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Àííîòàöèÿ. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ñâàðêè èíåðöèîííûì òðåíèåì íèêåëåâîãî
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îáðàçöîâ. Ïðîàíàëèçèðîâàíà ìèêðîñòðóêòóðà ñâàðíûõ øâîâ è îêîëîøîâíûõ çîí. Â õîäå èññëåäî-
âàíèÿ áûëî óñòàíîâëåíî, ÷òî äàííûé ïðîöåññ ñâàðêè ïîçâîëÿåò ïîëó÷àòü ñîåäèíåíèÿ, êîòîðûå íåëüçÿ
ïîëó÷èòü ìåòîäàìè ñâàðêè ïëàâëåíèåì. Ñâàðêà âûïîëíÿëàñü íà óñòàíîâêå ÏÑÒÈ-120SW, èñïûòà-
íèÿ ìåõàíè÷åñêèõ ñâîéñòâ ïðîâîäèëèñü íà óíèâåðñàëüíîé ðàçðûâíîé ìàøèíå Instron, àíàëèç ìèê-
ðîñòðóêòóðû — ñ ïîìîùüþ ìåòàëëîãðàôè÷åñêîãî ìèêðîñêîïà.
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Abstract

The article presents the results of the study of inertial friction welding of the EP741NP nickel heat-
resistant alloy. Since not all metal materials can be welded by melting methods, there are alternatives, for
example, mechanical welding, namely friction welding. A literature review oriented to studying the preceding
similar experience on optimal welding modes selection, which was the prime task was accomplished. Due
to the friction welding optimal parameters selection more strong and qualitative joints are being produced
at the lower temperatures and less heat-affected zones (HAZ) than while fusion-welding methods employing.
The major part of works was being conducted on the foundry alloys, since their grain structure is more pliable
for these kind of impacts, while our work studied the alloy, being obtained by the metallurgy of granules
method. The task is being aggravated by the fact that the alloy itself is liable to the great risk of crack formation
while moulding methods employing in view of utterly complex chemical composition. Based on the above
said we come to the conclusion that the purpose of the presented work consists in achieving stable, high
level of strength, no less than that adduced in the said review. It was established in the course of the study
that this welding process allows obtaining the joints, which are not being obtained by the melting welding
methods. Welding was being performed on the PSTI-120SW installation. Afterwards, rods were cut out for
the samples production and templates for the obtained joint structure studying. Further, experimental study
of the samples’ mechanical properties was conducted. The experiments were being performed with the Instron
universal breaking machine. The samples were being subjected to the tests on the short-time strength at the

room temperature, and the long-time strength (for 100 hours) under the load of 900 Mpa at 650°C. As the
result of the test, the samples demonstrated rather high qualities as it was predicted. This fact allows our
alloys and equipment competing with their foreign counterparts. In the course of this research, the authors
studied the microstructure of the weld seams and weld-affected zones. Transverse metallographic samples
containing welded joint were prepared for the research. The microstructure analysis was being performed
with metallographic microscope. The structure of the samples from the EP741NP alloy is granular. Three
types of the strengthening γ -phase are being observed, and it is noted that no defects on the macrostructure

are detected in both joint and weld-affected zones. The study of the weld workblanks from the EP741NP
alloy revealed the absence of porosity and cracks in the basic material and thermally affected zone. The
welded joint up to 200 microns, irrespective of the final material shortening. Transition zone (a zone of the
thermal affect) of 500 microns to 1000 microns is being observed. The heat treatment conducting after the
welding contributes to the strengthening phase exudation in both seam and weld-affected zone. As the result,
the welded joints become equal in strength to the basic material, which will be the next stage of materials
treatment in the further research.
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Ââåäåíèå

Â ñîâðåìåííîì ìèðå øèðîêî ïðèìåíÿþòñÿ
æàðîïðî÷íûå ãðàíóëèðóåìûå ñïëàâû íà îñíîâå
íèêåëÿ, â ÷àñòíîñòè â îáëàñòè ãàçî-òóðáîñòðîå-
íèÿ, ÷òî, â ñâîþ î÷åðåäü, èãðàåò î÷åíü âàæíóþ
ðîëü â àâèà- è àýðîñòðîåíèè. Â äàííûé ìîìåíò
ðàçðàáàòûâàþòñÿ íîâûå æàðîïðî÷íûå ñïëàâû íà
îñíîâå íèêåëÿ ñ ïîòåíöèàëîì ðîñòà ñâîéñòâ ïó-
òåì îïòèìèçàöèè ðåæèìîâ òåðìè÷åñêîé îáðàáîò-
êè [1].

