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Àbstract

Machining by milling and laser cutting are widely applied in blanking-and-stamping production. However,
despite the availability and simplicity of the milling method, laser cutting is being increasingly employed in
production.

The laser cutting method ensures high productivity of the process in combination with high precision
and quality of cut surfaces, as well as a small cutting width. However, one of the significant disadvantages
of laser cutting consists in the presence of a temperature-affected zone in the area of laser beam impact,
which leads to a change in the material properties at the edge of the billet and, as a result, to a decrease in
the fatigue resistance of parts.

Fatigue test samples were cut from a 2.5 mm thick cold-rolled sheet of the D16AT alloy across the rolling
direction. One part of the samples was fabricated by milling, while the other part was produced by laser
cutting. The samples were tested for high-cycle fatigue in bending at a symmetrical cycle, and the test base
was of three million loading cycles. The loading threshold of the three samples without their destruction
was being estimated. Besides, after laser cutting the samples, were subjected to etching in Keller’s reagent
to eliminate the defective layer formed as the result of laser processing.

The result of the samples fatigue testing revealed that the conditional endurance limit of the samples
obtained by the laser cutting method was 55 MPam which was 60% lower than the one for the samples
manufactured by milling, which was equal to 90 MPa.

The metallographic results allowed revealing that the end-butts of the samples manufactured by the laser
cutting method contained the defective layer associated with the metal overburning, which was the cause
of the conditional endurance limit reduction. To remove the metal layer with overburning etching was
employed, which allowed partial restoring of the conditional endurance limit of the material equal to 80 MPa.
In this case, the conditional endurance limit is 18% less than that for the milled samples.

Thus, the conducted study reveals that during the products operation obtained by laser cutting, premature
fatigue failure may occur under cyclic loading conditions. To eliminate this possible defect, formed as the
result of manufacturing by the laser method, the defective metal layer with overburining should be removed.
The defective layer removal will lead to the increase fatigue resistance of the products.

Keywords: sheet billet from alloy D16AT, laser cutting, material overburning, defective layer removal
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Ââåäåíèå

Ðàçâèòèå ëàçåðíîé òåõíîëîãèè ÿâëÿåòñÿ îä-
íèì èç íàèáîëåå ïðèîðèòåòíûõ íàïðàâëåíèé, íî,
íàðÿäó ñ èçó÷åíèåì îòäåëüíûõ âîïðîñîâ, íåîá-
õîäèìû àíàëèç è îáùåå ðåøåíèå èíæåíåðíûõ
ïðîáëåì, âîçíèêàþùèõ ïðè îñâîåíèè è âíåäðå-
íèè â ïðîèçâîäñòâî ìåòîäîâ ëàçåðíîé îáðàáîòêè.

Ëèñòû èç ñïëàâà äþðàëþìèíèÿ — îäèí èç
îñíîâíûõ ìàòåðèàëîâ, êîòîðûé èñïîëüçóåòñÿ äëÿ
èçãîòîâëåíèÿ îáøèâîê ôþçåëÿæà, îáòåêàòåëåé è
äðóãèõ äåòàëåé.

Â çàãîòîâèòåëüíî-øòàìïîâî÷íîì ïðîèçâîä-
ñòâå äëÿ ïîëó÷åíèÿ àëþìèíèåâûõ çàãîòîâîê èç
ëèñòà øèðîêî ïðèìåíÿþòñÿ ñëåäóþùèå ñïîñîáû:
ôðåçåðîâàíèå, ëàçåðíûé ðàñêðîé, ðåçêà ñäâèãîì,
ãèäðîàáðàçèâíàÿ ðåçêà [1]. Íàèáîëåå øèðîêîå
ðàñïðîñòðàíåíèå ïîëó÷èëè ìåõàíè÷åñêàÿ îáðà-

áîòêà ìåòîäîì ôðåçåðîâàíèÿ è â ïîñëåäíåå âðå-
ìÿ – ëàçåðíûé ðàñêðîé [2].

