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Èçâåñòíî, ÷òî ïðèìåíåíèå ïðèñàäî÷íîãî ìàòåðèàëà, ëåãèðîâàííîãî ðåäêîçåìåëüíûìè ìå-

òàëëàìè (ÐÇÌ), ïîâûøàåò ìåõàíè÷åñêèå ñâîéñòâà ñâàðíûõ ñîåäèíåíèé âûñîêîïðî÷íûõ

àëþìèíèåâî-ëèòèåâûõ ñïëàâîâ ïî ñðàâíåíèþ ñ èñïîëüçîâàíèåì ñåðèéíîãî ïðèñàäî÷íîãî

ìàòåðèàëà. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ ñîñòàâà ëåãèðîâàííûõ ïðè-

ñàäî÷íûõ ìàòåðèàëîâ ìàðîê Ñâ1209 è Ñâ1221 è ðåæèìà òåðìîîáðàáîòêè íà ìåõàíè÷åñêèå

ñâîéñòâà è ñòðóêòóðó ñâàðíûõ ñîåäèíåíèé âûñîêîïðî÷íûõ àëþìèíèåâî-ëèòèåâûõ ñïëàâîâ

Â-1461 è Â-1469. Ïîêàçàíî, ÷òî ïðèñàäî÷íûå ìàòåðèàëû, ëåãèðîâàííûå ÐÇÌ, â ñî÷åòàíèè

ñ ïîëíîé òåðìè÷åñêîé îáðàáîòêîé (çàêàëêà + èñêóññòâåííîå ñòàðåíèå), ïðîâåäåííîé ïîñëå

ñâàðêè, îáåñïå÷èâàþò ðîñò ïðî÷íîñòíûõ õàðàêòåðèñòèê ñâàðíîãî ñîåäèíåíèÿ äî óðîâíÿ

ïðî÷íîñòè îñíîâíîãî ìàòåðèàëà ïðè äîñòàòî÷íî âûñîêèõ ïîêàçàòåëÿõ ïëàñòè÷íîñòè è

óäàðíîé âÿçêîñòè. Ìåòàëëîãðàôè÷åñêèå èññëåäîâàíèÿ ñâàðíûõ ñîåäèíåíèé ïîñëå òåðìè÷å-

ñêîé îáðàáîòêè ïîêàçàëè, ÷òî áëàãîäàðÿ ëåãèðîâàíèþ ïðèñàäî÷íîãî ìàòåðèàëà ÐÇÌ äëÿ

öåíòðà ñâàðíîãî øâà õàðàêòåðíà ìåëêîçåðíèñòàÿ ñòðóêòóðà. Âûäåëåíèÿ óïðî÷íÿþùèõ ôàç

â ñâàðíûõ ñîåäèíåíèÿõ èññëåäîâàíû ñ ïîìîùüþ ïðîñâå÷èâàþùåé ýëåêòðîííîé ìèêðîñêî-

ïèè. Óñòàíîâëåíî, ÷òî â îêîëîøîâíîé çîíå ñïëàâà Â-1469 ïðèñóòñòâóþò âûäåëåíèÿ Al3(Sc,

Zr) îêðóãëîé ôîðìû è ìåëêîäèñïåðñíàÿ ä�-ôàçà, âûäåëèâøàÿñÿ â ïðîöåññå îõëàæäåíèÿ

ñâàðíîãî ñîåäèíåíèÿ. Âìåñòå ñ òåì èñêóññòâåííîå ñòàðåíèå ïîñëå ñâàðêè ïðèâîäèò ê âûäå-

ëåíèþ ìåäåñîäåðæàùèõ Ù�- è è�-ôàç. Äëÿ ñïëàâà Â-1461 ïîñëå çàêàëêè è èñêóññòâåííîãî

ñòàðåíèÿ ñâàðíîãî ñîåäèíåíèÿ â çîíå òåðìè÷åñêîãî âëèÿíèÿ çàôèêñèðîâàíî óâåëè÷åíèå

ðàçìåðîâ âûäåëåíèé óïðî÷íÿþùèõ �T
1
-, S�-, è�-ôàç è ïëîòíîñòè èõ ðàñïðåäåëåíèÿ â îáúåìå

çåðíà. Òàêèì îáðàçîì, ïîäîãðåâ ïðè ñâàðêå âåäåò ê íåðàâíîìåðíîìó âûäåëåíèþ ôàç, à äî-

