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Ïðåäñòàâëåíû ðåçóëüòàòû êîíòðîëÿ òîíêîñòåííûõ ñâàðíûõ ñîåäèíåíèé (âûñîêîòåìïåðà-

òóðíûõ óçëîâ ýïèòàêñèàëüíûõ óñòàíîâîê), ïîëó÷åííûõ ýëåêòðîííî-ëó÷åâîé ñâàðêîé, âèõ-

ðåòîêîâûì ìåòîäîì. Ãåðìåòè÷íîñòü ïîäîáíûõ äåòàëåé è óçëîâ êîíòðîëèðóþò âàêóóìíûì è

êîìïðåññèîííûì ìåòîäàìè òå÷åèñêàíèÿ, îñíîâàííûìè íà ïîâûøåíèè êîíöåíòðàöèè òåñ-

òîâîãî ãàçà ñ îäíîé ñòîðîíû òåñòèðóåìîé ïîâåðõíîñòè è îòáîðå åãî äëÿ ìàññ-ñïåêòðîìåòðè-

÷åñêîãî àíàëèçà — ñ äðóãîé ñòîðîíû. Ãåëèåâûå ìàññ-ñïåêòðîìåòðè÷åñêèå òå÷åèñêàòåëè â

íàñòîÿùåå âðåìÿ øèðîêî ðàñïðîñòðàíåíû â àýðîêîñìè÷åñêîé, ýëåêòðîííîé è õèìè÷åñêîé

îòðàñëÿõ ïðîìûøëåííîñòè, â ïðèáîðîñòðîåíèè è íàó÷íûõ èññëåäîâàíèÿõ. Âèõðåòîêîâûé

ìåòîä ïîçâîëÿåò èñïîëüçîâàòü äàííûé ïîäõîä äëÿ ñâîåâðåìåííîãî îáíàðóæåíèÿ äåôåêòîâ

è ïðåäîòâðàùåíèÿ ðèñêà àâàðèéíîãî èçíîñà òîíêîñòåííûõ ýëåìåíòîâ è äåòàëåé àýðîêîñ-

ìè÷åñêîãî è íåôòåãàçîõèìè÷åñêîãî îáîðóäîâàíèÿ, à òàêæå îáåñïå÷èâàåò âûñîêóþ ñêîðîñòü

ñêàíèðîâàíèÿ. Èññëåäîâàëè ñâàðíûå ñîåäèíåíèÿ òàíòàëîâûõ ýêðàíîâ òîëùèíîé 0,2 è

0,5 ìì ñ ïîìîùüþ äåôåêòîñêîïà ÂÅÊÒÎÐ-60Ä. Ïðèáîð äàåò âîçìîæíîñòü èñïîëüçîâàòü íà-

êëàäíûå èëè ïðîõîäíûå âèõðåòîêîâûå äèôôåðåíöèàëüíûå, òàíãåíöèàëüíûå è àáñîëþò-

íûå ïðåîáðàçîâàòåëè, ðàáîòàþùèå íà ÷àñòîòàõ îò 10 Ãö äî 20 ÌÃö, à òàêæå ðàçëè÷íûå äè-

íàìè÷åñêèå ïðåîáðàçîâàòåëè. Îí ïðåäíàçíà÷åí äëÿ êîíòðîëÿ ìåòàëëîïðîäóêöèè, óãëåïëà-

ñòèêîâ è êîìïîçèòîâ íà íàëè÷èå äåôåêòîâ (ïîâåðõíîñòíûõ è ïîäïîâåðõíîñòíûõ òðåùèí,

íàðóøåíèé ñïëîøíîñòè è îäíîðîäíîñòè ìàòåðèàëà). Îòîáðàæåíèå ñèãíàëà íà ýêðàíå äå-

ôåêòîñêîïà ïîëó÷àëè êàê â àìïëèòóäíî-âðåìåííîé, òàê è êîìïëåêñíîé ïëîñêîñòÿõ. Èñïî-

