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Ââåäåíèå

Â  íàñòîÿùåå âðåìÿ â àâèàäâèãàòåëåñòðîå-
íèè çíà÷åíèå âûñîêîñêîðîñòíîãî ôðåçåðîâàíèÿ 
çíà÷èòåëüíî âîçðîñëî, ÷òî ñâÿçàíî ñ ïîÿâëåíè-
åì ñëîæíîïðîôèëüíûõ äåòàëåé â êîíñòðóêöèè 
àâèàäâèãàòåëåé èç òðóäíîîáðàáàòûâàåìûõ òè-
òàíîâûõ è íèêåëåâûõ ñïëàâîâ [1, 2].

Ó÷èòûâàÿ âëèÿíèå ïîâåðõíîñòíîãî ñëîÿ 
äåòàëåé ãàçîòóðáèííûõ äâèãàòåëåé (ÃÒÄ), ðàáî-
òàþùèõ â óñëîâèÿõ öèêëè÷åñêîãî íàãðóæåíèÿ, 
îñîáåííî àêòóàëüíûì ÿâëÿåòñÿ îáåñïå÷åíèå 
ïðè âûñîêîñêîðîñòíîì ôðåçåðîâàíèè íå òîëüêî 
ïàðàìåòðîâ òî÷íîñòè, íî è ïàðàìåòðîâ êà÷åñòâà 
ïîâåðõíîñòíîãî ñëîÿ.

Ïîýòîìó âàæíûì ÿâëÿåòñÿ èññëåäîâàíèå 
âëèÿíèÿ ðåæèìîâ ÷èñòîâîãî âûñîêîñêîðîñò-
íîãî ôðåçåðîâàíèÿ íà ïàðàìåòðû êà÷åñòâà ïî-
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âåðõíîñòíîãî ñëîÿ äåòàëåé ÃÒÄ èç òèòàíîâûõ 
ñïëàâîâ.

Öåëü ðàáîòû – îöåíêà âëèÿíèÿ ðåæèìîâ 
÷èñòîâîãî âûñîêîñêîðîñòíîãî ôðåçåðîâàíèÿ 
íà ïàðàìåòðû êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ 
îáðàçöîâ èç òèòàíîâîãî ñïëàâà ÂÒ6.

Îáúåêò èññëåäîâàíèÿ – îáðàçöû èç òèòàíî-
âîãî ñïëàâà ÂÒ6 ïîñëå ÷èñòîâîãî âûñîêîñêî-
ðîñòíîãî ôðåçåðîâàíèÿ.

Ìåòîäû è ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèé

Èññëåäîâàíèå ïðîâîäèëîñü íà ñòàíäàðòíûõ 
îáðàçöàõ, ïðèìåíÿåìûõ äëÿ îöåíêè ïàðàìåòðîâ 
êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ äåòàëåé ÃÒÄ â 
ñåðèéíîì ïðîèçâîäñòâå.

Îáðàçöû èçãîòàâëèâàëèñü èç òèòàíîâîãî äå-
ôîðìèðóåìîãî ñïëàâà ÂÒ6, õèìè÷åñêèé ñîñòàâ 
êîòîðîãî ïðåäñòàâëåí â òàáë. 1.

 Е.К. Березовский, 2016
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Ìèêðîñòðóêòóðà òèòàíîâîãî ñïëàâà ÂÒ6 îá-
ðàçöîâ ïðîâåðåíà íà ìàêðîòåìïëåòàõ, èçãîòîâ-
ëåííûõ ïî ñå÷åíèþ øòàìïîâîê â ïðîäîëüíîì 
íàïðàâëåíèè. Ìèêðîñòðóêòóðà ñîîòâåòñòâóåò 
2à òèïó, ïðè íîðìå 1 – 6à òèï øêàëû ¹1 
ÎÑÒ 1 90002-86 (ðèñ. 1).

Äëÿ ÷èñòîâîãî ïîïóòíîãî âûñîêîñêîðîñòíî-
ãî ôðåçåðîâàíèÿ ïðèìåíÿëèñü êîíöåâûå ôðåçû 
èç ìàòåðèàëà ÂÊ10ÕÎÌ ñ ãåîìåòðè÷åñêèìè 
ïàðàìåòðàìè: ðàäèóñ ôðåçû, r = 4 ìì; ÷èñëî 
çóáüåâ – 4; ïåðåäíèé óãîë, γ = 20°; çàäíèé óãîë, 
2¾ 6°; óãîë ïîäúåìà âèíòîâîé êàíàâêè, ω = 36°; 
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ãëóáèíà ôðåçåðîâàíèÿ, h = 0,5 ìì; øèðèíà 
ñòðîêè – 0,5 ìì; óãîë íàêëîíà îñè èíñòðó-
ìåíòà – 6°.