ïîëíèòåëüíîå èñêóññòâåííîå ñòàðåíèå óñóãóáëÿåò íåðàâíîìåðíîñòü ðàñïàäà ïîñðåäñòâîì

÷àñòè÷íîãî ðàñòâîðåíèÿ îäíèõ ôàç è óêðóïíåíèÿ äðóãèõ.
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çåìåëüíûå ìåòàëëû; òåðìîîáðàáîòêà.
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The use of rare earth elements for alloying of aluminum alloys is a promising direction nowadays — filler

materials doped with rare earth metals (REM) improve the mechanical properties of welded joints of

high-strength aluminum-lithium alloys compared to serial filler material. The results of studying the ef-

fect of the composition of alloyed filler materials Sv1209 and Sv1221 and heat treatment mode on the me-

chanical properties and structure of welded joints of high-strength aluminum-lithium alloys B-1461 and

B-1469 are presented. It is shown that the use of filler materials alloyed with rare earth metals in combi-

nation with full heat treatment (quenching and artificial aging) carried out after welding provide an in-

crease in the strength characteristics of the welded joint to the level of strength of the base material with

sufficiently high ductility and toughness. Metallographic study of welded joints after heat treatment re-

vealed a fine-grained structure in the center of welds attributed to alloying of the filler with REM. Trans-

mission electron microscopy is used to study precipitated hardening phases in welded joints. The

round-shaped phase Al
3
(Sc, Zr) and a fine ä�-phase precipitated upon cooling of the welded joint are pres-

ent in weld adjacent zone of V -1469 alloy. At the same time, artificial aging after welding results in forma-

tion of copper-containing Ù�- and è�-phases. Quenching and artificial aging of the welded joint resulted in

an increase in the size of precipitated hardening �T
1
-, S�-, è�-phases and density of their distribution in the

grain volume in the heat-affected zone of V-1461 alloy. Thus, heating upon welding leads to uneven phase

precipitation, whereas additional artificial aging aggravates the non-uniformity of decomposition through

partial dissolution of some phases and coarsening of the other.

Keywords: filler materials; welding; aluminum-lithium alloys; rare-earth metals; heat treatment.

Ââåäåíèå

Ïðèìåíåíèå ðåäêîçåìåëüíûõ ìåòàëëîâ

(ÐÇÌ) â ìåòàëëóðãè÷åñêîì ïðîèçâîäñòâå îñíîâà-

íî íà òîì, ÷òî ïðè èõ âçàèìîäåéñòâèè ñ êèñëî-

ðîäîì, ñåðîé, àçîòîì, âîäîðîäîì ïðîèñõîäèò

î÷èñòêà ðàñïëàâà çà ñ÷åò îáðàçîâàíèÿ ïðî÷íûõ

òóãîïëàâêèõ ñîåäèíåíèé. ÐÇÌ îáëàäàþò òàêæå

ìîäèôèöèðóþùèì äåéñòâèåì, ïîçâîëÿÿ óìåíü-

øàòü ðàçìåð çåðíà, ïðè ââåäåíèè èõ íåçíà÷è-

òåëüíûõ êîëè÷åñòâ [1 – 5].

Èññëåäîâàíèÿ ñâàðíûõ ñîåäèíåíèé âûñîêî-

ïðî÷íûõ àëþìèíèåâî-ëèòèåâûõ ñïëàâîâ, âûïîë-

íåííûõ ñ ïðèìåíåíèåì ñåðèéíûõ ïðèñàäî÷íûõ

ìàòåðèàëîâ, ïîêàçàëè, ÷òî äëÿ íèõ õàðàêòåðíî

çíà÷èòåëüíîå ñíèæåíèå ïðî÷íîñòíûõ õàðàêòåðè-

ñòèê (äî 50 %) ïî ñðàâíåíèþ ñî ñâàðèâàåìûìè

ñïëàâàìè, îáóñëîâëåííîå äåéñòâèåì òåðìè÷åñêî-

ãî öèêëà ñâàðêè [6 – 8]. Ïðèìåíåíèå ïðèñàäî÷-

íûõ ìàòåðèàëîâ, ëåãèðîâàííûõ ÐÇÌ, è òåðìè÷å-

ñêîé îáðàáîòêè (ÒÎ), íàïðîòèâ, ïîâûøàåò ïðî÷-

íîñòü ñâàðíûõ ñîåäèíåíèé (äî 0,76 è âûøå îò

ïðî÷íîñòè ñïëàâîâ) [9 – 12].