Ôðåçåðîâàííûå çàãîòîâêè, áëàãîäàðÿ òî÷íî-
ñòè áàçèðîâàíèÿ â ïðèñïîñîáëåíèÿõ, îáëàäàþò
òî÷íûìè ãåîìåòðè÷åñêèìè ôîðìàìè. Òåïëîâû-
äåëåíèå ïðè ôðåçåðîâàíèè íåçíà÷èòåëüíî è íå
âûçûâàåò èçìåíåíèÿ ñâîéñòâ íà êðîìêå çàãîòîâ-
êè. Ïðîöåññ ìîæåò áûòü ðåàëèçîâàí íà óíèâåð-
ñàëüíûõ íåäîðîãèõ ñòàíêàõ. Â òî æå âðåìÿ ôðå-
çåðîâàíèå èìååò ðÿä íåäîñòàòêîâ: ïðîèçâîäèòåëü-
íîñòü ïðîöåññà íåâûñîêà, ñóùåñòâóþò òðóäíîñòè
ïðè çàêðåïëåíèè êðóïíîãàáàðèòíûõ ëèñòîâ íà
ñòàíêå, ìèíèìàëüíûé ðàäèóñ îáðàáîòêè îãðàíè-
÷èâàåòñÿ ðàçìåðîì èíñòðóìåíòà, ïðè ôðåçåðîâà-
íèè ïîëó÷àþòñÿ îòõîäû â âèäå ñòðóæêè, à íà çà-
ãîòîâêå îáðàçóþòñÿ çàóñåíöû [3–5].
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Ïîýòîìó, íåñìîòðÿ íà äîñòóïíîñòü è ïðîñòîòó
ðåàëèçàöèè ôðåçåðîâàíèÿ, íà ïðîèçâîäñòâå â
êà÷åñòâå çàãîòîâèòåëüíî-ðàçäåëèòåëüíîé îïåðà-
öèè âñ¸ øèðå ïðèìåíÿåòñÿ ëàçåðíûé ðàñêðîé.
Ðåçêà ëàçåðîì ÷àùå âñåãî ðåàëèçóåòñÿ íà òâ¸ðäî-
òåëüíûõ ëàçåðàõ (ND: YAG) ñ êðèñòàëëîì ëåãè-
ðîâàííîãî íåîäèìîì (ND) àëþìîèòòðèåâîãî ãðà-
íàòà (YAG) [6]. Ïðè ýòîì îáåñïå÷èâàþòñÿ âûñî-
êàÿ ïðîèçâîäèòåëüíîñòü ïðîöåññà â ñî÷åòàíèè ñ
âûñîêîé òî÷íîñòüþ è êà÷åñòâîì ïîâåðõíîñòåé
ðåçà, ìàëàÿ øèðèíà ðåçà [7, 8]. Èìååòñÿ âîçìîæ-
íîñòü îñóùåñòâëÿòü ëàçåðíûé ðàñêðîé ïëîñêèõ
çàãîòîâîê ïî ñëîæíîìó êîíòóðó ñ âûñîêîé ñòå-
ïåíüþ àâòîìàòèçàöèè ïðîöåññà. Â òî æå âðåìÿ íà
çàãîòîâêàõ, òàê æå êàê è ïðè ôðåçåðîâàíèè, îá-
ðàçóþòñÿ çàóñåíöû, êîòîðûå íåîáõîäèìî óäàëÿòü,
à ìàêñèìàëüíî âîçìîæíàÿ òîëùèíà ðåçà çàâèñèò
îò ìîùíîñòè óñòàíîâêè. Îäíèì èç ñóùåñòâåííûõ
íåäîñòàòêîâ ëàçåðíîãî ðàñêðîÿ ÿâëÿåòñÿ íàëè÷èå
çîíû òåìïåðàòóðíîãî âëèÿíèÿ â çîíå âîçäåéñòâèÿ
ëàçåðíîãî ïó÷êà, ÷òî ïðèâîäèò ê èçìåíåíèþ
ñâîéñòâ ìàòåðèàëà íà êðîìêå çàãîòîâêè. Ëèñòî-
âàÿ çàãîòîâêà â áîëüøèíñòâå ñëó÷àåâ ïîäâåðãà-
åòñÿ ïëàñòè÷åñêîìó ôîðìîèçìåíåíèþ. Ïðè ýòîì
â íåêîòîðûõ ñëó÷àÿõ â çîíå äåéñòâèÿ ðàñòÿãèâà-

þùèõ íàïðÿæåíèé íà êðîìêàõ çàãîòîâîê íàáëþ-
äàåòñÿ îáðàçîâàíèå òðåùèí [9], ÷òî íåäîïóñòè-
ìî ïðè èõ äàëüíåéøåì èñïîëüçîâàíèè â èçäåëèÿõ
îòâåòñòâåííîãî íàçíà÷åíèÿ.

