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Ïðè îïòèìèçàöèè ðåæèìîâ òåõíîëîãèé, ñíèæàþùèõ èëè ïåðåðàñïðåäåëÿþùèõ îñòàòî÷-

íûå íàïðÿæåíèÿ, íåîáõîäèìî ïðèìåíåíèå ñîâðåìåííûõ è äîñòîâåðíûõ ìåòîäîâ êîíòðîëÿ.

Ìåòîä ëàçåðíîé èíòåðôåðîìåòðèè ïðèâîäèò ê íåçíà÷èòåëüíûì ïîâðåæäåíèÿì, êîòîðûå

äîïóñòèìû èëè îïåðàòèâíî óñòðàíÿþòñÿ. Âîçìîæíî ïðèìåíåíèå ìåòîäà â ïðîìûøëåííûõ

óñëîâèÿõ, â öåõàõ. Â îòëè÷èå îò ôèçè÷åñêèõ ìåòîäîâ, èìåþùèõ îãðàíè÷åíèÿ äëÿ èññëåäî-

âàíèÿ ðÿäà ìàòåðèàëîâ ñ îïðåäåëåííûìè ñòðóêòóðîé, ìàãíèòíûìè ñâîéñòâàìè, òâåðäî-

ñòüþ, ìåòîä ëàçåðíîé èíòåðôåðîìåòðèè îáëàäàåò óíèâåðñàëüíîñòüþ. Îí ïîçâîëÿåò ñîõðà-

íÿòü äàííûå â öèôðîâîì ôîðìàòå íà ñïåêë-èíòåðôåðîãðàììàõ, ÷òî îáåñïå÷èâàåò ïðîñëå-

æèâàíèå ýòàïîâ èçìåðåíèé, ýêñïåðòíîå ñðàâíåíèå è äîñòîâåðíóþ îò÷åòíîñòü. Ïðè ïîìîùè

ëàçåðíîé èíòåðôåðîìåòðèè îïðåäåëÿþò àáñîëþòíûå çíà÷åíèÿ íàïðÿæåíèÿ ñ ïîãðåø-

íîñòüþ èçìåðåíèÿ íå áîëåå 10 % îò ïðåäåëà òåêó÷åñòè. Âñå ýòî îáóñëàâëèâàåò ïðèìåíåíèå

äàííîãî ìåòîäà äëÿ êîíòðîëÿ íàïðÿæåííîãî ñîñòîÿíèÿ ïðè ïðîèçâîäñòâå îòâåòñòâåííûõ

ñâàðíûõ êîíñòðóêöèé èç àëþìèíèåâûõ ñïëàâîâ, ê êîòîðûì ïðåäúÿâëÿþòñÿ æåñòêèå òðåáî-

âàíèÿ ïî ðàçìåðíîé ñòàáèëüíîñòè, òî÷íîñòè è íàäåæíîñòè. Ïðè èçãîòîâëåíèè òàêèõ ñâàð-

íûõ êîíñòðóêöèé âîçìîæíî ñîâìåùåíèå âèáðàöèîííîé îáðàáîòêè ñ ïðîöåññîì äóãîâîé

ñâàðêè. Äàííàÿ òåõíîëîãèÿ, â îòëè÷èå îò òåðìè÷åñêîé îáðàáîòêè, èìååò íèçêóþ ýíåðãî-

åìêîñòü, íå óâåëè÷èâàåò îïåðàöèîííîå âðåìÿ èçãîòîâëåíèÿ, ýêîëîãè÷åñêè ÷èñòà, à òàêæå

èìååò äîñòàòî÷íóþ ýôôåêòèâíîñòü. Êðîìå òîãî, îíà ïîçâîëÿåò çíà÷èòåëüíî ñîêðàòèòü ýêî-

íîìè÷åñêèå èçäåðæêè íà ïîñëåäóþùóþ ìåõàíè÷åñêóþ îáðàáîòêó. Ìåòîä ëàçåðíîé èíòåð-

ôåðîìåòðèè äàåò âîçìîæíîñòü ýôôåêòèâíî îïðåäåëèòü îïòèìàëüíûé òåõíîëîãè÷åñêèé ðå-

æèì ïî ïàðàìåòðó îñòàòî÷íûõ ïîñëåñâàðî÷íûõ íàïðÿæåíèé, à òàêæå óñòàíîâèòü âåëè÷èíó