Äëÿ èçãîòîâëåíèÿ äåòàëåé ÃÒÄ ïðèìåíÿþòñÿ
æàðîïðî÷íûå ñïëàâû íà íèêåëåâîé îñíîâå. Ïî-
ñêîëüêó ìíîãèå äåòàëè äâèãàòåëåé íóæíî ñîåäè-
íÿòü, à èçãîòîâëåíèå ëèòîé äåòàëè ñ áîëüøèìè
ñòåïåíÿìè ïîäâèæíîñòè íåâîçìîæíî, àêòóàëü-
íûì ñòàíîâèòñÿ âîïðîñ î íåðàçúåìíûõ ñîåäèíå-
íèÿõ, âûïîëíåííûõ ñâàðêîé. Ïåðåä áîëòîâûìè
ñîåäèíåíèÿìè íåðàçúåìíûå èìåþò ïðåèìóùå-
ñòâî â êà÷åñòâå îáëåã÷åíèÿ ìàññû êîíñòðóêöèè
è êàê áîëåå íàäåæíûå.

 Ñâàðêà ïëàâëåíèåì æàðîïðî÷íûõ ñïëàâîâ íà
îñíîâå íèêåëÿ çàòðóäíÿåòñÿ ïîÿâëåíèåì ìèêðî-
òðåùèí, êîòîðîå îáóñëîâëåíî èçìåíåíèåì ðàçìå-
ðîâ çåðåí è íàëè÷èåì êîíöåíòðàöèè âðåäíûõ ôàç
íà èõ ãðàíèöàõ [2, 3]. Ñâàðêà òðåíèåì æàðîïðî÷-
íûõ íèêåëåâûõ ñïëàâîâ, â ñðàâíåíèè ñî ñïîñî-
áàìè ñâàðêè ïëàâëåíèåì, îáëàäàåò ðÿäîì ïðåèìó-
ùåñòâ. Îñíîâíûå å¸ äîñòîèíñòâà: íèçêèå çíà÷å-
íèÿ îñòàòî÷íûõ íàïðÿæåíèé è âîçìîæíîñòü ïî-
ëó÷åíèÿ ðàçíîðîäíûõ ñâàðíûõ ñîåäèíåíèé è
ìàòåðèàëîâ, îòñóòñòâóþùàÿ ïðè èñïîëüçîâàíèè
ìåòîäîâ ñâàðêè ïëàâëåíèåì [4-6]. Òàêæå îòìå÷à-
åòñÿ, ÷òî ïðè ñâàðêàõ òðåíèåì áëàãîäàðÿ òîìó,
÷òî çàãîòîâêè íå ðàñïëàâëÿþòñÿ, ìîæíî ñîåäè-
íÿòü ìíîæåñòâî ðàçëè÷íûõ, â òîì ÷èñëå ðàçíî-
ðîäíûõ, ñïëàâîâ [7].

Àâòîðàìè ðàáîòû [8] áûë ïîäíÿò âîïðîñ î
ïîâûøåíèè êà÷åñòâà è ñòàáèëüíîñòè ýêñïëóàòà-
öèîííûõ õàðàêòåðèñòèê ïîëó÷àåìûõ ìàòåðèàëîâ,
íî ëèøü íà ýòàïå ïðîèçâîäñòâà ãðàíóë.

Â [9, 10] óòâåðæäàåòñÿ, ÷òî ñèëüíîå âëèÿíèå
îêàçûâàþò âûáðàííûå ðåæèìû ñâàðêè. Áîëüøîå
çíà÷åíèå èìååò êà÷åñòâî ïîäãîòîâêè ïîâåðõíî-
ñòåé, îñîáåííî, åñëè îíè ïëîõî ïîäãîòîâëåíû. Â
èíåðöèîííîé ñâàðêå òðåíèåì îäíà çàãîòîâêà âðà-
ùàåòñÿ îòíîñèòåëüíî äðóãîé, à çàòåì âðàùàþùà-
ÿñÿ çàãîòîâêà âäàâëèâàåòñÿ â äðóãóþ âî âðåìÿ
âðàùåíèÿ, ÷òî ñîçäàåò òðåíèå. Ýòî ïðèâîäèò ê äå-
ôîðìàöèè ïîâåðõíîñòåé çàãîòîâîê è, êàê èòîã,
ïîëó÷àåòñÿ íåðàçúåìíîå ñâàðíîå ñîåäèíåíèå [11].
Áëàãîäàðÿ ïîäáîðó îïòèìàëüíûõ ïàðàìåòðîâ
ñâàðêîé òðåíèåì ïðîèçâîäÿòñÿ áîëåå ïðî÷íûå è

êà÷åñòâåííûå ñîåäèíåíèÿ ïðè áîëåå íèçêèõ òåì-
ïåðàòóðàõ è ìåíüøèõ çîíàõ òåðìè÷åñêîãî âëèÿ-
íèÿ (ÇÒÂ), ÷åì ïðè èñïîëüçîâàíèè ìåòîäîâ ñâàð-
êè ïëàâëåíèåì [12, 13].

