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Àíîòàö³ÿ

Ïîêàçàíî ìîæëèâîñò³ çàñòîñóâàííÿ òåðìî-
äèíàì³êè â ïðîöåñàõ óòâîðåííÿ øï³íåëåé íà ïî-
âåðõí³ ìåòàëó øâà. Ïðîâåäåíî àíàë³ç ³ñíóþ÷èõ
óÿâëåíü ïðî ô³çè÷í³ îñîáëèâîñò³ â³ää³ëåííÿ
øëàêîâî¿ êîðêè ïðè åëåêòðîäóãîâîìó çâàðþ-
âàíí³ òà íàïëàâëåíí³ ï³ä ôëþñîì. Òåðìîäèíà-

ì³÷íî ðîçðàõîâàíî ìîæëèâîñò³ óòâîðåííÿ øï³-
íåëåé íà ì³æôàçí³é ãðàíèö³ ìåòàë—øëàê ïðè
çâàðþâàíí³ ï³ä ôëþñîì ïðè âðàõóâàíí³ ðîç÷è-
íåíîãî êèñíþ â ìåòàë³ øâà çà ó÷àñò³ îñíîâíèõ
åëåìåíò³â, ùî ïðèñóòí³ â ðåàêö³éí³é çîí³ çâà-
ðþâàííÿ. Âèçíà÷åíí³ òåìïåðàòóðí³ ³íòåðâàëè
óòâîðåííÿ ç’ºäíàíü, ÿê³ îáóìîâëþþòü â³ää³ëü-
í³ñòü øëàêîâî¿ êîðêè. Íà îñíîâ³ øëàêîâî¿
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øëàêîâî¿ êîðêè 
Â ë³òåðàòóð³ íà äàíèé ÷àñ ³ñíóº âåëèêà ê³ëü-

ê³ñòü åêñïåðèìåíòàëüíèõ äàíèõ, ÿê³ ïîâ’ÿçóþòü
íåçàäîâ³ëüíó â³ää³ëüí³ñòü øëàêîâî¿ êîðêè ç õ³ì³÷-
íèì ç÷åïëåííÿì øëàêó ç íàïëàâëåíèì ìåòàëîì
÷åðåç ïðîì³æíèé øàð îêñèä³â íà éîãî ïîâåðõí³
[3–12].

Â ðîáîò³ [4] ïðîâåäåí³ äîñë³äæåííÿ çì³íè òåð-
ì³÷íîãî êîåô³ö³ºíòà ðîçøèðåííÿ øëàêó ³ âïëèâó
ðîçïîä³ëåííÿ ìàðãàíöþ â ñèñòåì³ øëàê — îêèñ-
ëþþ÷à ïë³âêà — ìåòàë íà â³ää³ëüí³ñòü øëàêîâî¿
êîðêè â³ä øâà, ùî âèêîíóâàâñÿ ðó÷íèì äóãîâèì
çâàðþâàííÿì åëåêòðîäàìè ç ðóòèëîì â ïîêðèòò³.
Ðîçïîä³ëåííÿ ìàðãàíöþ â òîíêîìó ïðîøàðêó íà
ãðàíèö³ øëàê—ìåòàë âèâ÷àëîñÿ ìåòîäîì ëîêàëü-
íîãî ñïåêòðàëüíîãî àíàë³çó, à â øëàö³ — õ³ì³÷íèì
ìåòîäîì. Àâòîðè â³äçíà÷àþòü, ùî ç÷åïëåííÿ øëà-
êîâî¿ êîðêè ç ïîâåðõíåþ ìåòàëó çä³éñíþºòüñÿ
÷åðåç òîíêèé ïðîøàðîê, ùî óòâîðþºòüñÿ íà ãðàíè-
ö³ ðîçä³ëó ñèñòåìè øëàê—ìåòàë, ³ çàëåæèòü â³ä
éîãî õ³ì³÷íîãî ñêëàäó. ×èì á³ëüøå â òîíêîìó ïðî-
øàðêó íà ãðàíèö³ øëàê—ìåòàë îêèñë³â ìåòàë³â, ùî
óòâîðþþòü ñêëàäí³ ç’ºäíàííÿ ç îêèñëàìè øëàêó,
òèì ã³ðøà â³ää³ëüí³ñòü. Ãðàíóëÿö³ÿ ôåðîñïëàâ³â ³
ðóòèëó, ùî âõîäÿòü â ïîêðèòòÿ òà ñêëàä êåðàì³÷-
íèõ òà àãëîìåðîâàíèõ ôëþñ³â íå ìàþòü ñóòòºâîãî
âïëèâó íà â³ää³ëüí³ñòü. Öå ïîâ’ÿçàíî ç òèì, ùî
ðåàêö³¿ íà ãðàíèö³ ìåòàë—øëàê ïðîò³êàþòü ó õâîñ-
òîâ³é ÷àñòèí³ ðåàêö³éíî¿ çîíè çâàðþâàííÿ, äå
ôëþñ ïåðåòâîðþºòüñÿ â ð³äêèé øëàê, ÿêèé âêðè-
âàº ïîâåðõíþ ìåòàëó ³ ìîæå çàëèøàòèñÿ ð³äêèì
ùå äåÿêèé ÷àñ ï³ñëÿ òîãî, ÿê ìåòàë âæå çàòâåðä³â.
Â³äïîâ³äíî öå âïëèâàº íà ôîðìóâàííÿ ïåðåõ³äíî-
ãî øàðó ì³æ ìåòàëîì ³ øëàêîì, â ðåçóëüòàò³ ÷îãî
çðîñòàº ³ìîâ³ðí³ñòü óòâîðåííÿ øï³íåëåé.