ñíèæåíèÿ äàííûõ íàïðÿæåíèé â ñðàâíåíèè ñî ñëó÷àåì áåç ïðîâåäåíèÿ ñîïóòñòâóþùåé

âèáðàöèîííîé îáðàáîòêè.
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Optimization of the modes of technological processing aimed at reduction or redistribution of residual

stresses requires the use of modern and reliable methods of control. The method of laser interferometry

leads to minor damages which are considered acceptable or can be easily removed. It is possible to use the

method in industrial conditions of the workshops. Unlike physical methods, which have restrictions im-

posed on the classes and characteristics of materials in terms of structure, magnetic properties, and hard-

ness, the method of laser interferometry exhibits a universal character. The method allows data saving in

a digital format on speckle interferograms, thus providing a possibility of the traceability of measurement

stages, expert comparison and reliable reporting. Laser interferometry provides determination of the ab-

54 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2020. Òîì 86. ¹ 2



solute values of stresses with the error of the yield point measurement below 10%. The method can be suc-

cessfully used to control the stress state in the production of critical welded structures from aluminum al-

loys, which are subject to stringent requirements for dimensional stability, accuracy and reliability. The

technology of manufacturing the above welded structures usually includes vibration treatment, combined

with the arc welding process. This technology, unlike heat treatment, is rather efficient, environmentally

friendly, and low energy consumption process. Optimization of the technology plays a key role in the in-

dustrial implementation and can significantly reduce the economic costs of subsequent machining. The

method of laser interferometry provides effective determination of the optimal technological mode by the

parameter of residual post-welding stresses, as well as determination of the degree of the reduction of

those stresses compared to the case without concomitant vibration treatment.

Keywords: vibration accompanied welding process (AWP); vibration treatment; arc welding; amplitude;

frequency; optimal modes; laser interferometry.

Ââåäåíèå

Ïîâûøåíèå òðåáîâàíèé ê ðàçìåðíîé ñòà-

áèëüíîñòè, òî÷íîñòè è íàäåæíîñòè ñâàðíûõ êîí-

ñòðóêöèé îòâåòñòâåííîãî íàçíà÷åíèÿ îñîáåííî

çàòðàãèâàåò îòðàñëè ðàêåòîñòðîåíèÿ, êîñìè÷å-

ñêîé è àâèàöèîííîé ïðîìûøëåííîñòè. Ýòî âû-

çâàíî, âî-ïåðâûõ, æåñòêèìè òðåáîâàíèÿìè ê ìàñ-

ñå, êîãäà íåæåëàòåëüíî äàæå óâåëè÷åíèå ïðèïóñ-

êîâ íà ïîñëåñâàðî÷íóþ ìåõàíè÷åñêóþ îáðàáîòêó

ñîïðÿãàåìûõ èëè ñëóæåáíûõ ïîâåðõíîñòåé.

Âî-âòîðûõ, ïîñëåñâàðî÷íûå îñòàòî÷íûå äåôîð-

ìàöèè (ÎÄ), êàê ïðàâèëî, âåäóò ê íåîáõîäèìîñòè

òåðìè÷åñêîé îáðàáîòêè â çàíåâîëåííîì ñîñòîÿ-

íèè; êîëè÷åñòâî òàêèõ îáðàáîòîê îãðàíè÷åíî, îñ-

íàñòêà — òî÷íàÿ è îäíîðàçîâàÿ. Â-òðåòüèõ, íå-

ñòàáèëüíîñòü ðàçìåðîâ è ôîðìû ñâàðíîé êîíñò-

ðóêöèè âî âðåìåíè âñëåäñòâèå ðåëàêñàöèîííûõ

ïðîöåññîâ è èçìåíåíèÿ îñòàòî÷íûõ íàïðÿæåíèé

(ÎÍ) ìîæåò çàñòàâèòü äîïîëíèòü òåõíîëîãè÷å-

ñêèé öèêë îïåðàöèåé âûëåæèâàíèÿ, äëèòåëüíîé

ïî âðåìåíè è ïîòîìó íå âñåãäà âîçìîæíîé, èëè

ïðèâåñòè ê óâåëè÷åíèþ ïðèïóñêîâ íà äàëüíåé-

øóþ ìåõàíè÷åñêóþ îáðàáîòêó, íå ãàðàíòèðóþ-

ùóþ 100 %-íóþ ãåîìåòðè÷åñêóþ ñòàáèëüíîñòü â

òå÷åíèå ïîñëåäóþùåãî âðåìåíè ýêñïëóàòàöèè.