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ ÒÎ íà

ñòðóêòóðó è ìåõàíè÷åñêèå ñâîéñòâà ñâàðíûõ ñî-

åäèíåíèé âûñîêîïðî÷íûõ àëþìèíèåâî-ëèòèåâûõ

ñïëàâîâ Â-1461 è Â-1469, âûïîëíåííûõ àðãîíî-

äóãîâîé ñâàðêîé ñ ïðèñàäî÷íûìè ìàòåðèàëàìè

ìàðîê Ñâ1209 è Ñâ1221, ëåãèðîâàííûìè ÐÇÌ.

Ìàòåðèàëû è ìåòîäû

Èññëåäîâàëè ëèñòîâûå ïîëóôàáðèêàòû ñïëà-

âîâ Â-1461 è Â-1469 [13, 14] òîëùèíîé 2,5 è

1,8 ìì ñîîòâåòñòâåííî â ñîñòîÿíèè ïîñëå ïîëíîé

(çàêàëêà + èñêóññòâåííîå ñòàðåíèå) òåðìè÷åñêîé

îáðàáîòêè. Àâòîìàòè÷åñêóþ àðãîíîäóãîâóþ ñâàð-

êó (ÀÀðÄÑ) îñóùåñòâëÿëè íà óñòàíîâêå Fronius.

Â êà÷åñòâå ïðèñàäî÷íîãî ìàòåðèàëà èñïîëüçîâà-

ëè àëþìèíèåâûå ïðîâîëîêè ìàðîê Ñâ1209 è

Ñâ1221 [15]. Ñîñòàâû ñïëàâîâ è ïðèñàäî÷íûõ ìà-

òåðèàëîâ ïðèâåäåíû â òàáë. 1.

Ìèêðîñòðóêòóðó ñâàðíûõ ñîåäèíåíèé èññëå-

äîâàëè íà èíâåðòèðîâàííîì îïòè÷åñêîì ìèêðî-

ñêîïå Leica DM IRM ñ ïðîãðàììíî-àïïàðàòíûì

êîìïëåêñîì îáðàáîòêè èçîáðàæåíèÿ Image Ex-

pert Pro3x. Ýëåêòðîííî-ìèêðîñêîïè÷åñêèé àíà-

ëèç âûäåëåíèé óïðî÷íÿþùèõ ôàç ïðîâîäèëè ñ

ïîìîùüþ ïðîñâå÷èâàþùèõ ýëåêòðîííûõ ìèêðî-

ñêîïîâ JEM200CX è Tecnai G2 F20 ïðè óñêîðÿþ-

ùåì íàïðÿæåíèè 160 è 200 êÂ. Ëîêàëüíûé õèìè-

÷åñêèé ñîñòàâ ôàçîâûõ ñîñòàâëÿþùèõ îïðåäåëÿ-

ëè ìåòîäîì ðåíòãåíîñïåêòðàëüíîãî ìèêðîàíàëè-

çà ñ ïðèìåíåíèåì ýíåðãîäèñïåðñèîííîãî ñïåê-

òðîìåòðà X-Max80Ò. Îáðàçöû äëÿ ýëåêòðîííîé
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Òàáëèöà 1. Õèìè÷åñêèå ñîñòàâû ñïëàâîâ Â-1461, Â-1469 è ïðèñàäî÷íûõ ìàòåðèàëîâ Ñâ1209, Ñâ1221 (% ìàññ.)

Table 1. Chemical composition of alloys V-1461, V-1469 and filler material Sv1209, Sv1221 (% wt.)