Â ñòàòüå [14] ïðåäñòàâëåí ïîäðîáíûé ìåòàë-
ëîãðàôè÷åñêèé àíàëèç, â ÷àñòíîñòè ñâÿçü ïðîôè-
ëåé òâåðäîñòè ñïëàâîâ è ìîðôîëîãè÷åñêèõ èçìå-
íåíèé ïðèñóòñòâóþùèõ âûäåëåíèé â äâóõ íèêå-
ëåâûõ, íî ðàçíûõ ïî õèìè÷åñêîìó ñîñòàâó ñïëà-
âàõ. Ðàáîòà äåìîíñòðèðóåò, ÷òî èíåðöèîííàÿ
ñâàðêà òðåíèåì ñïëàâîâ 720Li è IN718 ïðèâîäèò
ê îáðàçîâàíèþ øâà áåç ìèêðîïîð è ìèêðîòðå-
ùèí.

Â ðàáîòå [15] áûëî ïðîâåäåíî èññëåäîâàíèå
ôàçîâîãî ñîñòàâà ñâàðíîãî ñîåäèíåíèÿ, ïîêàçàâ-
øåå, ÷òî â ìàòåðèàëå, ïîìèìî íàëè÷èÿ êðóïíûõ
÷àñòèö âòîðûõ ôàç ñ dñð ≈ 10 ìêì, ñóùåñòâóþò è

ìåëêèå ÷àñòèöû γ ¢ -ôàçû ñ dñð ≈ 0,6 ìêì. Ìèêðî-

ðåíòãåíîñïåêòðàëüíûé àíàëèç êðóïíûõ ÷àñòèö
ïîçâîëèë óñòàíîâèòü, ÷òî ýòî êàðáèäû òèòàíà è
íèîáèÿ. Èññëåäîâàíèå ïîëèðîâàííîé ïîâåðõíî-
ñòè îáðàçöîâ âûÿâèëî çíà÷èòåëüíîå êîëè÷åñòâî
ìåëêèõ ïîð â çîíå òåðìîìåõàíè÷åñêîãî âëèÿíèÿ
(ÇÒÌÂ) è ðåêðèñòàëëèçîâàííîé çîíå (ÐÇ). Áîëåå
äåòàëüíûé àíàëèç ïîäòâåðäèë íàëè÷èå ìíîæåñòâà
ïîð, ðàñïîëîæåííûõ ïî ãðàíèöàì çåðåí è â òðîé-
íûõ ñòûêàõ. Ïðåäïîëàãàåòñÿ, ÷òî ïîðèñòîñòü
ñíèæàåò ïðî÷íîñòü ñïëàâà â ðåêðèñòàëëèçîâàí-
íîé çîíå, à òàêæå ÿâëÿåòñÿ ñëåäñòâèåì îáðàçîâà-
íèÿ øåéêè è ðàçðóøåíèÿ îáðàçöîâ ïðè ñòàòè÷åñ-
êîì ðàñòÿæåíèè ó ñâàðíîãî øâà. Ïëàñòè÷åñêàÿ
äåôîðìàöèÿ ïðè ëèíåéíîé ñâàðêå òðåíèåì ïðè-
âîäèò ê ïåðåðàñïðåäåëåíèþ êàðáèäîâ â ÐÇ. ×à-
ñòèöû âûòÿíóòû â öåïî÷êè â íàïðàâëåíèè òå÷å-
íèÿ ìàòåðèàëà. Ýòè öåïî÷êè ãðóáûõ âòîðûõ ôàç
ìîãóò âûñòóïàòü â ðîëè êîíöåíòðàòîðîâ íàïðÿ-
æåíèé è ïðèâîäèòü ê òðåùèíîîáðàçîâàíèþ â
ñâàðíîì ñîåäèíåíèè.