Âñå ýòî îáóñëàâëèâàåò ïîèñê è âíåäðåíèå òåõíî-

ëîãèé, ñíèæàþùèõ îñòàòî÷íûå íàïðÿæåíèÿ è äå-

ôîðìàöèè â ñâàðíûõ êîíñòðóêöèÿõ. Îäíîé èç

íèõ ÿâëÿåòñÿ òåõíîëîãèÿ âèáðàöèîííîãî ñòàðå-

íèÿ, èëè âèáðàöèîííîé îáðàáîòêè. Â ÷àñòíîñòè,

íà÷èíàåò øèðîêî ïðèìåíÿòüñÿ ñïîñîá âèáðàöè-

îííîé îáðàáîòêè, ñîâìåùåííîé ñ ïðîöåññîì ñâàð-

êè (ÑÂÎ). Òåõíîëîãèÿ ÑÂÎ, êðîìå ýôôåêòèâíîãî

óìåíüøåíèÿ è ïåðåðàñïðåäåëåíèÿ ÎÄ è ÎÍ,

ïîçâîëÿåò âûïîëíèòü ñâàðíîé øîâ ñ ïëàâíûì ñî-

ïðÿæåíèåì ñ îñíîâíûì ìåòàëëîì, óìåíüøèòü êî-

ëè÷åñòâî ìèêðîïîð è èõ ðàçìåðû, óâåëè÷èòü ïëà-

ñòè÷íîñòü ñâàðíîãî øâà — áåç çíà÷èòåëüíîãî

óìåíüøåíèÿ ðåñóðñà è áåç óäëèíåíèÿ îïåðàöèîí-

íîãî öèêëà [1 – 19]. Îäíàêî ïðè âíåäðåíèè äàí-

íîé òåõíîëîãèè âîçíèêàåò íåîáõîäèìîñòü â îïðå-

äåëåíèè îïòèìàëüíûõ ïàðàìåòðîâ ðåæèìà ïî

êðèòåðèÿì ñíèæåíèÿ îñòàòî÷íûõ íàïðÿæåíèé è

äåôîðìàöèé â ñðàâíåíèè ñî ñëó÷àåì áåç ñîïóòñò-

âóþùåé âèáðàöèè.

Â íàñòîÿùåå âðåìÿ ñóùåñòâóåò ìíîæåñòâî

ýêñïåðèìåíòàëüíûõ ìåòîäîâ îïðåäåëåíèÿ îñòà-

òî÷íûõ íàïðÿæåíèé â ìàòåðèàëàõ, îñíîâàííûõ

êàê íà ìåõàíè÷åñêîì èçìåðåíèè äåôîðìàöèè ïðè

òåõíîëîãè÷åñêîì ïðîöåññå èçãîòîâëåíèÿ èëè ïðè

ïîñëåäóþùåé ðàçãðóçêå ñ óäàëåíèåì ìàòåðèàëà,

òàê è íà ðåãèñòðàöèè èçìåíåíèÿ ðàçëè÷íûõ ôè-

çè÷åñêèõ ïàðàìåòðîâ, ñâÿçàííûõ ñ îñòàòî÷íûìè

íàïðÿæåíèÿìè. Îäíèì èç íàèìåíåå òðóäîåìêèõ

è íàèáîëåå äîñòîâåðíûõ äëÿ ïðèìåíåíèÿ ê ñâàð-

íûì êîíñòðóêöèÿì àëþìèíèåâûõ ñïëàâîâ â ïðî-

èçâîäñòâåííûõ óñëîâèÿõ ÿâëÿåòñÿ ìåòîä ëàçåð-

íîé èíòåðôåðîìåòðèè (ËÈ). Îí çàêëþ÷àåòñÿ â

èçìåðåíèè äåôîðìàöèé â çîíå ðàçãðóçêè ïóòåì

ïîëó÷åíèÿ ñïåêë-èíòåðôåðîãðàììû ïðè ïîòî÷å÷-

íîì âû÷èòàíèè èçîáðàæåíèé îñâåùåííîé ëàçå-

ðîì ïîâåðõíîñòè äî è ïîñëå óïðóãîé ðàçãðóçêè

ïðè ïîëó÷åíèè çîíäèðóþùåãî îòâåðñòèÿ è ïîñëå-

äóþùåì ïåðåñ÷åòå ýòèõ äåôîðìàöèé â íàïðÿæå-

íèÿ ñ ïðèìåíåíèåì îñíîâíûõ ïîëîæåíèé òåîðèè

óïðóãîñòè. Òàêèì îáðàçîì, ïðîèñõîäèò èçìåðå-

íèå àáñîëþòíûõ çíà÷åíèé îñòàòî÷íûõ íàïðÿæå-

íèé ñ ïîãðåøíîñòüþ â öåíó äåëåíèÿ îäíîé èíòåð-

ôåðåíöèîííîé ïîëîñû ñïåêë-èíòåðôåðîãðàììû,

÷òî âûãîäíî îòëè÷àåò äàííûé ìåòîä îò ôèçè÷å-

ñêèõ ìåòîäîâ, èìåþùèõ îãðàíè÷åíèÿ äëÿ îïðåäå-

ëåííûõ êëàññîâ ìàòåðèàëîâ ñ òî÷êè çðåíèÿ èõ

ñòðóêòóðû, ìàãíèòíûõ ñâîéñòâ, òâåðäîñòè è ò.ä.