ëüçîâàëè äàò÷èêè ÏÂÄÒ-1000-2, ÏÂÄ-200-2,3 è VP160A45, ñ ïîìîùüþ êîòîðûõ çà îäèí

ïðîõîä âäîëü ñâàðíîãî ñîåäèíåíèÿ ìîæíî îáíàðóæèâàòü äåôåêòû ïî âñåé øèðèíå øâà è

îêîëîøîâíîé çîíû. Âûÿâèëè äåôåêò ñâàðíîãî ñîåäèíåíèÿ òàíòàëîâîãî ýêðàíà — íåïîëíîå

ïðîïëàâëåíèå (íåïðîâàð â êîðíå ñâàðíîãî øâà). Çàêëþ÷èëè, ÷òî âèõðåòîêîâûé äåôåêòî-

ñêîï ÂÅÊÒÎÐ-60Ä ìîæíî ñ óñïåõîì ïðèìåíÿòü äëÿ êîíòðîëÿ äåôåêòîâ òîíêîñòåííûõ ñâàð-

íûõ ñîåäèíåíèé.
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The results of testing thin-walled welded joints (high-temperature assemblies of epitaxial installations)

obtained by electron-beam welding using the eddy current method are presented. The tightness of those

parts and assemblies is controlled by vacuum and compression leak detection methods, based on increas-

ing the test gas concentration on the one side of the test surface and sampling it for mass spectrometric

analysis on the other side. Helium mass spectrometric leak detectors are now widely used in aerospace,

electronics and chemical industries, as well as in the instrument making industry and scientific research.

The eddy current method provides a high scanning speed and allows timely detection of the defects and

prevention of the risk of accidental wear of thin-walled elements and parts of aerospace and petrochemical

equipment. The goal of this work is to optimize the control of welded joints of thin (0.2 and 0.5 mm) tanta-

lum screen using a VEKTOR-60D detector and eddy current method. The device provides the use of over-

head or flow eddy current differential, tangential and absolute transducers operating at a frequency from

10 Hz to 20 MHz, as well as various dynamic transducers. The device is designed to control metal prod-

ucts, carbon plastics and composites for the presence of defects such as surface and subsurface cracks, dis-

continuities and homogeneity of materials. VEKTOR-60D allows one to get a simultaneous signal display

on the flaw detector screen both in the amplitude-time and complex planes. The used sensors

(PVDT-1000-2, PVD-200-2,3, and VP160A45) provided detection of the defects across the entire width of

the weld and heat-affected zone in one pass along the welded joint. The defect of the welded joint of the

tantalum screen was revealed as incomplete penetration (nonpenetration in the weld root) in accordance

with the classification of GOST R ISO 6520-1–2012. The results proved that a VEKTOR-60D eddy current

detector can be successfully used in monitoring defects in thin-walled welded joints.

Keywords: eddy current testing; flaw detection; epitaxial installation; welded joint; tantalum; flaw detec-

tor; non-destructive control.

Ââåäåíèå

Óñòàíîâêè ìîëåêóëÿðíî-ïó÷êîâîé ýïèòàêñèè

ïðèìåíÿþò äëÿ èçãîòîâëåíèÿ ýïèòàêñèàëüíûõ

ãåòåðîñòðóêòóð. Óñëîâèÿ âàêóóìà è òðåáîâàíèÿ ê

íèçêîìó óðîâíþ çàãðÿçíåíèÿ íàêëàäûâàþò îïðå-

äåëåííûå îãðàíè÷åíèÿ íà ìàòåðèàëû, ïðèìåíÿå-

ìûå äëÿ ïðîèçâîäñòâà ýëåìåíòîâ è óçëîâ êàìåðû

ýïèòàêñèàëüíûõ óñòàíîâîê. Ìàòåðèàëû äîëæíû

èìåòü íèçêîå äàâëåíèå ïàðà. Ïðè ýòîì íåâûñî-

êàÿ ñêîðîñòü èñïàðåíèÿ óìåíüøàåò êîíöåíòðà-

öèþ çàãðÿçíÿþùèõ âåùåñòâ. Íàãðåâ ïîäëîæêè

îñóùåñòâëÿåòñÿ èçëó÷åíèåì íàãðåâàòåëÿ, â êîí-

ñòðóêöèè êîòîðîãî èñïîëüçóþòñÿ òîíêîñòåííûå

òàíòàëîâûå ýêðàíû äëÿ óìåíüøåíèÿ èçëó÷åíèÿ

íà ñòåíêè êàìåðû (ìàêñèìàëüíàÿ òåìïåðàòóðà

íàãðåâà 1100 °C) [1].