Ìàòå-

ðèàë
Al Cu Mn Mg Li Sc Ti Zr Hf Nd Dy Zn Ag

Â-1461 Îñí. 2,5 – 3,5 0,01 – 0,6 0,01 – 0,6 1,5 – 1,95 0,01 – 0,15 — 0,05 – 0,15 — — — 0,2 – 0,8 —

Â-1469 Îñí. 3,2 – 4,5 0,003 – 0,5 0,01 – 0,5 1,0 – 1,7 0,02 – 0,28 — 0,04 – 0,20 — — — — 0,15 – 1,5

Ñâ1209 Îñí. 5,5 – 6,5 0,2 – 0,3 — — 0,2 – 0,5 0,1 – 0,2 0,1 – 0,2 0,1 – 0,4 0,1 – 0,2 0,1 – 0,2 0,05 – 0,15 0,6 – 1

Ñâ1221 Îñí. 9 – 11 0,2 – 0,3 — — 0,2 – 0,5 0,1 – 0,2 0,1 – 0,2 0,1 – 0,4 0,1 – 0,2 0,1 – 0,2 0,05 – 0,15 0,6 – 1



ìèêðîñêîïèè âûðåçàëè íà ýëåêòðîýðîçèîííîì

ñòàíêå ñ ïîñëåäóþùèì ìåõàíè÷åñêèì óòîíåíèåì

äî 100 ìêì è ñòðóéíîé ýëåêòðîïîëèðîâêîé â êè-

ñëîòíî-ñïèðòîâîì ýëåêòðîëèòå, îõëàæäåííîì äî

ìèíóñ 38 °C íà óñòàíîâêå TENUPOL-5. Òåðìè÷å-

ñêóþ îáðàáîòêó îñóùåñòâëÿëè ïî äâóì ñõåìàì: 1)

çàêàëêà + èñêóññòâåííîå ñòàðåíèå; 2) èñêóññò-

âåííîå ñòàðåíèå.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ñâàðíûõ ñî-

åäèíåíèé îïðåäåëÿëè ïî ñòàíäàðòíûì ìåòîäè-

êàì [16]. Ñâàðíûå ñîåäèíåíèÿ èñïûòûâàëè íà

êðàòêîâðåìåííóþ ïðî÷íîñòü ïðè ðàñòÿæåíèè

(óâ), óäàðíóþ âÿçêîñòü ñ U-îáðàçíûì íàäðåçîì

(KCU) è ñòàòè÷åñêèé èçãèá (á). Ðåçóëüòàòû ïðè-

âåäåíû â òàáë. 2.

Âèäíî, ÷òî èñêóññòâåííîå ñòàðåíèå ïîñëå

ñâàðêè íå ïðèâîäèò ê ïîâûøåíèþ ìåõàíè÷åñêèõ

ñâîéñòâ. Ïîëíàÿ æå òåðìè÷åñêàÿ îáðàáîòêà îáåñ-

ïå÷èâàåò ðîñò ïðî÷íîñòíûõ õàðàêòåðèñòèê ñâàð-

íîãî ñîåäèíåíèÿ äî óðîâíÿ ïðî÷íîñòè îñíîâíîãî

ìàòåðèàëà ïðè íåçíà÷èòåëüíîì ñíèæåíèè ïëà-

ñòè÷íîñòè è óäàðíîé âÿçêîñòè (ïî ñðàâíåíèþ ñ

ñîåäèíåíèÿìè áåç ÒÎ).
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Òàáëèöà 2. Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ñâàðíûõ ñîåäèíåíèé ñïëàâîâ Â-1461 è Â-1469

Table 2. Mechanical properties of welded joints of alloys V-1461, V-1469

Ñïëàâ Ïðèñàäêà Âèä ÒÎ ïîñëå ñâàðêè ó
â ñâ.ñ

, ÌÏà KCU, êÄæ/ì2 á, ãðàä.