Êðîìå òîãî, â îòëè÷èå îò ìåòîäà ðåíòãåíîâñêîé

äèôðàêòîìåòðèè, èçìåðÿþùåãî ñóììàðíûå íà-

ïðÿæåíèÿ ïåðâîãî è âòîðîãî ðîäà â ïðèïîâåðõíî-

ñòíîì ñëîå, ìåòîä ËÈ ïîçâîëÿåò èçìåðÿòü íàïðÿ-

æåíèÿ ïåðâîãî ðîäà íà ãëóáèíàõ äî íåñêîëüêèõ

ìèëëèìåòðîâ. Â îòëè÷èå îò ìåõàíè÷åñêîãî èç-

ìåðåíèÿ äåôîðìàöèè ïóòåì íàêëåéêè òåíçî-

ìåòðè÷åñêèõ äàò÷èêîâ íà êîíñòðóêöèþ äàííûì

ìåòîäîì ìîæíî èçìåðÿòü ÎÍ ïîñëå èõ âîçíèê-

íîâåíèÿ. Íàêîíåö, ìåòîä ËÈ äîñòàòî÷íî ïðîñòî

èñïîëüçîâàòü â ïðîèçâîäñòâåííûõ óñëîâèÿõ, ÷òî

îñîáåííî âàæíî äëÿ îïåðàòèâíîãî êîíòðîëÿ ïà-

ðàìåòðîâ òåõíîëîãè÷åñêèõ ïðîöåññîâ, ïåðåðàñ-

ïðåäåëÿþùèõ èëè èçìåíÿþùèõ óðîâåíü ÎÍ

[20 – 25].
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Ìåòîäû èññëåäîâàíèÿ

Äëÿ îöåíêè ÎÍ ìåòîäîì ËÈ áûë ïðèìåíåí

ïðèáîð «ÄÎÍ-5ÖÇ», èìåþùèé îäíîìîäîâûé îä-

íî÷àñòîòíûé äèîäíûé ëàçåð ñ äëèíîé âîëíû

532 íì. Ïðèáîð îñíàùåí öèôðîâîé âèäåîêàìå-

ðîé, ñâåòîäèîäîì ïîäñâåòêè, äèôôóçîðîì äëÿ

ñîçäàíèÿ ðàâíîìåðíîãî ñâåòîâîãî ïîòîêà, ïîëîñî-

âûì ôèëüòðîì äëÿ âîçìîæíîñòè âûïîëíåíèÿ
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Ðèñ. 1. Ñïåêë-èíòåðôåðîãðàììû áåç ÑÂÎ ñïëàâà ÀÌã6

(îáðàçåö ¹ 10) â çîíàõ ñâàðíîãî øâà (à), òåðìè÷åñêîãî

âëèÿíèÿ (á) è îñíîâíîãî ìåòàëëà (â); ÷èñëî èíòåðôåðåí-

öèîííûõ ïîëîñ N ðàâíî 8 (à), 6 (á) è 2 (â)

Fig. 1. The speckle interferograms without AWT of the al-

loy AMg6 (sample N 10) weld zone (a), heat affected zone

(b), base metal zone (c); number of interference fringes N =

= 8 (a), 6(b), 2 (c)

à

á

â

Ðèñ. 2. Ñïåêë-èíòåðôåðîãðàììà ïðè ÑÂÎ ñïëàâà ÀÌã6

(îáðàçåö ¹ 7) â çîíàõ ñâàðíîãî øâà (à), òåðìè÷åñêîãî âëè-

ÿíèÿ (á) è îñíîâíîãî ìåòàëëà (â); ÷èñëî èíòåðôåðåíöèîí-

íûõ ïîëîñ N ðàâíî 4 (à, á) è 2 (â)

Fig. 2. Speckle-interferogram of the alloy AMg6 with

AWT (sample N 7) weld zone (a), heat affected zone (b),

base metal zone (c); number of interference fringes N = 4

(a, b), 2 (c)