Â ðàáîòå [16] áûëà èññëåäîâàíà ñâàðèâàåìîñòü
æàðîïðî÷íîãî íèêåëåâîãî ñïëàâà ÂÆ159 ñ ïîñ-
ëåäóþùåé òåðìîîáðàáîòêîé ïîëó÷åííûõ ñîåäè-
íåíèé ìåòîäîì ðîòàöèîííîé ñâàðêè òðåíèåì,
îñóùåñòâëÿåìîé íà óñòàíîâêå ÏÑÒ-50-2Ì, ñ
îñåâûì óñèëèåì 50 òñ, à òàêæå ïðîâåäåíû ìåòàë-
ëîãðàôè÷åñêèå èññëåäîâàíèÿ ñâàðíûõ îáðàçöîâ
áåç óïðî÷íÿþùåé òåðìè÷åñêîé îáðàáîòêè ïîñëå
ñâàðêè. Â ðåçóëüòàòå óäàëîñü óñòàíîâèòü, ÷òî
ñòðóêòóðà ëèòîãî ïîëóôàáðèêàòà áîëåå êðóïíî-
çåðíèñòàÿ, ÷åì ñòðóêòóðà äåôîðìèðîâàííîãî
ïîëóôàáðèêàòà, âåëè÷èíà çåðíà êîòîðîãî íå ïðå-
âûøàåò 4 áàëëà.
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Áûëè îïðåäåëåíû ìåõàíè÷åñêèå õàðàêòåðèñ-
òèêè; óñòàíîâëåíî, ÷òî èñïîëüçóåìûå ðåæèìû
ñâàðêè ïîçâîëèëè ïîëó÷èòü ñâàðíûå ñîåäèíåíèÿ
ñ óðîâíåì ïðî÷íîñòè íå ìåíåå 0,9 îò óðîâíÿ
ïðî÷íîñòè îñíîâíîãî ìàòåðèàëà.

Ñîãëàñíî ñòðóêòóðíûì èññëåäîâàíèÿì, äå-
ôåêòîâ â ñâàðíîì øâå è îêîëîøîâíîé çîíå íå
âûÿâëåíî. Â äàííîé ðàáîòå òàêæå áûëè ïðåäñòàâ-
ëåíû èññëåäîâàíèÿ ìèêðîñòðóêòóðû, ìèêðîòâåð-
äîñòè è óäàðíîé âÿçêîñòè â îáëàñòè ñâàðíîãî
øâà.

Èññëåäîâàíèå ñòðóêòóðû îêîëîøîâíîé çîíû
è çîíû ñâàðíîãî øâà ïîêàçàëî, ÷òî â îêîëîøîâ-
íîé çîíå íàáëþäàåòñÿ õàðàêòåðíîå äëÿ ðîòàöè-
îííîé ñâàðêè òðåíèåì òåðìîäåôîðìàöèîííîå
èçìåíåíèå ìàòåðèàëà, âûðàæàþùååñÿ â «çàêðó-
÷èâàíèè» ìàòåðèàëà â íàïðàâëåíèè åãî âûõîäà â
ãðàò ïðè ñâàðêå. Äåôåêòû â ñòðóêòóðå ñâàðíîãî
øâà è îêîëîøîâíîé çîíû íå îáíàðóæåíû. Çîíà
øâà – óçêàÿ, øèðèíà ñîñòàâëÿåò îêîëî 1 ìì,
øèðèíà îêîëîøîâíîé çîíû ñî ñòîðîíû ëèòîãî
ïîëóôàáðèêàòà – îêîëî 3 ìì, ñî ñòîðîíû äåôîð-
ìèðîâàííîãî ïîëóôàáðèêàòà – âàðüèðóåòñÿ â
ïðåäåëå îò 1,5 äî 2,0 ìì. Ñòðóêòóðà ñâàðíîãî øâà
– ìåëêîçåðíèñòàÿ, ÷òî ÿâëÿåòñÿ ñëåäñòâèåì òåð-
ìîäåôîðìàöèîííîãî âîçäåéñòâèÿ â ïðîöåññå
ñâàðêè [17].

Óòâåðæäàåòñÿ, ÷òî íàáëþäàåìûå ïèêè òâåðäî-
ñòè îáóñëîâëåíû ðÿäîì ôàêòîðîâ: óìåíüøåíèåì
ðàçìåðà çåðíà, óïðî÷íåíèåì òâåðäîãî ðàñòâîðà è
èçìåëü÷åíèåì ñîñòàâëÿþùèõ ÷àñòèö [18, 19].

Â ñòàòüå [20] ïðîâîäèëèñü èññëåäîâàíèÿ âëè-
ÿíèÿ òåõíîëîãèè ðîòàöèîííîé ñâàðêè òðåíèåì
ñïëàâà ÂÆ175 íà ñòðóêòóðó è ïðî÷íîñòíûå õàðàê-
òåðèñòèêè, à òàêæå îïðåäåëÿëèñü îïòèìàëüíûå
ðåæèìû ñâàðêè äëÿ äâóõ òåõíîëîãè÷åñêèõ ñõåì:
1) ïîëíàÿ òåðìè÷åñêàÿ îáðàáîòêà + ñâàðêà;
2) ñâàðêà + ïîëíàÿ òåðìè÷åñêàÿ îáðàáîòêà. Â ðå-
çóëüòàòå âûáðàíû äâà ðåæèìà, êîòîðûå ìîæíî

îòíåñòè ê ðåæèìàì ñðåäíåé æåñòêîñòè. Íà ñëå-
äóþùåì ýòàïå îöåíèâàëèñü ïðî÷íîñòíûå è ñòðóê-
òóðíûå ñâîéñòâà ñâàðíûõ ñîåäèíåíèé. Ðåçóëüòàòû
ìåõàíè÷åñêèõ ñâîéñòâ ïðèâåäåíû â òàáë. 1.