Êàê èçâåñòíî, ïðè ñâàðêå âîçäåéñòâèå äàæå

íåáîëüøèõ êîëè÷åñòâ êèñëîðîäà, àçîòà, âîäîðîäà

è óãëåðîäà, îáðàçóþùèõ òâåðäûé ðàñòâîð âíåäðå-

íèÿ, çíà÷èòåëüíî âëèÿåò íå òîëüêî íà ñòðóêòóðó

è ìåõàíè÷åñêèå ñâîéñòâà, íî ãëàâíîå — íà ôîð-

ìèðîâàíèå äåôåêòîâ, îïðåäåëÿþùèõ èçíîñîñòîé-

êîñòü ñâàðíîãî ñîåäèíåíèÿ [2]. Ïîýòîìó ïðè èçãî-

òîâëåíèè òîíêîñòåííûõ ýëåìåíòîâ âûñîêîòåìïå-

ðàòóðíûõ óçëîâ êàìåðû ýïèòàêñèàëüíîé óñòàíîâ-

êè èç òàíòàëà äëÿ îáåñïå÷åíèÿ ãåðìåòè÷íîñòè,

èçíîñîñòîéêîñòè è ïðî÷íîñòè ñîåäèíåíèé òàê

âàæíû òåõíîëîãèÿ ñâàðêè è èñïîëüçóåìûå ìåòî-

äû íåðàçðóøàþùåãî êîíòðîëÿ.

Îáû÷íî ïðèìåíÿþò ýëåêòðîäóãîâóþ (â ñðåäå

èíåðòíûõ ãàçîâ) è ýëåêòðîííî-ëó÷åâóþ ñâàðêè.

Íàèáîëåå ýôôåêòèâíàÿ çàùèòà øâà îò àòìîñôåð-

íûõ ãàçîâ äîñòèãàåòñÿ ïðè ýëåêòðîííî-ëó÷åâîé

ñâàðêå â âàêóóìå (äàâëåíèå 10–5 – 10–4 ìì ðò. ñò.).

Ýòîò âèä ñâàðêè èñïîëüçóþò äëÿ ñîåäèíåíèÿ õè-

ìè÷åñêè àêòèâíûõ òóãîïëàâêèõ ìåòàëëîâ. Îí

òàêæå ïîçâîëÿåò ïîëó÷àòü óçêèå çîíû ðàñïëàâëå-

íèÿ è òåðìè÷åñêîãî âëèÿíèÿ è áëàãîäàðÿ ýòîìó

èçáåãàòü áîëüøèõ äåôîðìàöèé (øèðèíà øâà òàí-

òàëà â 3 – 5 ðàçà ìåíüøå, ÷åì ïðè äóãîâîé ñâàðêå

íåïëàâÿùèìñÿ ýëåêòðîäîì) [2, 10, 11].

Äåòàëè ïîä ñâàðêó ãîòîâÿò ñ îñîáîé òùàòåëü-

íîñòüþ. Ñîåäèíÿåìûå êðîìêè è ïðèëåãàþùèå ê

íèì îêîëîøîâíûå ó÷àñòêè î÷èùàþò îò çàãðÿçíå-

íèé è ïîäâåðãàþò òðàâëåíèþ â ñïåöèàëüíûõ ðå-

àêòèâàõ äëÿ óäàëåíèÿ ïîâåðõíîñòíûõ îêñèäíûõ

ïëåíîê è îáåçæèðèâàíèÿ.