ðàáîò â óñëîâèÿõ ñîëíå÷íîé çàñâåòêè è ïðîïóñ-

êàþùèì òîëüêî ñâåòîâîé ïîòîê îáëó÷àþùåãî ïî-

âåðõíîñòü ëàçåðà. Â ïðèáîðå ïðåäóñìîòðåíà âîç-

ìîæíîñòü èçìåíåíèÿ óãëà íàêëîíà îïòè÷åñêîé

ïëîñêîñòè èíòåðôåðîìåòðà ê èññëåäóåìîé ïî-

âåðõíîñòè â äèàïàçîíå îò 90 äî 45° è ìåíåå, ÷òî

çíà÷èòåëüíî ïîâûøàåò òî÷íîñòü èçìåðåíèé,

óïðîùàåò è óäåøåâëÿåò ïðîöåññ ñâåðëåíèÿ. Äëÿ

ïîëó÷åíèÿ è îáðàáîòêè öèôðîâûõ ñïåêë-èíòåð-

ôåðîãðàìì ñîçäàí ïðîãðàììíî-àïïàðàòíûé êîì-

ïëåêñ. Ãëóáèíó è äèàìåòð îòâåðñòèÿ çàäàþò â

ïðåäåëàõ 1,5 – 2,5 ìì è 3 – 5 ìì ñîîòâåòñòâåííî

[26 – 27]. Òèïè÷íûå ñïåêë-èíòåðôåðîãðàììû,

ïîëó÷åííûå â ðåçóëüòàòå ïðîâåäåííîãî èññëåäî-

âàíèÿ, ïî çîíàì ñâàðíîãî ñîåäèíåíèÿ ïðèâåäåíû

íà ðèñ. 1 äëÿ ïëàñòèí áåç ÑÂÎ è íà ðèñ. 2 — äëÿ

ïëàñòèí ñî ÑÂÎ. Òàêèì îáðàçîì, ìåòîäîì ËÈ ïî-

ëó÷åíà èíôîðìàöèÿ, íà áàçå êîòîðîé âûïîëíåíû

ýïþðû ðàñïðåäåëåíèÿ ÎÍ ïîïåðåê ñâàðíîãî øâà.

Â êà÷åñòâå îáðàçöîâ îòâåòñòâåííûõ ñâàðíûõ

êîíñòðóêöèé ïðèìåíÿëè ïëàñòèíû èç àëþìèíèå-

âîãî ñïëàâà ÀÌã6 ðàçìåðîì 100 × 200 × 3 ìì.

Ñâàðêó âûïîëíÿëè çà îäèí ïðîõîä íåïëàâÿùèì-

ñÿ ýëåêòðîäîì â ñðåäå àðãîíà íà èñòî÷íèêå ïè-

òàíèÿ «Ôîðñàæ 315», íàïëàâêó âàëèêà âûïîëíÿ-

ëè ïî öåíòðó ïëàñòèíû âäîëü äëèííîé ñòîðîíû.

Ðåæèì ñâàðêè: òîê 90 À; ïðèñàäî÷íûå ïðóòêè

Tigrod 18.22 äèàì. 3,2 ìì. Ïðèñïîñîáëåíèå ñ îá-

ðàçöàìè óñòàíàâëèâàëè íà ýëåêòðîäèíàìè÷åñêîì

âèáðàöèîííîì ñòåíäå ÂÝÄÑ-1500ÌÊ (ÎÎÎ «Âèá-

ðîïðèáîð, Ðîññèÿ) ñ àïïàðàòóðîé âèáðàöèîííîãî

àâòîìàòè÷åñêîãî êîíòðîëÿ è ñîïðîâîæäåíèÿ òèïà

«Áàçèñ-001» (ÎÎÎ «Èçìåðèòåëü», Ðîññèÿ). Ñâàð-

êó ñ âèáðàöèåé ïðîâîäèëè ñ âåðòèêàëüíûì íà-

ïðàâëåíèåì êîëåáàíèé ïðè âñåõ ñî÷åòàíèÿõ ïà-

ðàìåòðîâ àìïëèòóäû è ÷àñòîòû. Àìïëèòóäû êî-

ëåáàíèé ñîñòàâëÿëè ±0,1 (ðàçìàõ 0,2), ±0,2 (ðàç-

ìàõ 0,4), ±0,3 (ðàçìàõ 0,6 ìì); ÷àñòîòû — 40, 50,

60 Ãö. Ðåæèìû ÑÂÎ, ñîîòâåòñòâóþùèå íîìåðàì

îáðàçöîâ, ïðèâåäåíû â òàáë. 1.