Â ðàáîòå ïðîäåìîíñòðèðîâàíî èññëåäîâàíèå
ñòðóêòóðû è ïðî÷íîñòíûõ ñâîéñòâ ñâàðíûõ ñî-
åäèíåíèé ñïëàâà ÂÆ175, ïîëó÷åííûõ ïî äâóì
ñõåìàì òåðìè÷åñêîé îáðàáîòêè è ñâàðêè. Àíàëèç
ïðî÷íîñòíûõ õàðàêòåðèñòèê ïîêàçûâàåò, ÷òî ñî-
åäèíåíèÿ ñ ïîëíîé òåðìè÷åñêîé îáðàáîòêîé
ïîñëå ñâàðêè îáëàäàþò ñâîéñòâàìè, óðîâåíü êî-
òîðûõ ñîïîñòàâèì ñ óðîâíåì ñâîéñòâ îñíîâíîãî
ìàòåðèàëà ïðè òåìïåðàòóðàõ +20 è +650 °Ñ.

Ïðî÷íîñòíûå õàðàêòåðèñòèêè ñîåäèíåíèé,
ïîëó÷åííûõ â òåðìîóïðî÷íåííîì ñîñòîÿíèè áåç
ïîñëåäóþùåé òåðìè÷åñêîé îáðàáîòêè, ñîñòàâëÿ-
þò 0,80—0,87 îò çíà÷åíèé ïàðàìåòðîâ ñîîòâåò-
ñòâóþùèõ õàðàêòåðèñòèê îñíîâíîãî ìàòåðèàëà.
Ýòî îáóñëîâëåíî ïðàêòè÷åñêè ïîëíûì îòñóòñòâè-

åì óïðî÷íÿþùåé γ ¢ -ôàçû â øâå è îêîëîøîâíîé

çîíå äàííûõ ñâàðíûõ ñîåäèíåíèé è ïîäòâåðæäà-
åòñÿ ñòðóêòóðíûìè èññëåäîâàíèÿìè.

Ïðîâåäåíèå òåðìè÷åñêîé îáðàáîòêè ïîñëå
ñâàðêè ñïîñîáñòâóåò âûäåëåíèþ óïðî÷íÿþùåé
ôàçû â øâå è îêîëîøîâíîé çîíå. Â ðåçóëüòàòå
ñâàðíûå ñîåäèíåíèÿ ñòàíîâÿòñÿ ðàâíîïðî÷íûìè
îñíîâíîìó ìàòåðèàëó.

Ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèÿ

Ñâàðêà çàãîòîâîê áûëà âûïîëíåíà íà óñòà-
íîâêå ÏÑÒÈ-120SW. Ìàêðîñòðóêòóðà îáðàçöîâ
èññëåäîâàëàñü íà ìåòàëëîãðàôè÷åñêîì êîìïëåêñå
ôèðìû «Leica» ïðè óâåëè÷åíèè õ12,5. Ñúåìêà
èçîáðàæåíèé îñóùåñòâëÿëàñü ïðè ïîìîùè öèô-
ðîâîé êàìåðû XIMEA (3 ìåãàïèêñåëÿ) è VEC-335
(3 ìåãàïèêñåëÿ), ïîäãîòîâêà èçîáðàæåíèé ê êî-
ëè÷åñòâåííîìó àíàëèçó è èõ ìàòåìàòè÷åñêàÿ îá-
ðàáîòêà âûïîëíåíû ïðè ïîìîùè êîìïüþòåðíîé

Òàáëèöà 1

Ìåõàíè÷åñêèå ñâîéñòâà ñâàðíûõ ñîåäèíåíèé ñïëàâà ÂÆ175 [4]

Âàðèàíò òåõíîëîãèè 20
âσ , ÌÏà 650

âσ , ÌÏà 650
100σ , ÌÏà KCU20, êÄæ/ì2 

Òåðìîîáðàáîòêà + 

ñâàðêà 

1226 1236
1232
-

 1295 638 
263 297

280
-

 

Ñâàðêà 

+ òåðìîîáðàáîòêà 
1560 

1491 1530
1510
-

 844 
230 293

260
-

 