Â-1461 Ñâ1209 Áåç ÒÎ 420 190 65

Èñêóññòâåííîå ñòàðåíèå 415 200 70

Çàêàëêà + èñêóññòâåííîå ñòàðåíèå 535 195 60

Ñâ1221 Áåç ÒÎ 415 160 50

Èñêóññòâåííîå ñòàðåíèå 430 160 50

Çàêàëêà + èñêóññòâåííîå ñòàðåíèå 520 130 50

Â-1469 Ñâ1209 Áåç ÒÎ 410 195 95

Èñêóññòâåííîå ñòàðåíèå 430 180 70

Çàêàëêà + èñêóññòâåííîå ñòàðåíèå 495 145 60

Ñâ1221 Áåç ÒÎ 415 170 85

Èñêóññòâåííîå ñòàðåíèå 425 160 60

Çàêàëêà + èñêóññòâåííîå ñòàðåíèå 500 105 55

à

á

Ðèñ. 1. Îáðàçöû ñâàðíûõ ñîåäèíåíèé ñïëàâà Â-1469 ñ

ïðèñàäêàìè Ñâ1209 (à) è Ñâ1221 (á) ïîñëå èñïûòàíèé íà

êðàòêîâðåìåííóþ ïðî÷íîñòü ïðè ðàñòÿæåíèè

Fig. 1. Welded joints of alloy V-1469 with filler material

Sv1209 (a) and Sv1221 (b) after testing for short-term ten-

sile strength
à

á

Ðèñ. 2. Ìèêðîñòðóêòóðà öåíòðà ñâàðíîãî øâà ñïëàâîâ

Â-1469 ïîñëå çàêàëêè è èñêóññòâåííîãî ñòàðåíèÿ (à) è

Â-1461 ïîñëå èñêóññòâåííîãî ñòàðåíèÿ (á) (ïðèñàäêà —

Ñâ1209, ×200)

Fig. 2. Microstructure of the weld center of alloys V-1469

after hardening and artificial aging (a) and V-1461 after arti-

ficial aging (b) (×200, filler material Sv1209)



Îòìåòèì, ÷òî ðàçðóøåíèå ñâàðíûõ ñîåäèíå-

íèé ñïëàâà Â-1469 ñ îáåèìè ïðèñàäêàìè ïîñëå

çàêàëêè è èñêóññòâåííîãî ñòàðåíèÿ ïðîèñõîäèò

íà ðàññòîÿíèè 10 – 15 ìì îò ëèíèè ñïëàâëåíèÿ

(ðèñ. 1). Îòñþäà ìîæíî çàêëþ÷èòü, ÷òî óìåíüøå-

íèå ïðî÷íîñòè âûçâàíî ðàçóïðî÷íåíèåì ïîëó-

ôàáðèêàòà ïîñëå ïîâòîðíîé ÒÎ [17] è íå ñâÿçàíî

ñ äåéñòâèåì ñâàðî÷íîãî òåðìè÷åñêîãî öèêëà.

Ðåçóëüòàòû ìåòàëëîãðàôè÷åñêèõ èññëåäîâà-

íèé ñîåäèíåíèé ïîñëå ÒÎ ñâèäåòåëüñòâóþò, ÷òî

áëàãîäàðÿ ëåãèðîâàíèþ ïðèñàäî÷íîãî ìàòåðèàëà

ÐÇÌ äëÿ öåíòðà ñâàðíîãî øâà õàðàêòåðíà ìåëêî-

çåðíèñòàÿ ñòðóêòóðà (ðèñ. 2).

Âìåñòå ñ òåì ïåðåõîäíàÿ çîíà ñâàðíûõ ñîåäè-

íåíèé èìååò ðàâíîîñíóþ ñòðóêòóðó è îáîäîê ìåë-

êîãî ðåêðèñòàëëèçîâàííîãî çåðíà (ðèñ. 3). Â çîíå

ñïëàâëåíèÿ ïðîèñõîäèò îïëàâëåíèå ãðàíèö çå-

ðåí, ÷òî ñîïðîâîæäàåòñÿ èõ çàìåòíûì óòîëùåíè-

åì. Ãðàíè÷íûå ó÷àñòêè (îäíî-äâà çåðíà îò ëèíèè

ñïëàâëåíèÿ) îáîãàùàþòñÿ ìåäüþ, à îñíîâíîé îáú-

åì çåðíà — îáåäíÿåòñÿ.

Âûäåëåíèÿ óïðî÷íÿþùèõ ôàç èññëåäîâàëè

ìåòîäàìè ïðîñâå÷èâàþùåé ýëåêòðîííîé ìèêðî-

ñêîïèè. Îáðàçöû âûðåçàëè èç öåíòðàëüíîé çîíû

øâà è îáëàñòè òåðìè÷åñêîãî âëèÿíèÿ â íåïîñðåä-

ñòâåííîé áëèçîñòè îò ëèíèè ñïëàâëåíèÿ.