Â ïðîöåññå ýêñïåðèìåíòà èçìåðÿëè òàêæå

îñòàòî÷íóþ äåôîðìàöèþ ïëàñòèí ïî ñòðåëå

ïðîãèáà.

Îáñóæäåíèå ðåçóëüòàòîâ

Â òàáë. 2 ïðèâåäåíû çíà÷åíèÿ ÎÍ ïëàñòèí

êàê ïðè ðàçëè÷íûõ ðåæèìàõ ÑÂÎ, òàê è áåç âèá-

ðàöèîííîé îáðàáîòêè ðàññòîÿíèÿ òî÷åê îò ñâàð-

íîãî øâà, à òàêæå èõ ïèêîâûå çíà÷åíèÿ. Âèäíî,

÷òî ìàêñèìàëüíûå çíà÷åíèÿ îñòàòî÷íûõ íàïðÿ-

æåíèé ðàñïîëàãàþòñÿ âáëèçè ñâàðíîãî øâà (îá-

ðàçöû ¹ 6 – 10). Ìàëîå ÷èñëî èçìåðåíèé íå-

ñêîëüêî ñíèæàëî äîñòîâåðíîñòü èññëåäîâàíèé,

ïîñêîëüêó, âî-ïåðâûõ, ïèêîâîå çíà÷åíèå ýïþðû

íàïðÿæåíèé ìîæíî ïðîïóñòèòü, âî-âòîðûõ, — çà-

ìåð ñäåëàòü â òî÷êå, èñïûòàâøåé âëèÿíèå ñëå-

äóþùåãî ó÷àñòêà ñâàðíîãî øâà ââèäó «òî÷å÷íî-

ãî» õàðàêòåðà ðó÷íîé àðãîíîäóãîâîé ñâàðêè (îá-

ðàçöû ¹ 1 – 3). Íàïðèìåð, äëÿ îáðàçöà ¹ 8 çíà-

÷åíèÿ ÎÍ â òî÷êàõ, ðàñïîëîæåííûõ ïðàêòè÷åñêè

íà øâå, èìåþò çíà÷èòåëüíûé ðàçáðîñ: 68 ÌÏà —
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Òàáëèöà 1. Íîìåðà îáðàçöîâ, ñîîòâåòñòâóþùèå ðàçëè÷-

íûì ðåæèìàì ñâàðêè ñ âèáðàöèåé è áåç íåå

Table 1. The number sample corresponding to different

welding modes with and without AWT

¹ îáðàçöà ×àñòîòà, Ãö Àìïëèòóäà, ìì

1 40 ±0,1

2 40 ±0,2

3 40 ±0,3

4 50 ±0,1

5 50 ±0,2

6 50 ±0,3

7 60 ±0,1

8 60 ±0,2

9 60 ±0,3

10 Áåç âèáðàöèè

Òàáëèöà 2. Îñòàòî÷íûå íàïðÿæåíèÿ ïðè ðàçëè÷íûõ ðåæèìàõ ÑÂÎ è áåç âèáðàöèè

Table 2. Residual stresses for different modes with and without AWT

¹ îáðàçöà ÎÍ, ÌÏà/Ðàññòîÿíèÿ îò øâà, ìì Ïèêîâûå çíà÷åíèÿ

1 36/–8; 35/2; 30/13 36/–8

2 68/1; 34/10; 19/–6 68/1

3 30/–5; 27/0; 17/9 30/–5

4 47/0; 46/15; 45/–7; 42/–6; 39/0; 34/0 47/0

5 45/1; 37/1; 28/11; 27/8; 27/0; 27/–14; 10/–8 45/1

6 71/7; 43/–10; 40/15; 27/–2; 27/–9 71/7

7 56/2; 45/–9; 45/39; 40/0; 22/10; 19/–15; 19/–12 56/2

8 68/1; 37/–13; 34/8; 34/2; 30/–1; 22/–15; 20/1; 20/1; 19/–1; 10/14 68/1

9 54/2; 36/–7; 34/–4; 34/–8; 30/7; 28/–9; 27/2; 27/10; 18/8; 18/1; 17/1 54/2

10 100/0; 71/9; 65/16; 63/9; 40/–29; 37/–2 100/0



íà 1 ìì; 34 ÌÏà — íà 2 ìì; 30 ÌÏà — íà –1 ìì;

20 ÌÏà — íà 1 ìì; ïðè ýòîì ðÿä çàìåðîâ áûë

ñäåëàí â òî÷êàõ, íàïðÿæåíèÿ â êîòîðûõ áûëè

ñíÿòû âëèÿíèåì ñëåäóþùåé ñâàðî÷íîé òî÷êè.