Îñíîâíàÿ òðóäíîñòü ïðè ñâàðêå òîíêîñòåí-

íûõ èçäåëèé — ïðîæîãè. Ïðè÷èíû èõ ïîÿâëåíèÿ

÷àùå âñåãî — íåòî÷íîñòü ñáîðêè è êîðîáëåíèå

êðîìîê, âûçûâàþùåå ìåñòíîå óâåëè÷åíèå çàçî-

ðîâ è èçìåíåíèå òåïëîîòâîäà. Âåëè÷èíà êîðîáëå-

íèÿ çàâèñèò îò òîëùèíû ñâàðèâàåìîãî ìàòåðèà-

ëà, ðàññòîÿíèÿ ìåæäó ïðèæèìàìè è äð. Ïîýòîìó

ê ñáîðî÷íî-ñâàðî÷íîé îñíàñòêå ïðåäúÿâëÿþò îñî-

áûå òðåáîâàíèÿ [2, 11 – 13].

Ïîñëå ñâàðêè ñâàðíûå ñîåäèíåíèÿ, êàê ïðà-

âèëî, êîíòðîëèðóþò âèçóàëüíûì ñïîñîáîì

[2, 14]. Îäíàêî íàèáîëåå âûñîêîïðîèçâîäèòåëü-

íûé è òî÷íûé ñïîñîá, ïîçâîëÿþùèé âûÿâëÿòü

äåôåêòû â ïîâåðõíîñòíîì è ïðèïîâåðõíîñòíîì

ñëîÿõ, — âèõðåòîêîâûé ìåòîä êîíòðîëÿ [3 – 8].

Öåëü ðàáîòû — âûÿâëåíèå äåôåêòîâ è îïòè-

ìèçàöèÿ êîíòðîëÿ òîíêîñòåííûõ ñâàðíûõ ñîåäè-

íåíèé òàíòàëîâûõ ýêðàíîâ ñ èñïîëüçîâàíèåì

âèõðåòîêîâîãî ìåòîäà.
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Ìàòåðèàëû, ìåòîäû èññëåäîâàíèÿ,

ðåçóëüòàòû

Èññëåäîâàëè ñâàðíûå ñîåäèíåíèÿ òîíêî-

ëèñòîâîãî òàíòàëà ìàðêè ÒÂ× òîëùèíîé 0,2 è

0,5 ìì. Ñâàðêó çàùèòíûõ ýêðàíîâ èç òàíòàëà âû-

ïîëíÿëè ñ èñïîëüçîâàíèåì ïðèæèìíîãî ïðèñïî-

ñîáëåíèÿ êëàâèøíîãî òèïà (ðèñ. 1). Ïðèñïîñîáëå-

íèå îáåñïå÷èâàëî: 1) ïëîòíîå ïðèæàòèå ñâàðè-

âàåìûõ êðîìîê ê ïîäêëàäêå ñ ðàâíîìåðíûì ïî

âñåé äëèíå øâà óñèëèåì; 2) òî÷íóþ èõ ïîäãîíêó;

3) óìåíüøåíèå äåôîðìàöèè êðîìîê; 4) êîððåêò-

íîå ïåðåìåùåíèå èñòî÷íèêà âäîëü ñòûêà; 5) õî-

ðîøèé îáçîð çîíû ñâàðêè íà âñåì ïðîòÿæåíèè

øâà. Ðåæèìû ñâàðêè ïðèâåäåíû â òàáë. 1.

Ïîñêîëüêó ïîìèìî ïðîæîãîâ â ñâàðíûõ

ñîåäèíåíèÿõ ìîãóò íàáëþäàòüñÿ íåïðîâàðû,

òðåùèíû è ïîðèñòîñòü, îñóùåñòâëÿëè äîïîëíè-

òåëüíóþ î÷èñòêó è äåãàçàöèþ êðîìîê ñâàðíîãî

ñîåäèíåíèÿ ïðåäâàðèòåëüíûì ïðîõîäîì ðàñôî-

êóñèðîâàííûì ëó÷îì.