Óñòàíîâèëè, ÷òî îêîëîøîâíàÿ çîíà ñâàð-

íûõ ñîåäèíåíèé èç ñïëàâà Â-1469 èìååò ÷àñòè÷-

íî ðåêðèñòàëëèçîâàííóþ ñòðóêòóðó, òèïè÷íóþ

äëÿ ëèñòîâ ñïëàâà [18]. Â ñîñòîÿíèè «ïîñëå ñâàð-

êè» â ñòðóêòóðå ñïëàâà ïðèñóòñòâóþò âûäåëåíèÿ

Al3(Sc, Zr) îêðóãëîé ôîðìû è ìåëêîäèñïåðñíàÿ

ä�-ôàçà, âûäåëèâøàÿñÿ â ïðîöåññå îõëàæäåíèÿ

ñâàðíîãî ñîåäèíåíèÿ. Ïîñëå èñêóññòâåííîãî ñòà-

ðåíèÿ ñïëàâà Â-1469 âûäåëåíèé ìåëêîäèñïåðñ-

íîé ä�-ôàçû â ñòðóêòóðå íå íàáëþäàëè (ðèñ. 4).

Îäíàêî èñêóññòâåííîå ñòàðåíèå ïîñëå ñâàðêè

âåäåò ê ïîÿâëåíèþ ìåäåñîäåðæàùèõ Ù�- è è�-ôàç,

õàðàêòåð è èíòåíñèâíîñòü âûäåëåíèÿ êîòîðûõ

âçàèìîçàâèñèìû. Ïðè ýòîì ÷àñòèöû óïðî÷íÿþ-

ùåé Ù�-ôàçû, ïðåäñòàâëÿþùèå ñîáîé ïëàñòèíû,

âûäåëÿþòñÿ ïðåèìóùåñòâåííî ãåòåðîãåííî íà

äèñëîêàöèÿõ, îáðàçóþùèõ ñóáãðàíèöû, íå çàòðà-

ãèâàÿ îáúåì ñóáçåðåí. ×àñòèöû è�-ôàçû âûäåëÿ-

þòñÿ íåðàâíîìåðíî, íî ïðåèìóùåñòâåííî ãîìî-

ãåííî, ìåñòàìè îáðàçóÿ ñêîïëåíèÿ ïîâûøåííîé

ïëîòíîñòè âáëèçè ñóáãðàíèö (ðèñ. 5).
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à

á

Ðèñ. 3. Ìèêðîñòðóêòóðà ïåðåõîäíîé çîíû ñâàðíîãî ñîå-

äèíåíèÿ ñïëàâîâ Â-1469 ïîñëå èñêóññòâåííîãî ñòàðåíèÿ

(à) è Â-1461 ïîñëå çàêàëêè è èñêóññòâåííîãî ñòàðåíèÿ (á)

(ïðèñàäêà — Ñâ1209, ×50)

Fig. 3. Microstructure of the transition zone of welded joint

of alloys V-1469 after artificial aging (a) and V-1461 after

hardening and artificial aging (b) (×50, filler material

Sv1209)

à

á

Ðèñ. 4. Âûäåëåíèÿ â çîíå òåðìè÷åñêîãî âëèÿíèÿ ñâàð-

íîãî ñîåäèíåíèÿ ñïëàâà Â-1469 áåç ÒÎ ïîñëå ñâàðêè (à) è

ïîñëå èñêóññòâåííîãî ñòàðåíèÿ (á) (ïðèñàäêà — Ñâ1209)

Fig. 4. Isolation in the zone of thermal influence of the

welded joint of ally V-1469 without heat treatment after

welding (a) and after artificial aging (b) (filler material

Sv1209)



Ñòðóêòóðà öåíòðàëüíîé çîíû øâà (ðèñ. 6)

ñâàðíûõ ñîåäèíåíèé ïðåäñòàâëÿåò ñîáîé ó÷àñòêè,

ðàçäåëåííûå ïðîñëîéêàìè ôàçû íà îñíîâå Cu.

Çäåñü òàêæå ïðèñóòñòâóþò îêðóãëûå âêëþ÷åíèÿ,

èìåþùèå â ñâîåì ñîñòàâå Mg è Cu â ìåíüøåì,

÷åì â ïðîñëîéêàõ, êîëè÷åñòâå. Îáà òèïà âêëþ÷å-

íèé ñîäåðæàò íåáîëüøîå êîëè÷åñòâî Dy. Êðîìå

òîãî, â ñîñòàâ ïðîñëîåê âõîäÿò Nd è Sc. Òàêèì îá-

ðàçîì, ÐÇÌ â ëèòîé ñòðóêòóðå øâà íàáëþäàþòñÿ

â ñîñòàâå ñîåäèíåíèé, ñîäåðæàùèõ Cu è Mg. Â

òâåðäîì ðàñòâîðå âûðàæåííûõ ôëóêòóàöèé ïî

ñîñòàâó íå ôèêñèðîâàëè.