Ðèñ. 1. Ìèêðîñòðóêòóðà òèòàíîâîãî ñïëàâà ÂÒ6 îáðàçöîâ 
ïåðåä âûñîêîñêîðîñòíûì ôðåçåðîâàíèåì

Äèàïàçîíû èçìåíåíèÿ ðåæèìíûõ ïàðàìå-
òðîâ: 

- ñêîðîñòü ðåçàíèÿ, V = 35...95 ì/ìèí; 
- ïîäà÷à íà çóá, Sz = 0,02...0,09 ìì/çóá.
Â õîäå ïðîâåäåíèÿ ýêñïåðèìåíòàëüíûõ èñ-

ñëåäîâàíèé îïðåäåëÿëèñü çíà÷åíèÿ ïàðàìåòðîâ 
êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ è ñèëà ðåçàíèÿ:

- ñðåäíåå àðèôìåòè÷åñêîå îòêëîíåíèå ïðî-
ôèëÿ, Ra, ìêì;

- ñðåäíèé øàã íåðîâíîñòåé ïðîôèëÿ,  Sm,  
ìêì;

- ñòåïåíü íàêëåïà ïîâåðõíîñòíîãî ñëîÿ ìà-
òåðèàëà îáðàçöà,  δH, %;

- îñòàòî÷íûå íàïðÿæåíèÿ íà ïîâåðõíîñòè 
îáðàçöà ïîñëå ÷èñòîâîãî âûñîêîñêîðîñòíîãî 

ôðåçåðîâàíèÿ,  ,  ÌÏà;
- ìèêðîñòðóêòóðà ïîâåðõíîñòíîãî ñëîÿ îá-

ðàçöîâ ïîñëå âûñîêîñêîðîñòíîãî ôðåçåðîâà-
íèÿ;

- ñèëà ðåçàíèÿ,  Ð,  Í.
×èñòîâàÿ îáðàáîòêà îáðàçöîâ èç òèòàíîâîãî 

ñïëàâà ÂÒ6,  âûñîêîñêîðîñòíûì ôðåçåðîâàíè-
åì ïðîèçâîäèëàñü íà îáðàáàòûâàþùåì öåíòðå 
Turbomill-1200g.

Ðåçóëüòàòû èññëåäîâàíèé è èõ îáñóæäåíèå

Óñòàíîâëåííûå çàâèñèìîñòè ïàðàìåòðîâ: 

 îò âåëè÷èíû ïîäà÷è íà çóá, 
Sz ìàòåìàòè÷åñêè ïðåäñòàâëåíû óðàâíåíèÿìè 
ëèíåéíîé ðåãðåññèè âèäà:

  

(1)

Ãåîìåòðè÷åñêàÿ èíòåðïðåòàöèÿ óðàâíåíèé 
(1) ëèíåéíîé ðåãðåññèè ïîêàçàíà íà ðèñ. 2.

Ðèñ. 2. Âëèÿíèå ïîäà÷è íà çóá íà ïàðàìåòðû êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ îáðàçöîâ è ñèëó ðåçàíèÿ ïðè ÷èñòîâîì  
âûñîêîñêîðîñòíîì ôðåçåðîâàíèè

Ñ óâåëè÷åíèåì ïîäà÷è íà çóá,  â äèàïàçî-

íå îò 0,02 äî 0,09 ìì/çóá,  ïðÿìî 

ïðîïîðöèîíàëüíî óâåëè÷èâàþòñÿ. Ïðè ýòîì  

óâåëè÷èâàåòñÿ îò 1,5 äî 1,65 ìêì;    – îò 0,37 
äî 1,2 ìêì;  – îò 6,3 äî 18 %;  Ð – îò 9,0 äî 
40 Í, ÷òî íå ïðîòèâîðå÷èò [3].

Îñòàòî÷íûå íàïðÿæåíèÿ,  ÿâëÿþòñÿ 
ñæèìàþùèìè è ïðîïîðöèîíàëüíî ñíèæàþòñÿ 
îò 512 äî -114 ÌÏà.

Ñõåìà äåéñòâèÿ ñèë íà ðåæóùóþ êðîìêó 
ôðåçû ïðè âûñîêîñêîðîñòíîì ôðåçåðîâàíèè 
îáðàçöà ïîêàçàíà íà ðèñ. 3.
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Óñòàíîâëåííûå çàâèñèìîñòè   
îò ñêîðîñòè ðåçàíèÿ V â ïðèíÿòîì â ýêñïåðè-
ìåíòå äèàïàçîíå èçìåíåíèÿ ìàòåìàòè÷åñêè 
ïðåäñòàâëåíû óðàâíåíèÿìè ëèíåéíîé ðåãðåññèè 
âèäà:

Ðèñ. 3. Ñõåìà äåéñòâèÿ ñèë íà ðåæóùóþ êðîìêó ôðåçû ïðè âûñîêîñêîðîñòíîì 
ôðåçåðîâàíèè îáðàçöà

1 – èíñòðóìåíò; 2 – äåòàëü; 3 – ñòðóæêà; 3à – ïîëîæåíèå ñòðóæêè ïðè ÂÑÔ; 4 – ïëîñêîñòü ðåçàíèÿ;  – óãîë ñêàëû-

âàíèÿ;  – óâåëè÷åíèå óãëà ñêàëûâàíèÿ;  – êàñàòåëüíàÿ ñèëà,  Í;

 – íîðìàëüíàÿ ñèëà,  Í; Ð – ðåçóëüòèðóþùàÿ ñèëà,  Í

   

(2)

Ãåîìåòðè÷åñêàÿ èíòåðïðåòàöèÿ óðàâíåíèé 
(2) ëèíåéíîé ðåãðåññèè ïîêàçàíà íà ðèñ. 4.

Ðèñ. 4. Âëèÿíèå ñêîðîñòè ðåçàíèÿ íà ïàðàìåòðû êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ îáðàçöà è ñèëó ðåçàíèÿ ïðè ÷èñòîâîì  
âûñîêîñêîðîñòíîì ôðåçåðîâàíèè

Ñ óâåëè÷åíèåì ñêîðîñòè ðåçàíèÿ V â äèà-

ïàçîíå îò 35 äî 95 ì/ìèí,  óâåëè÷èâàåòñÿ 

îò 1,72 äî 2,3 ìêì.  è Ð ïðàêòè÷åñêè íå èç-
ìåíÿþòñÿ ñ óâåëè÷åíèåì ñêîðîñòè ðåçàíèÿ.

Îñòàòî÷íûå íàïðÿæåíèÿ, 
 
ÿâëÿþòñÿ 

ñæèìàþùèìè è ïðîïîðöèîíàëüíî ñíèæàþòñÿ 
îò – 500 äî –  350 ÌÏà.

Íà ðèñ. 5 ïîêàçàíî ðàñïðåäåëåíèå îñòàòî÷-
íûõ íàïðÿæåíèé σîñò ïî ãëóáèíå ïîâåðõíîñò-
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íîãî ñëîÿ îáðàçöîâ ïîñëå ÷èñòîâîãî âûñîêî-
ñêîðîñòíîãî ôðåçåðîâàíèÿ.

Ðèñ. 5. Ðàñïðåäåëåíèå îñòàòî÷íûõ íàïðÿæåíèé ïî ãëóáè-
íå ïîâåðõíîñòíîãî ñëîÿ

1 – îáðàçöû èç òèòàíîâîãî ñïëàâà ÂÒ6; 
2 – îáðàçöû èç òèòàíîâîãî ñïëàâà ÂÒ8-1

Â ïîâåðõíîñòíîì ñëîå íàâîäÿòñÿ îñòàòî÷íûå 
íàïðÿæåíèÿ ñæàòèÿ ñ ãëóáèíîé ðàñïðîñòðàíå-
íèÿ îò 30 äî 40 ìêì.

Ìèêðîñòðóêòóðà ïîâåðõíîñòíîãî ñëîÿ îá-
ðàçöîâ ïîñëå âûñîêîñêîðîñòíîãî ôðåçåðîâàíèÿ 
íå èçìåíÿåòñÿ è ñîîòâåòñòâóåò ìèêðîñòðóêòóðå, 
ïðåäñòàâëåííîé íà ðèñ. 1.

Âûâîäû 

1. Ðåæèìû ÷èñòîâîãî âûñîêîñêîðîñòíîãî 

ôðåçåðîâàíèÿ: ïîäà÷à íà çóá,  è ñêîðîñòü 
ðåçàíèÿ, V îêàçûâàþò ñóùåñòâåííîå  âëèÿíèå 
íà ïàðàìåòðû êà÷åñòâà ïîâåðõíîñòíîãî ñëîÿ 
îáðàçöîâ èç òèòàíîâîãî ñïëàâà ÂÒ6.

2. Ñ óâåëè÷åíèåì ïîäà÷è íà çóá,  â ïðè-
íÿòîì â ýêñïåðèìåíòå äèàïàçîíå èçìåíåíèÿ 
ïàðàìåòðû êà÷åñòâà  óâåëè÷èâàþòñÿ 
ïðÿìîïðîïîðöîèíàëüíî óâåëè÷åíèþ ïîäà÷è 
íà çóá.