Â ÷èñëèòåëå – ìèíèìàëüíûå è ìàêñèìàëüíûå çíà÷åíèÿ, â çíàìåíàòåëå – ñðåäíèå. 
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ïðîãðàììû Image Expert Pro 3x. Èññëåäîâàíèå
ïðîâîäèëèñü íà îáðàçöàõ èç ÊÏÝ äèàìåòðîì 80
ìì èç ñïëàâà ÝÏ741ÍÏ ïî òåõíîëîãè÷åñêèì ðå-
æèìàì 1—7, ñâàðêà êîòîðûõ ïðîèçâåäåíà â ïîë-
íîñòüþ òåðìîîáðàáîòàííîì ñîñòîÿíèè. Äëÿ èñ-
ñëåäîâàíèÿ ìèêðîñòðóêòóðû ïîäãîòîâëåíû ïîïå-
ðå÷íûå øëèôû, ñîäåðæàùèå ñâàðíîå ñîåäèíåíèå
è â äàëüíåéøåì ðàññìàòðèâàåìûå íà ðàñòðîâîì
ýëåêòðîííîì ìèêðîñêîïå Zeiss EVO MA10. Äëÿ
îïðåäåëåíèÿ ìåõàíè÷åñêèõ ñâîéñòâ èñïîëüçîâà-
ëàñü óíèâåðñàëüíàÿ ìàøèíà Instron 5989.

Àíàëèç èññëåäîâàíèÿ

Ñîãëàñíî ëèòåðàòóðíûì èñòî÷íèêàì, âûáðàí-
íûé ñïëàâ ÝÏ741ÍÏ (õèì. ñîñòàâ ïî ÃÎÑÒ Ð
52802-2007) îòíîñèòñÿ ê êàòåãîðèè èññëåäóåìûõ,
çàãîòîâêè èç êîòîðîãî äëÿ ñâàðêè áûëè èçãîòîâ-
ëåíû â ÀÎ «ÑÌÊ» ñ ïîñëåäóþùåé òåðìè÷åñêîé
îáðàáîòêîé. Ôèëèàëîì ÀÎ «ÎÄÊ» «ÍÈÈÄ» áûëà
ïðîâåäåíà ñâàðêà îáðàçöîâ íà óñòàíîâêå ÏÑÒÈ-
120SW.

Â ðåçóëüòàòå èñïûòàíèé óñòàíîâëåíû ñëåäó-
þùèå ìåõàíè÷åñêèå ñâîéñòâà îáðàçöîâ, ñì.
òàáë. 2.

Îñíîâíîé ìàòåðèàë çàãîòîâîê èìååò äîñòà-
òî÷íî ìåëêîçåðíèñòîå ñîñòîÿíèå (6—8 áàëëîâ
çåðíà ïî ÃÎÑÒ 5639-82). Èññëåäîâàíèå ñâàðíûõ
çàãîòîâîê èç ñïëàâà ÝÏ741ÍÏ ïîêàçàëî îòñóò-
ñòâèå ïîðèñòîñòè è òðåùèí â îñíîâíîì ìàòåðè-
àëå è â çîíå òåðìè÷åñêîãî âëèÿíèÿ. Çîíà ñâàð-
íîãî ñîåäèíåíèÿ ñîñòàâëÿåò äî 200 ìêì, íåçàâè-
ñèìî îò îêîí÷àòåëüíîé îñàäêè ìàòåðèàëà. Íà-
áëþäàåòñÿ ïåðåõîäíàÿ çîíà (çîíà òåðìè÷åñêîãî
âëèÿíèÿ) îò 500 äî 1000 ìêì. Â îáðàçöå 5 íàáëþ-
äàåòñÿ êëèíîâèäíàÿ ôîðìà ñâàðíîãî ñîåäèíåíèÿ.

Íà ðèñ. 1 ïðåäñòàâëåíû èçîáðàæåíèÿ ìàêðî-
ñòðóêòóðû èññëåäóåìûõ îáðàçöîâ.

Ìèêðîñòðóêòóðà ñâàðíûõ ñîåäèíåíèé áûëà
èññëåäîâàíà â çîíå ñîåäèíåíèÿ íà ðàññòîÿíèè
1 ìì îò ïåðåõîäíîé çîíû è íà ðàññòîÿíèè 5 ìì
îò çîíû îñíîâíîãî ìàòåðèàëà. Íà ðèñ. 2 ïðåäñòàâ-
ëåíà ìèêðîñòðóêòóðà íàèáîëåå «ïðî÷íîãî» èç
îáðàçöîâ (îáð. 3).

Àíàëèç ðåçóëüòàòîâ èñïûòàíèÿ ïîêàçàë:
— ðàçáðîñ ïðî÷íîñòíûõ õàðàêòåðèñòèê ñâàð-

íûõ ñîåäèíåíèé, ïîëó÷åííûõ ïðè èñïîëüçîâàíèè
âñåõ ðåæèìîâ, ñîñòàâèë ïðèáëèçèòåëüíî 2,5%,
÷òî ñâèäåòåëüñòâóåò î äîñòàòî÷íî ðàâíîìåðíîì
ãðàíóëîìåòðè÷åñêîì ñîñòàâå ñâàðèâàåìîãî ìàòå-
ðèàëà;

