm / min range min reduces the labor
intensity by 80% with the required quality indicators.

At present, measures for the suggested technology
introduction into batch production are under
development at the PJSC Rosvertol Blade plant

Keywords: waterjet cutting, abrasive, feed, cut
surface roughness, cutting speed, nozzle feed, abrasive
grit, optimization, microchips, cutting zones, cutting
jet pressure, optimization criteria.
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