Ïîñëå çàêàëêè è èñêóññòâåííîãî ñòàðåíèÿ â

ñòðóêòóðå øâà îáðàçóþòñÿ êðóïíûå ðåêðèñòàëëè-

çîâàííûå çåðíà, íà êîòîðûõ âûäåëåíèÿ-ïðîñëîé-

êè ôîðìèðóþò ñòðóêòóðó, ïîäîáíóþ ñòðóêòóðå

íåçàêàëåííîãî ìàòåðèàëà (ðèñ. 7). Ïðîñëîéêè ñî-

äåðæàò Cu, Mg è Sc, à îòäåëüíûå îêðóãëûå ÷àñòè-

öû — Dy è Nd. Â îáúåìå ðåêðèñòàëëèçîâàííûõ

çåðåí íàáëþäàåòñÿ âûäåëåíèå ÷àñòèö ñòåðæíåîá-

ðàçíîé ôîðìû (è�-ôàçà), â ñîñòàâ êîòîðûõ âõîäÿò

ïðåèìóùåñòâåííî Cu è Sc. Òàêèå ÷àñòèöû ðàñ-

ïðåäåëåíû íåðàâíîìåðíî, èõ ïëîòíîñòü óâåëè÷è-

âàåòñÿ âáëèçè ãðàíèö.

Ñòðóêòóðà îêîëîøîâíîé çîíû ïðåèìóùåñò-

âåííî íåðåêðèñòàëëèçîâàííàÿ ñ âûðàæåííîé

ðàçíîçåðíèñòîñòüþ. Ïðè ñâàðêå çîíà íàãðåâàåò-

ñÿ, ÷òî àêòèâèçèðóåò ïðîöåññû ðàñòâîðåíèÿ ìåë-

êèõ, ðîñòà è êîàãóëÿöèè êðóïíûõ ôàç.

Ïîñëå ñâàðêè ïðîèñõîäèò äèñïåðñíûé ðàñïàä

ñ îáðàçîâàíèåì è�- è ä�-ôàç (ðèñ. 8). Ïðè ýòîì ãðà-

íèöû è ñóáãðàíèöû íå äåêîðèðîâàíû âûäåëå-
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Ðèñ. 6. Ñòðóêòóðà öåíòðàëüíîé çîíû øâà ñâàðíîãî ñîåäèíåíèÿ ñïëàâà Â-1461 ñ ïðèñàäêàìè Ñâ1221 (à) è Ñâ1209 (á) áåç

ÒÎ ïîñëå ñâàðêè

Fig. 6. Central zone microstructure of weld joint of alloy V-1461 without heat treatment after welding: a, b — filler material

Sv1221 and Sv1209

à

á

Ðèñ. 5. Âûäåëåíèÿ óïðî÷íÿþùèõ Ù�- (à) è è�-ôàç (á) â

çîíå òåðìè÷åñêîãî âëèÿíèÿ ñâàðíîãî ñîåäèíåíèÿ ñïëàâà

Â-1469 ïîñëå èñêóññòâåííîãî ñòàðåíèÿ (ïðèñàäêà —

Ñâ1209)

Fig. 5. Isolation of strengthening phases Ù�- (a) and è� (b)

in the zone of thermal influence of welded joint of ally

V-1469 after artificial aging (filler material Sv1209)



íèÿìè êðóïíûõ ôàç, íå íàáëþäàåòñÿ èíòåíñèâ-

íîãî âûäåëåíèÿ �T
1
-ôàçû [19, 20].

Äîïîëíèòåëüíîå ñòàðåíèå ïîñëå ñâàðêè ïðè-

âîäèò ê óêðóïíåíèþ ä�-ôàçû è íàèáîëåå ïîëíîìó

ðàñïàäó ïåðåñûùåííîãî òâåðäîãî ðàñòâîðà ñ îá-

ðàçîâàíèåì è�-ôàçû (ðèñ. 9), à îñòàâøååñÿ ïåðå-

ñûùåíèå ïî ìåäè — ê íåðàâíîìåðíîìó âûäåëå-

íèþ �T
1
-ôàçû. Ðàñïàä ïåðåñûùåííîãî òâåðäîãî

ðàñòâîðà (ïðè áîëüøîé ïëîòíîñòè è�-ôàçû) íîñèò

íå èíòåíñèâíûé è ïðåèìóùåñòâåííî ãåòåðîãåí-

íûé (ïî ñóáãðàíèöàì) õàðàêòåð. Ïðèñóòñòâóþò

îòäåëüíûå äèñëîêàöèè, äåêîðèðîâàííûå S�-ôà-

çîé, è íàáëþäàåòñÿ âûäåëåíèå ñòåðæíåé äèñïåðñ-

íîé S�-ôàçû â îáúåìå çåðíà.