Îäíàêî ìîæíî çàìåòèòü, ÷òî çíà÷åíèå ïèêîâûõ
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Ðèñ. 3. Ñåìåéñòâî ýïþð îñòàòî÷íûõ íàïðÿæåíèé ñ îäè-

íàêîâûìè àìïëèòóäàìè ïðè ñâàðêå ñ ÂÎ, à òàêæå áåç íåå

(îáðàçåö ¹ 10): à — A = ±0,1 ìì (îáðàçöû ¹ 1, 4, 7); á —

A = ±0,2 ìì (îáðàçöû ¹ 2, 5, 8); â — A = ±0,3 ìì (îáðàç-

öû ¹ 3, 6, 9)

Fig. 3. Family of the distribution diagrams for residual

stresses of the same amplitudes with and without AWT

(sample N 10): a — A = ±0.1 mm (samples N 1, 4, 7); b —

A = ±0.2 mm (samples N 2, 5, 8); c — A = ±0.3 mm

(samples N 3, 6, 9)

à

á

â

Ðèñ. 4. Ñåìåéñòâî ýïþð îñòàòî÷íûõ íàïðÿæåíèé ñ îäè-

íàêîâûìè ÷àñòîòàìè ïðè ñâàðêå ñ ÂÎ, à òàêæå áåç íåå (îá-

ðàçåö ¹ 10): à — í = 40 Ãö (îáðàçöû ¹ 1, 2, 3); á —

í = 50 Ãö (îáðàçöû ¹ 4, 5, 6); â — í = 60 Ãö (îáðàçöû

¹ 7, 8, 9)

Fig. 4. Family of the distribution diagrams for residual

stresses of the same frequency with and without AWT

(sample N 10): a — í = 40 Hz (samples N 1, 2, 3); b — í =

= 50 Hz (samples N 4, 5, 6); c — í = 60 Hz (samples N 7, 8, 9)



ÎÍ ïðè ñâàðêå ñ âèáðàöèåé (40 – 70 ÌÏà) íå-

ñêîëüêî íèæå, ÷åì â ñëó÷àå òðàäèöèîííîé ñâàðêè

(100 ÌÏà). Êðîìå òîãî, ÎÍ â îêîëîøîâíîé çîíå

ïðè ñâàðêå áåç âèáðàöèè (63, 65, 71 ÌÏà) òàêæå

ïðåâûøàþò ÎÍ ïðè ñâàðêå ñ âèáðàöèåé (28, 34,

46 ÌÏà, è ò.ä.).

Íà ðèñ. 3 è 4 ïîêàçàíû ñåìåéñòâà ýïþð ÎÍ

äëÿ îäèíàêîâûõ àìïëèòóä è îäèíàêîâûõ ÷àñòîò.