Ìåòîäèêà èññëåäîâàíèé

Îáðàçöû äëÿ èñïûòàíèé íà óñòàëîñòü íàðåçà-
ëèñü èç õîëîäíîêàòàíîãî ëèñòà òîëùèíîé 2,5 ìì
èç ñïëàâà Ä16ÀÒ ïîïåð¸ê íàïðàâëåíèÿ ïðîêàò-
êè. ×àñòü îáðàçöîâ ïî ÃÎÑÒ 25502-79 , òèï III,
èçãîòàâëèâàëàñü ôðåçåðîâàíèåì íà ðàñêðîéíîì
ñòàíêå ìàðêè ÐÔÏ-6. Äðóãóþ ÷àñòü îáðàçöîâ
ïîëó÷àëè ëàçåðíûì ðàñêðîåì íà óñòàíîâêå
BYSTRONIC ìîäåëè BYSTAR 3015 íà ðåæèìå:
ìîùíîñòü 2500 Âò, ñðåäà àðãîí, äàâëåíèå ãàçà
10 áàð, ôîêóñ 1,4 ìì.

Èñïûòàíèÿ îáðàçöîâ íà èçãèá ïðè ñèììåò-
ðè÷íîì öèêëå íàãðóæåíèÿ ïðîâîäèëèñü íà èñïû-
òàòåëüíîé ìàøèíå ìàëîé ìîùíîñòè ÓÌÌ-01 [10]
ïðîèçâîäñòâà èíñòèòóòà ìåõàíèêè Íàöèîíàëüíîé
àêàäåìèè íàóê Óêðàèíû (ðèñ. 1). Ïðè èñïûòàíè-
ÿõ íà óñòàëîñòü îïðåäåëÿëñÿ óñëîâíûé ïðåäåë âû-

íîñëèâîñòè 1уσ- . Íàñòðîéêà èñïûòàòåëüíîé ìà-

øèíû ïðîâîäèëàñü íà òð¸õ îáðàçöàõ, ïîëó÷åííûõ

Ðèñ. 1. Óíèâåðñàëüíàÿ èñïûòàòåëüíàÿ ìàøèíà ÓÌÌ-01
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ôðåçåðîâàíèåì. Â ðåçóëüòàòå îöåíèâàëñÿ ïîðîã
íàãðóæåíèÿ îáðàçöà áåç åãî ðàçðóøåíèÿ ïðè òð¸õ
ìèëëèîíàõ öèêëîâ, êîòîðûé ñîñòàâèë 90 ÌÏà.
Ïðè îïðåäåëåíèè ýêñïåðèìåíòàëüíîãî çíà÷åíèÿ

1уσ-  íà êàæäîì ýòàïå íàãðóæåíèÿ èñïûòàíèþ
ïîäâåðãàëèñü òðè îáðàçöà. Ìåòàëëîãðàôè÷åñêèå
èññëåäîâàíèÿ [11] ïðîâîäèëèñü íà îïòè÷åñêîì
ìèêðîñêîïå ÌÅÒÀÌ ËÂ-32 ïðîèçâîäñòâà ËÎÌÎ
ïðè äâóõñîòêðàòíîì óâåëè÷åíèè. Îáðàçöû ïîäâåð-
ãàëèñü òðàâëåíèþ â ðåàêòèâå Êåëëåðà: HNO3 –
2,5 ñì3; HCl – 1,5 ñì3; HF – 1,0 ñì3; H2O – 95 ñì3

– â òå÷åíèå 20—40 ñ. Ñòðóêòóðà ìàòåðèàëà îïðå-
äåëÿëàñü â ñåðåäèíå è íà êðàþ òîðöà îáðàçöà.

Ðåçóëüòàòû è îáñóæäåíèå

Âíà÷àëå îïðåäåëÿëñÿ óñëîâíûé ïðåäåë âûíîñ-
ëèâîñòè íà îáðàçöàõ, èçãîòîâëåííûõ ôðåçåðîâà-
íèåì. Äëÿ ýòîãî ïîýòàïíî óâåëè÷èâàëàñü íàãðóçêà

äî çíà÷åíèÿ, ïðè êîòîðîì îáðàçåö ðàçðóøàëñÿ äî
3 ìèëëèîíîâ öèêëîâ. Ðåçóëüòàòû èñïûòàíèé íà
óñòàëîñòü îáðàçöîâ, èçãîòîâëåííûõ ôðåçåðîâàíè-
åì, ïðåäñòàâëåíû íà ðèñ. 2.

Èç ïðèâåä¸ííûõ íà ðèñ. 2 äàííûõ âèäíî, ÷òî
ïîñëå ïðåâûøåíèÿ íàïðÿæåíèÿ â 90 ÌÏà îáðà-
çåö ðàçðóøàåòñÿ, íå âûñòîÿâ 3 ìëí öèêëîâ. Ñëå-
äîâàòåëüíî, çíà÷åíèå óñëîâíîãî ïðåäåëà âûíîñ-
ëèâîñòè â äàííîì ñëó÷àå ñîñòàâëÿåò 90 ÌÏà. Íà
ðèñ. 3 ïðèâåäåíû ôîòîãðàôèè îáðàçöîâ, èçãîòîâ-
ëåííûõ ôðåçåðîâàíèåì, ïîñëå èñïûòàíèé íà óñ-
òàëîñòü.