3. Ñ óâåëè÷åíèåì ñêîðîñòè ðåçàíèÿ V â ïðè-
íÿòîì â ýêñïåðèìåíòå  äèàïàçîíå èçìåíåíèÿ, 
øåðîõîâàòîñòü îáðàáîòàííîé ïîâåðõíîñòè  

ïðîïîðöèîíàëüíî óâåëè÷èâàåòñÿ, à ïàðàìåòð 
 è ñèëà ðåçàíèÿ Ð íå èçìåíÿþòñÿ.
4. Â ïîâåðõíîñòíîì ñëîå ïîñëå ÷èñòîâîãî 

âûñîêîñêîðîñòíîãî ôðåçåðîâàíèÿ íàâîäÿòñÿ 
îñòàòî÷íûå íàïðÿæåíèÿ ñæàòèÿ ñ ãëóáèíîé 
ðàñïðåäåëåíèÿ îò 30 äî 40 ìêì.

5. Ñ óâåëè÷åíèåì ïîäà÷è íà çóá è ñêîðîñòè 
ðåçàíèÿ âåëè÷èíà îñòàòî÷íûõ íàïðÿæåíèé íà 
ïîâåðõíîñòè îáðàçöîâ ïðÿìîïðîïîðöèîíàëüíî 
ñíèæàåòñÿ.

6. Íàêëåï ïîâåðõíîñòíîãî ñëîÿ ïîñëå ÷èñòî-
âîãî âûñîêîñêîðîñòíîãî ôðåçåðîâàíèÿ ñ óâåëè-
÷åíèåì ïîäà÷è íà çóá ïðÿìîïðîïîðöèîíàëüíî 
óâåëè÷èâàåòñÿ îò 6,3 äî 18%, à ñ óâåëè÷åíèåì 
ñêîðîñòè ðåçàíèÿ â ïðèíÿòîì â ýêñïåðèìåíòå 
äèàïàçîíå èçìåíåíèÿ, íàêëåï ïîâåðõíîñòíîãî 
ñëîÿ óâåëè÷èâàåòñÿ îò 14 äî 18%.
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Áåðåçîâñüêèé ª.Ê. Âïëèâ ðåæèì³â ÷èñòîâîãî âèñîêîøâèäê³ñíîãî ôðåçåðóâàííÿ  íà 
ïàðàìåòðè ÿêîñò³ ïîâåðõíåâîãî øàðó çðàçê³â ç òèòàíîâîãî ñïëàâó ÂÒ6

Ó ðîáîò³ âñòàíîâëåíî âïëèâ ðåæèì³â ÷èñòîâîãî âèñîêîøâèäê³ñíîãî ôðåçåðóâàííÿ íà 
ïàðàìåòðè ÿêîñò³ ïîâåðõíåâîãî øàðó ³ ñèëó ð³çàííÿ ïðè îáðîáö³ çðàçê³â ç òèòàíîâîãî 
ñïëàâó ÂÒ6.

Ïðåäñòàâëåíî ìàòåìàòè÷í³ ìîäåë³ ð³âíÿííÿìè ë³í³éíî¿ ðåãðåñ³¿ çàëåæíîñòåé ïàðàìåòð³â 
ÿêîñò³ ïîâåðõíåâîãî øàðó ³ ñèëè ð³çàííÿ â³ä âåëè÷èíè ïîäà÷³ íà çóá ôðåçè ³ øâèäêîñò³ 
ð³çàííÿ.

Ïîêàçàíî ðîçïîä³ë çàëèøêîâèõ íàïðóã ïî ãëèáèí³ ïîâåðõíåâîãî øàðó çðàçê³â.

Êëþ÷îâ³ ñëîâà: ÷èñòîâå âèñîêîøâèäê³ñíå ôðåçåðóâàííÿ, ïàðàìåòðè ÿêîñò³, ïîâåðõíåâèé 
øàð, çàëèøêîâ³ íàïðóãè, øîðñòê³ñòü ïîâåðõí³, ñòóï³íü íàêëåïó, ñåðåäí³é êðîê íåð³âíîñòåé, 
ñèëà ð³çàííÿ, ïîäà÷à íà çóá, øâèäê³ñòü ð³çàííÿ, ìàòåìàòè÷íà ìîäåëü.
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Y.K.Berezovsky. Influence of high-speed fine mill conditions on qualitative characteristics 
of ÂÒ6 titanium alloy specimens’ surface coat

This investigation describes the influence of high-speed fine mill conditions on qualitative 
characteristics of surface coat and tool-workpiece load during ÂÒ6 titanium alloy specimens 
processing. 

Mathematical models are presented in the form of equations of linear regression showing the 
function of surface coat qualitative characteristics and tool-workpiece load to the tooth loading 
and tool-cutting speed.

The distribution of residual strain through the specimens surface coat depth is 
demonstrated.

Key words: high-speed fine milling, qualitative characteristics, surface coat, residual strain, 
surface finish, peening degree, average pitch of roughness, tool-workpiece load, tooth loading, tool-
cutting speed, mathematical model.