Äëÿ ñðàâíåíèÿ óðîâíåé ÎÍ äëÿ êàæäîãî ñåìåéñò-

âà ïðèâåäåíû ýïþðû, ïîëó÷åííûå ïðè âûïîëíå-

íèè ñâàðêè áåç âèáðàöèé. Â ðÿäå ñëó÷àåâ öåíòð

ïëàñòèí îáðàçöà íå ñîâïàäàë ñ öåíòðîì ñâàðíîãî

øâà, íàïðèìåð, äëÿ îáðàçöà ¹ 6 îòêëîíåíèå ñî-

ñòàâèëî 6 – 8 ìì, ÷òî îáúÿñíÿåòñÿ ðó÷íûì âûïîë-

íåíèåì ðàáîò. Èç ðèñ. 3 è 4 ñëåäóåò, ÷òî ýïþðà

ÎÍ ïðè ñâàðêå áåç ÂÎ (îáðàçåö ¹ 10) ñ ó÷åòîì

ïîãðåøíîñòè ìåòîäà ãîëîãðàôè÷åñêîé èíòåðôå-

ðîìåòðèè â îäíó ïîëîñó, ïîãðåøíîñòè èç-çà äèñ-

êðåòíîãî èçìåðåíèÿ è âîçìîæíîãî ïðîïóñêà ïèêà

áëèçêî ïîäõîäèò ê ïðåäåëó òåêó÷åñòè àëþìèíèå-

âîãî ñïëàâà ÀÌã6, êîòîðûé ñîãëàñíî ÃÎÑÒ

21631–76 äëÿ ëèñòîâ â îòîææåííîì ñîñòîÿíèè ñî-

ñòàâëÿåò 155 ÌÏà. Êîíòóð ýïþðû îáðàçöà ¹ 10

ñîîòâåòñòâóåò õàðàêòåðíîé ýïþðå ñâàðíîãî ñî-

åäèíåíèÿ ìàòåðèàëà áåç ïîëèìîðôíîãî ïðåâðà-

ùåíèÿ è èìååò êîëîêîëîïîäîáíûé âèä. Ñåìåéñò-

âà ýïþð îäèíàêîâûõ ÷àñòîò ÷åò÷å âûÿâëÿþò

âëèÿíèå èçìåíåíèÿ âòîðîãî ïàðàìåòðà íà óðî-

âåíü ÎÍ. Îäíàêî çàìåòíî, ÷òî ðîñò êàê àìïëèòó-

äû, òàê è ÷àñòîòû ïðèâîäèò ê ñíèæåíèþ è ïèêî-

âûõ çíà÷åíèé, è îáùåãî óðîâíÿ OH.

Íèæå ïðèâåäåíû îñòàòî÷íûå äåôîðìàöèè

ïëàñòèí ïðè ðàçëè÷íûõ ðåæèìàõ ñâàðêè ñ ÂÎ è

áåç íåå, èçìåðåííûå ïî ñòðåëå ïðîãèáà.

Íîìåð îáðàçöà Äåôîðìàöèÿ, ìì

1 . . . . . . . . . . . . . . . . . . . . . . . . . 1,4

2 . . . . . . . . . . . . . . . . . . . . . . . . . 1,2

3 . . . . . . . . . . . . . . . . . . . . . . . . . 0,4

4 . . . . . . . . . . . . . . . . . . . . . . . . . 0,4

5 . . . . . . . . . . . . . . . . . . . . . . . . . 0,4

6 . . . . . . . . . . . . . . . . . . . . . . . . . 0,2

7 . . . . . . . . . . . . . . . . . . . . . . . . . 0,0

8 . . . . . . . . . . . . . . . . . . . . . . . . . 0,5

9 . . . . . . . . . . . . . . . . . . . . . . . . . 0,1

10 . . . . . . . . . . . . . . . . . . . . . . . . . 1,3

Ìîæíî çàêëþ÷èòü, ÷òî ÎÄ ïðè ÑÂÎ â öåëîì

çàìåòíî íèæå. ÎÄ îáðàçöîâ ¹ 1 è ¹ 2 ñ «ìÿãêè-

ìè» ðåæèìàìè ñ îòíîñèòåëüíî íåáîëüøîé ââîäè-

ìîé ìåõàíè÷åñêîé ýíåðãèåé êîëåáàíèé ñîïîñòà-

âèìû ñ ÎÄ îáðàçöîâ ¹ 10. Ðåçóëüòàòû èçìåðå-

íèé òàêæå ïîêàçûâàþò, ÷òî íà âåëè÷èíó ÎÄ

ñèëüíîå âëèÿíèå îêàçûâàåò ÷àñòîòà; ïðè íèçêèõ

÷àñòîòàõ ïîâûøàåòñÿ âëèÿíèå àìïëèòóäû.

Ïðîâåäåííûå èññëåäîâàíèÿ íàìåòèëè ïóòè

îïòèìèçàöèè ïàðàìåòðîâ ðåæèìà ÑÂÎ ïðè èçãî-

òîâëåíèè ñâàðíûõ êîíñòðóêöèé èç àëþìèíèåâîãî

ñïëàâà ÀÌã6.

Âûâîäû

Ìåòîäîì ëàçåðíîé èíòåðîôåðîìåòðèè ïîëó-

÷åíû äîñòîâåðíûå ðåçóëüòàòû èññëåäîâàíèÿ íà-

ïðÿæåííîãî ñîñòîÿíèÿ îáðàçöîâ èç àëþìèíèåâî-

ãî ñïëàâà ÀÌã6.

Ïîäîáðàíû îïòèìàëüíûå ðåæèìû âèáðàöè-

îííîé îáðàáîòêè è ñîïóòñòâóþùåé àðãîíîäóãî-

âîé ñâàðêè ïëàñòèí èç èññëåäóåìîãî ñïëàâà.

Ïîêàçàíî, ÷òî ïðîâåäåíèå âèáðàöèîííîé îá-

ðàáîòêè ñíèæàåò óðîâåíü îñòàòî÷íûõ ñâàðî÷íûõ

íàïðÿæåíèé êàê â ïèêîâûõ îáëàñòÿõ, òàê è â îêî-

ëîøîâíîé çîíå äî 40 – 60 %.
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