— ïðî÷íîñòü ñâàðíîãî ñîåäèíåíèÿ íà âñåõ
ðåæèìàõ ñâàðêè òðåíèåì ñîñòàâëÿåò îò 0,85—1,0
îò ïðî÷íîñòè ñàìîãî ñïëàâà ÝÏ741ÍÏ. Ýòî
îáúÿñíÿåòñÿ îáðàçîâàíèåì ðàçðûâà â îêîëîøîâ-
íîé çîíå;

— â õîäå èññëåäîâàíèÿ ìàêðîñòðóêòóðû óñòà-
íîâëåíî, ÷òî âñå ñâàðíûå ñîåäèíåíèÿ èìåþò
ïðàêòè÷åñêè èäåíòè÷íóþ ñòðóêòóðó, èçìåíåíèå
òåõíîëîãè÷åñêèõ ïàðàìåòðîâ ñâàðêè íå âëèÿåò íà
ðàçìåðû ç¸ðåí γ -òâ¸ðäîãî ðàñòâîðà â çîíå ñâàð-

íîãî ñîåäèíåíèÿ è ÇÒÂ;
— ïðîâåäåííûå ìåòàëëîãðàôè÷åñêèå èññëåäî-

âàíèÿ îêîëîøîâíîé çîíû è çîíû ñâàðíîãî øâà
ïîêàçàëè, ÷òî â îêîëîøîâíîé çîíå åñòü ïðèñóùåå
ñâàðêå òðåíèåì òåðìîäåôîðìàöèîííîå èçìåíå-
íèå ìàòåðèàëà, âûðàæàþùååñÿ â «ñêðó÷èâàíèè»
ìåòàëëà â íàïðàâëåíèè ãðàòà ïðè ñâàðêå. Çîíà
øâà óçêàÿ, íå áîëåå 0,8—1 ìì, è èìååò íåðàâíî-
ìåðíóþ äåíäðèòíóþ ñòðóêòóðó. Äàííûé õàðàêòåð

Òàáëèöà 2

Ðåçóëüòàòû èññëåäîâàíèÿ ñïëàâà ÝÏ741ÍÏ â çàâèñèìîñòè îò ðåæèìîâ ñâàðêè

¹ 
ï/ï 

Ðåæèìû ïðîâåäåíèÿ ñâàðîê 

Îñàäêà,  
ìì 

Èññëåäîâàíèÿ ñâàðíûõ 
îáðàçöîâ èç ÊÏÝ 

Óä.  
ýíåðãèÿ, 
Äæ/ìì2 

Íà÷. ÷àñòîòà  
âðàùåíèÿ,  

îá/ìèí 

Îêð. ñêîð.  
âíóòð. è âíåøí.  
ðàäèóñîâ, ì/ñ 

Äàâëåíèå  
â ñòûêå,  

ÌÏà 

ïðè Ò=20°Ñ ïðè Ò=650°Ñ 

σâ,  
ÌÏà 

δ, 
% 

σâ,  
ÌÏà 

δ,  
% 

1 

135 477 1,5—2,0 

414 3,4 1364 36,2 1144 11,7 

2 456 2,9 1341 19 1150 3,7 

3 
357 

2,2 1373 21,7 1150 3,1 

4 73 350 1,1—1,5 0,0 1328 33,1 1018 5,3 

5 214 600 1,9—2,5 414 11,0 1363 39,9 1177 19,0 

6 148 500 1,6—2,1 
456 

6,1 1311 31,9 1128 8,2 

7 142 490 1,5—2,1 5,3 1349 37,4 1192 12,2 
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ìèêðîñòðóêòóðû òèïè÷åí äëÿ ñâàðíûõ ñîåäèíå-
íèé ñïëàâà ÝÏ741ÍÏ [21]. Ìèêðîñòðóêòóðà ìà-
òåðèàëà â ïåðåõîäíîé çîíå (ÇÒÂ) íà ðàññòîÿíèè
äî 1 ìì îò ñâàðíîãî ñîåäèíåíèÿ (ðèñ. 2,á, ä, ç) è
îñíîâíîãî ìàòåðèàëà (ðèñ. 2,â,å,è) ïðåäñòàâëÿåò

Ðèñ. 1. Ìàêðîñòðóêòóðà èññëåäóåìûõ îáðàçöîâ (óâåëè-
÷åíèå õ12,5): à – îáðàçåö 2; á – îáðàçåö 4; â – îáðàçåö 5

à)

á)

â)

Ðèñ. 2. Ìèêðîñòðóêòóðà îáðàçöà 3 (îñàäêà 3,6 ìì): à, á, â – çåðåííàÿ ñòðóêòóðà; ã, ä, å – ãðàíèöû çåðåí; æ, ç,