Äåôåêòû (òèïà ïîâåðõíîñòíûõ è ïîäïîâåðõ-

íîñòíûõ òðåùèí, íàðóøåíèé ñïëîøíîñòè è îäíî-

ðîäíîñòè ìàòåðèàëîâ) âûÿâëÿëè ñ ïîìîùüþ óíè-

âåðñàëüíîãî âèõðåòîêîâîãî äåôåêòîñêîïà ÂÅÊ-

ÒÎÐ-60Ä. Ïðèáîð ïîçâîëÿë èñïîëüçîâàòü êàê

íàêëàäíûå èëè ïðîõîäíûå âèõðåòîêîâûå äèôôå-

ðåíöèàëüíûå è àáñîëþòíûå ïðåîáðàçîâàòåëè, ðà-

áîòàþùèå íà ÷àñòîòàõ îò 10 Ãö äî 20 ÌÃö, òàê è

äèíàìè÷åñêèå (ðîòàöèîííûå). Ñèãíàë íà ýêðàíå

äåôåêòîñêîïà îòîáðàæàëñÿ îäíîâðåìåííî â àì-

ïëèòóäíî-âðåìåííîé è êîìïëåêñíîé ïëîñêîñòÿõ

(ðèñ. 2). Ñóùåñòâîâàëà òàêæå âîçìîæíîñòü îò-

äåëüíîãî óñèëåíèÿ ïî îñÿì X è Y.

Èñïîëüçîâàëè ïðåîáðàçîâàòåëè ÏÂÄÒ-1000-

2, ÏÂÄ-200-2,3, VP160A45 (òàáë. 2), êîòîðûå çà

îäèí ïðîõîä âäîëü ñâàðíîãî ñîåäèíåíèÿ äàâàëè

âîçîìîæíîñòü îáíàðóæèâàòü äåôåêòû ïî âñåé

øèðèíå øâà è îêîëîøîâíîé çîíû.

Øâû ñêàíèðîâàëè ñíàðóæè èëè ñ êîðíåâîé

ñòîðîíû — â çîíàõ íàèáîëåå îïàñíîãî äåôåêòà

(íåïðîâàðà êîðíÿ øâà). Äëÿ íàñòðîéêè è êàëèá-

ðîâêè äåôåêòîñêîïà èñïîëüçîâàëè ñòàíäàðòíûé

ýòàëîííûé îáðàçåö. Ïðè ñêàíèðîâàíèè âèõðåòî-

êîâûé ïðåîáðàçîâàòåëü ïåðåìåùàëè ñ ïîñòî-

ÿííîé ñêîðîñòüþ. Ñêàí ñâàðíîãî ñîåäèíåíèÿ è

îêîëîøîâíîé çîíû øèðèíîé îêîëî 10 ìì çàïè-
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1

2

3

Ðèñ. 1. Ïðèñïîñîáëåíèå êëàâèøíîãî òèïà (1) è òîíêî-

ñòåííûå çàùèòíûå òàíòàëîâûå ýêðàíû òîëùèíîé 0,2 (2)

è 0,5 ìì (3) ñî ñâàðíûìè ñîåäèíåíèÿìè, ïîëó÷åííûìè

ýëåêòðîííî-ëó÷åâîé ñâàðêîé

1

2

Ðèñ. 2. Îòîáðàæåíèå ñèãíàëà íà ýêðàíå äåôåêòîñêîïà â

êîìïëåêñíîé (1) è àìïëèòóäíî-âðåìåííîé (2) ïëîñêîñòÿõ

Òàáëèöà 1. Ðåæèìû ýëåêòðîííî-ëó÷åâîé ñâàðêè òîíêîëèñòîâîãî òàíòàëà

Òîëùèíà ìåòàëëà, ìì Äèàìåòð ýêðàíà, ìì Ñèëà òîêà ëó÷à, ìÀ Óñêîðÿþùåå íàïðÿæåíèå, êÂ Ñêîðîñòü ñâàðêè, ì/÷

0,2 30 – 100 10 – 12 20 Äî 30

0,5 30 – 100 24 – 28 20 30

Òàáëèöà 2. Ïðåîáðàçîâàòåëè äëÿ îäíîâðåìåííîãî âûÿâëåíèÿ ïðîäîëüíûõ è ïîïåðå÷íûõ òðåùèí