Ïîñëå çàêàëêè è èñêóññòâåííîãî ñòàðåíèÿ â

çîíå òåðìè÷åñêîãî âëèÿíèÿ ðàçìåðû âûäåëåíèé

óïðî÷íÿþùèõ �T
1
-, S�- è è�-ôàç è ïëîòíîñòü èõ ðàñ-

ïðåäåëåíèÿ â îáúåìå çåðíà óâåëè÷èâàþòñÿ. Ïî-

äîãðåâ ïðè ñâàðêå ïðèâîäèò ê íåðàâíîìåðíîìó

âûäåëåíèþ ôàç, à äîïîëíèòåëüíîå èñêóññòâåííîå

ñòàðåíèå óñóãóáëÿåò íåðàâíîìåðíîñòü ðàñïàäà

ïîñðåäñòâîì ÷àñòè÷íîãî ðàñòâîðåíèÿ îäíèõ ôàç è

óêðóïíåíèÿ äðóãèõ.

Çàêëþ÷åíèå

Ïðèìåíåíèå ïðèñàäî÷íûõ ìàòåðèàëîâ, ëåãè-

ðîâàííûõ ÐÇÌ, äëÿ ñâàðêè âûñîêîïðî÷íûõ àëþ-
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à á

Ðèñ. 8. Âûäåëåíèÿ ä�-ôàçû â çîíå òåðìè÷åñêîãî âëèÿíèÿ ñâàðíîãî ñîåäèíåíèÿ ñïëàâà Â-1461 áåç ÒÎ ïîñëå ñâàðêè (à) è

ïîñëå èñêóññòâåííîãî ñòàðåíèÿ (á) (ïðèñàäêà — Ñâ1209)

Fig. 8. Isolation of phase ä� in the zone of thermal influence of the welded joint of ally V-1461 without heat treatment after

welding (a) and after artificial aging (b) (filler material Sv1209)

à á

Ðèñ. 7. Ñòðóêòóðà çîíû øâà ñâàðíîãî ñîåäèíåíèÿ ñïëàâà Â-1469 c ïðèñàäêàìè Ñâ1221 (à) è Ñâ1209 (á) ïîñëå çàêàëêè è

èñêóññòâåííîãî ñòàðåíèÿ

Fig. 7. Microstructure of the welded joint zone of alloy V-1461 after quenching and artificial aging: a, b — filler material

Sv1221 and Sv1209



ìèíèåâî-ëèòèåâûõ ñïëàâîâ Â-1461 è Â-1469 â ñî-

÷åòàíèè ñ ïîëíîé òåðìè÷åñêîé îáðàáîòêîé îáåñ-

ïå÷èâàåò ïîâûøåíèå ïðî÷íîñòíûõ õàðàêòå-

ðèñòèê ñâàðíîãî ñîåäèíåíèÿ äî óðîâíÿ ïðî÷íîñòè

îñíîâíîãî ìàòåðèàëà ïðè äîñòàòî÷íî âûñîêèõ

ïîêàçàòåëÿõ ïëàñòè÷íîñòè è óäàðíîé âÿçêîñòè.

Ðîñò ïðî÷íîñòè äîñòèãàåòñÿ çà ñ÷åò âûäåëåíèÿ

â ìàòåðèàëå ñîåäèíåíèÿ óïðî÷íÿþùèõ ä�-, �T
1
-,

S�-, è�-, Ù�-ôàç. Òåðìîîáðàáîòêó (çàêàëêà + èñêóñ-

ñòâåííîå ñòàðåíèå) ñâàðíûõ ñîåäèíåíèé ñëåäóåò

îñóùåñòâëÿòü ïî ñòàíäàðòíûì ðåæèìàì, ðåêî-

ìåíäîâàííûì äëÿ äàííûõ ñïëàâîâ.
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