è – ìîðôîëîãèÿ ÷àñòèö γ ¢ -ôàçû
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ñîáîé èñõîäíûå çåðíà γ -òâ¸ðäîãî ðàñòâîðà 6—8

áàëëîâ, âíóòðè êîòîðûõ íàáëþäàþòñÿ äèñïåðñ-

íûå ÷àñòèöû γ ¢ -ôàçû. Ãðàíèöû çåðåí óïðî÷íå-

íû ÷àñòèöàìè çåðíîãðàíè÷íîé γ ¢ -ôàçû è êàðáè-

äîâ. Ñòðóêòóðà îêîëîøîâíîé çîíû èäåíòè÷íà
ñòðóêòóðå îñíîâíîãî ìàòåðèàëà. Çîíà ñâàðíîãî
ñîåäèíåíèÿ ìåëêîçåðíèñòàÿ (12—13 áàëëîâ), ñî-
ñòîÿùàÿ èç ðåêðèñòàëëèçîâàííûõ γ  çåðåí ðàçìå-

ðîì 2—5 ìêì. Èñõîäíàÿ γ ¢ -ôàçà â çîíå ñâàðíî-

ãî ñîåäèíåíèÿ èìååò ðàçìåð ñóùåñòâåííî ìåíü-
øå èñõîäíîãî çíà÷åíèÿ âñëåäñòâèå ÷àñòè÷íîãî
ðàñòâîðåíèÿ ïðè ñâàðêå.

Âûâîäû

Â õîäå èñïûòàíèé íà êðàòêîâðåìåííóþ ïðî÷-

íîñòü (ïðè 20 °Ñ) ïðåäåë ïðî÷íîñòè íå ïðåòåð-
ïåâàåò ñóùåñòâåííûõ èçìåíåíèé, îäíàêî ïðè
äîëãîâðåìåííûõ èñïûòàíèÿõ (100 ÷àñîâ ïðè 650

°Ñ) ïðåäåë ïðî÷íîñòè è ïëàñòè÷íîñòü ìåíÿëèñü
ñêà÷êîîáðàçíî. Ïðåäïîëîæèòåëüíî ýòî ñâÿçàíî
ñ òåðìè÷åñêèì âîçäåéñòâèåì ïðîöåññà ñâàðêè.

Ñòðóêòóðà îáðàçöîâ èç ñïëàâà ÝÏ741ÍÏ çåð-

íèñòàÿ, íàáëþäàåòñÿ òðè òèïà óïðî÷íÿþùåé γ ¢ -

ôàçû: ñóáêóáîèäû γ ¢ -ôàçû, íàíîðàçìåðíûå ÷à-

ñòèöû, ïî ôîðìå áëèçêèå ê êóáîèäàì äî 100 íì
è ñôåðè÷åñêèå ÷àñòèöû íàíîðàçìåðíîé ôàçû ðàç-
ìåðîì 10—15 íì. Òàêæå íàáëþäàþòñÿ äâîéíèêè
è îòäåëüíûå ÷àñòèöû êàðáîáîðèäîâ íèîáèÿ. Íà
ãðàíèöàõ çåðåí íàáëþäàþòñÿ âûäåëåíèÿ îòíîñè-

òåëüíî êðóïíûõ ÷àñòèö γ ¢ -ôàçû, âûòÿíóòûõ

âäîëü ãðàíèö.
Èññëåäîâàíèå ìàêðîñòðóêòóðû ïîêàçàëî, ÷òî

çíà÷èòåëüíûõ äåôåêòîâ â îêîëîøîâíîé çîíå è
çîíå øâà íåò, îäíàêî ïðè ðàññìîòðåíèè ìèêðî-
ñòðóêòóðû íåñóùåñòâåííûå äåôåêòû áûëè âûÿâ-
ëåíû, à çíà÷èò ýòè çîíû ìîæíî îõàðàêòåðèçîâàòü
êàê ìåëêîçåðíèñòûå. Ñîãëàñíî ðåçóëüòàòàì ìå-
õàíè÷åñêèõ èñïûòàíèé, ïðî÷íîñòü çîíû øâà è

îêîëîøîâíîé çîíû ñîñòàâëÿåò ≥ 0,9 çíà÷åíèé
ïðî÷íîñòè îñíîâíîãî ìàòåðèàëà. Ýòî ïîçâîëÿåò
óòâåðæäàòü, ÷òî èíåðöèîííàÿ ñâàðêà òðåíèåì ÿâ-
ëÿåòñÿ ïåðñïåêòèâíûì ìåòîäîì ñîåäèíåíèÿ ãðà-
íóëèðóåìûõ æàðîïðî÷íûõ ñïëàâîâ íà îñíîâå Ni,
â êîòîðûõ íå ïðåäñòàâëÿåòñÿ âîçìîæíûì èñïîëü-
çîâàòü ìåòîäû ïëàâëåíèÿ.
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