Äàëåå èñïûòàíèÿì íà óñòàëîñòü ïîäâåðãàëèñü
îáðàçöû, ïîëó÷åííûå ìåòîäîì ëàçåðíîãî ðàñêðîÿ
ïî àíàëîãè÷íîé ñõåìå íàãðóæåíèÿ. Ðåçóëüòàòû
èñïûòàíèé íà óñòàëîñòü îáðàçöîâ, èçãîòîâëåííûõ
ìåòîäîì ëàçåðíîãî ðàñêðîÿ [12, 13], ïðåäñòàâëå-
íû íà ðèñ. 4.

Ðèñ. 2. Ðåçóëüòàòû èñïûòàíèé îáðàçöîâ, èçãîòîâëåííûõ ôðåçåðîâàíèåì

Ðèñ. 3. Ôðåçåðîâàííûå îáðàçöû ïîñëå èñïûòàíèé íà óñòàëîñòü
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Èç ïðèâåä¸ííûõ íà ðèñ. 4 äàííûõ ñëåäóåò, ÷òî
ïîñëå ïðåâûøåíèÿ íàïðÿæåíèÿ â 55 ÌÏà îáðà-
çåö ðàçðóøàåòñÿ, íå âûñòîÿâ 3 ìèëëèîíîâ öèê-
ëîâ. Òàêèì îáðàçîì, çíà÷åíèå óñëîâíîãî ïðåäå-
ëà âûíîñëèâîñòè â äàííîì ñëó÷àå ñîñòàâëÿåò
55 ÌÏà.

Íà ðèñ. 5 ïðèâåäåíû ôîòîãðàôèè îáðàçöîâ,
èçãîòîâëåííûõ ëàçåðíûì ðàñêðîåì, ïîñëå èñïû-
òàíèé íà óñòàëîñòü.

Òàêèì îáðàçîì, â ðåçóëüòàòå èñïûòàíèé íà
óñòàëîñòü óñòàíîâëåíî, ÷òî óñëîâíûé ïðåäåë
âûíîñëèâîñòè îáðàçöîâ, ïîëó÷åííûõ ìåòîäîì
ëàçåðíîãî ðàñêðîÿ, ïðèìåðíî íà 60 % íèæå, ÷åì
ó îáðàçöîâ, ïîëó÷åííûõ ìåòîäîì ôðåçåðîâàíèÿ.

Äàëåå áûëè ïðîâåäåíû ìåòàëëîãðàôè÷åñêèå
èññëåäîâàíèÿ, êîòîðûå ïîêàçàëè, ÷òî íà òîðöå
îáðàçöîâ, ïîëó÷åííûõ ìåòîäîì ëàçåðíîãî ðàñ-

êðîÿ [13, 14], èìååòñÿ ïåðåæîã ìåòàëëà (ðèñ. 6).
Ïî âñåé âèäèìîñòè, èìåííî ýòîò äåôåêòíûé ñëîé
è ÿâëÿåòñÿ ïðè÷èíîé ñíèæåíèÿ ïðåäåëà âûíîñ-
ëèâîñòè [15]. Äëÿ ïîäòâåðæäåíèÿ ýòîãî ïðåäïî-
ëîæåíèÿ áûëè ïðîâåäåíû èñïûòàíèÿ îáðàçöîâ,
èçãîòîâëåííûõ ëàçåðíûì ðàñêðîåì [16], ñ óäàë¸í-
íûì äåôåêòíûì ñëîåì [17—19].

Â êà÷åñòâå ýêñïåðèìåíòà äëÿ óäàëåíèÿ äåôåê-
òíîãî ñëîÿ ìåòàëëà ñ ïåðåæîãîì ïðèìåíÿëîñü
òðàâëåíèå. Îáðàçöû, ïîëó÷åííûå ìåòîäîì ëàçåð-
íîãî ðàñêðîÿ, ïîäâåðãàëè òðàâëåíèþ â 10%-íîì
ðàñòâîðå åäêîãî íàòðèÿ â òå÷åíèå ïÿòè ìèíóò,
ïîñëå ÷åãî îáðàçöû òàêæå ïîäâåðãàëèñü èñïûòà-
íèÿì íà óñòàëîñòü. Ðåçóëüòàòû èñïûòàíèé íà
óñòàëîñòü îáðàçöîâ, èçãîòîâëåííûõ ìåòîäîì ëà-
çåðíîãî ðàñêðîÿ ñ ïîñëåäóþùèì òðàâëåíèåì,
ïðåäñòàâëåíû íà ðèñ. 7.