Ïðåîáðàçîâàòåëü Âèä ïðåîáðàçîâàòåëÿ
Äèàïàçîí

÷àñòîò, ÌÃö

ÏÂÄÒ-1000-2 Âèõðåòîêîâûé äèôôåðåíöèàëüíûé êàðàíäàøíîãî òèïà 0,1 – 2

ÏÂÄÒ-1000-2Ã Ã-îáðàçíûé âèõðåòîêîâûé äèôôåðåíöèàëüíûé êàðàíäàøíîãî òèïà 0,1 – 2

ÏÂÄ-200-2,3 Êàðàíäàøíîãî òèïà ñ äèôôåðåíöèàëüíûì âêëþ÷åíèåì êàòóøêè 0,2 – 0,5

VP160A45 Âèõðåòîêîâûé ïàðàìåòðè÷åñêèé ñ 45-ãðàäóñíûì íàêëîíîì íîñèêà ðàáî÷åé ÷àñòè 0,5 – 2



ñûâàëè ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ

ïðèáîðà. ×àñòîòó è àìïëèòóäó ñèãíàëà îò ïðåîá-

ðàçîâàòåëåé ïîäáèðàëè òàê, ÷òîáû ïîëó÷èòü ìàê-

ñèìàëüíî êîíòðàñòíóþ êàðòèíó ïðîÿâëåíèÿ äå-

ôåêòà.

Íà ðèñ. 3 ïðåäñòàâëåí âèõðåòîêîâûé ñèãíàë

îò îáëàñòåé ñêàíèðîâàíèÿ ñâàðíîãî ñîåäèíåíèÿ,

ïîëó÷åííîãî ýëåêòðîííî-ëó÷åâîé ñâàðêîé, ñ äå-

ôåêòîì è áåç íåãî. Óñòàíîâèëè, ÷òî íàèáîëåå

îïòèìàëüíàÿ ÷àñòîòà èìïóëüñîâ ïðè ìàêñèìàëü-

íî êîíòðàñòíîì ïðîÿâëåíèè äåôåêòà ñîñòàâëÿåò

îêîëî 400 êÃö (ïðåîáðàçîâàòåëü ÏÂÄÒ-1000-2).

Çàêëþ÷åíèå

Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî

äëÿ îöåíêè êà÷åñòâà ñâàðíûõ ñîåäèíåíèé òîíêî-

ñòåííûõ òàíòàëîâûõ ýêðàíîâ, ïîëó÷åííûõ ýëåê-

òðîííî-ëó÷åâîé ñâàðêîé, ïðèìåíèì âèõðåòîêî-

âûé êîíòðîëü äåôåêòîñêîïîì ÂÅÊÒÎÐ-60Ä ñ

òàíãåíöèàëüíûì âèõðåòîêîâûì ïðåîáðàçîâàòå-

ëåì. Îí îïòèìèçèðóåò è óïðîùàåò êîíòðîëü, ïî-

çâîëÿåò âûÿâëÿòü ãåîìåòðè÷åñêèå äåôåêòû òèïà

ïîðû è íåñïëîøíîñòè â ïîâåðõíîñòíîì ñëîå øâà,

à òàêæå íàèáîëåå îïàñíûé ñ ýêñïëóàòàöèîííîé

òî÷êè çðåíèÿ äåôåêò — íåïîëíîå ïðîïëàâëåíèå,

íåïðîâàð â êîðíå ñâàðíîãî øâà [10]. Äàííûé

ïîäõîä ìîæíî èñïîëüçîâàòü äëÿ ýêñïðåññ-

ñêàíèðîâàíèÿ ñâàðíûõ øâîâ òàíòàëà òîëùèíîé

0,2 – 0,5 ìì äëÿ ñâîåâðåìåííîãî îáíàðóæåíèÿ äå-

ôåêòîâ è ïðåäîòâðàùåíèÿ ðèñêà àâàðèéíîãî èç-

íîñà óçëîâ ýïèòàêñèàëüíûõ óñòàíîâîê.
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