Ðèñ. 4. Ðåçóëüòàòû èñïûòàíèé íà óñòàëîñòü îáðàçöîâ, èçãîòîâëåííûõ ìåòîäîì ëàçåðíîãî ðàñêðîÿ

Ðèñ. 5. Îáðàçöû, èçãîòîâëåííûå ëàçåðíûì ðàñêðîåì, ïîñëå èñïûòàíèé íà óñòàëîñòü
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Ðèñ. 6. Ïåðåæîã ìåòàëëà â çîíå òåðìè÷åñêîãî âëèÿíèÿ (õ100): à — âáëèçè òîðöà; á — âáëèçè òîðöà îáðàçöà ñ
ïëàêèðóþùèì ñëîåì

à)

á)

Ðèñ. 7. Ðåçóëüòàòû èñïûòàíèé íà óñòàëîñòü îáðàçöîâ, èçãîòîâëåííûõ ìåòîäîì ëàçåðíîãî ðàñêðîÿ ñ ïîñëåäóþ-
ùèì òðàâëåíèåì
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Èç ïðèâåä¸ííûõ íà ðèñ. 7 äàííûõ ñëåäóåò, ÷òî
ïîñëå ïðåâûøåíèÿ íàïðÿæåíèÿ â 80 ÌÏà îáðà-
çåö ðàçðóøàåòñÿ, íå âûñòîÿâ 3 ìëí öèêëîâ. Ðàñ-
÷¸òíîå çíà÷åíèå óñëîâíîãî ïðåäåëà âûíîñëèâî-
ñòè îáðàçöîâ â äàííîì ñëó÷àå ñîñòàâëÿåò 80 ÌÏà,
÷òî òîëüêî íà 18% ìåíüøå, ÷åì ó ôðåçåðîâàííûõ
îáðàçöîâ. Òàêèì îáðàçîì, óäàëåíèå äåôåêòíîãî
ñëîÿ ìåòàëëà ñ ïåðåæîãîì ìåòîäîì òðàâëåíèÿ
ïîçâîëÿåò ÷àñòè÷íî âîññòàíîâèòü çíà÷åíèå óñ-
ëîâíîãî ïðåäåëà âûíîñëèâîñòè ìàòåðèàëà [20].

Âûâîäû

1. Ñïîñîá ðàñêðîÿ îêàçûâàåò ñóùåñòâåííîå
âëèÿíèå íà óñëîâíûé ïðåäåë âûíîñëèâîñòè àëþ-
ìèíèåâîé çàãîòîâêè. Òàê, óñëîâíûé ïðåäåë âû-
íîñëèâîñòè îáðàçöîâ, âûðåçàííûõ ìåòîäîì ëà-
çåðíîãî ðàñêðîÿ, ïðèìåðíî íà 60% íèæå, ÷åì ó
îáðàçöîâ, èçãîòîâëåííûõ ôðåçåðîâàíèåì.

2. Íà òîðöå çàãîòîâîê, èçãîòîâëåííûõ ìåòî-
äîì ëàçåðíîãî ðàñêðîÿ, âîçíèêàåò äåôåêòíûé
ñëîé, ñâÿçàííûé ñ ïåðåæîãîì ìåòàëëà. Ïî âñåé
âèäèìîñòè, ýòîò ñëîé è ÿâëÿåòñÿ ïðè÷èíîé ñíè-
æåíèÿ óñëîâíîãî ïðåäåëà âûíîñëèâîñòè.

3. Óäàëåíèå äåôåêòíîãî ñëîÿ ìåòàëëà ïóò¸ì
òðàâëåíèÿ ÷àñòè÷íî âîññòàíàâëèâàåò çíà÷åíèå
óñëîâíîãî ïðåäåëà âûíîñëèâîñòè.

4. Èñïîëüçîâàíèå èçäåëèé (íàïðèìåð, îáøèâ-
êè êðûëà ñàìîë¸òà), ïîëó÷åííûõ ìåòîäîì ëàçåð-
íîãî ðàñêðîÿ, â óñëîâèÿõ öèêëè÷åñêîãî íàãðóæå-
íèÿ ìîæåò ïðèâåñòè ê èõ óñòàëîñòíîìó ðàçðóøå-
íèþ.
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