Òàê çá³ëüøåííÿ êèñëîòíîñò³ øëàêó â äåÿêèõ
âèïàäêàõ ïîã³ðøóº â³ää³ëüí³ñòü [13]. Íà îñíîâ³
ïðîâåäåíîãî ë³òåðàòóðíîãî àíàë³çó âñòàíîâëåíî,
ùî ïðè õîðîø³é â³ää³ëüíîñò³ øëàêîâîãî ïîêðèò-
òÿ êîåô³ö³ºíò îá’ºìíîãî ðîçøèðåííÿ ñêëàäàº
3.10–5 ãðàä–1, à ïðè íåçàäîâ³ëüí³é — 5.10–5 ãðàä–1 [4].

Ïîñòàíîâêà çàäà÷³
Íàÿâí³ñòü çàëèøê³â øëàêó ï³ñëÿ â³ää³ëåííÿ

øëàêîâî¿ êîðêè ïîâ’ÿçàíà ç ô³çèêî-õ³ì³÷íîþ âçàº-
ìîä³ºþ øëàêó ³ ìåòàëà, âíàñë³äîê ÷îãî óòâîðþºòü-
ñÿ ïðîì³æíèé øàð øëàêó ç êðèñòàë³÷íîþ ðåø³ò-
êîþ, ÿêà ñïðèÿº çðîñòàííþ øëàêó ç ïîâåðõíåþ
íàïëàâëåíîãî ìåòàëó. Êîíöåíòðàö³ÿ òèõ ÷è ³íøèõ
ëåãóþ÷èõ åëåìåíò³â íà îêðåìèõ ä³ëÿíêàõ øâà
ïðèçâîäèòü äî á³ëüøî¿ àáî ìåíøî¿ ì³ðè ëîêàëüíî-
ãî ç÷åïëåííÿ øëàêó ç ìåòàëîì, â çàëåæíîñò³ â³ä
ñïîð³äíåíîñò³ åëåìåíò³â äî êèñíþ. Çà ³ñíóþ÷èìè
óÿâëåííÿìè ðîçïîä³ëåííÿ ñèë ç÷åïëåííÿ, ì³æ
øëàêîâèì ïîêðèòòÿì ³ ìåòàëîì ìàº íåîäíîð³ä-
íèé õàðàêòåð.

ñèñòåìè  TiO2–MnO–SiO2–MgO–FeO–Al2O3

åêñïåðèìåíòàëüíî ïîêàçàíî íàÿâí³ñòü øï³íå-
ëåé ïðè ïåâíîìó ñï³ââ³äíîøåíí³ êîìïîíåíò³â,
ùî êîðåëþºòüñÿ ç îòðèìàíèìè òåðìîäèíàì³÷-
íèìè ðîçðàõóíêàìè.

Abstract

The possibility of application of thermodyna-
mics in the formation of spinels on the surface of
weld metal. The analysis of the existing notions
about the physical features of the secession of the
slag crust in arc welding and submerged arc sur-
facing. Thermodynamically calculated the possibi-
lity of formation of spinel at the interface of metal-
slag welding flux, taking into account the dis-
solved oxygen in the weld metal with the partici-
pation of key elements that are present in the reac-
tion zone of welding. The temperature intervals of
formation of compounds that lead to the separabi-
lity of the slag crust. Based on the slag system
TiO2–MnO–SiO2–MgO–FeO–Al2O3 spinels expe-
rimentally demonstrated the existence of a certain
ratio of components, which are correlated with
those obtained by thermodynamic calculations.

Âñòóï
Äëÿ çàáåçïå÷åííÿ ãàðàíòîâàíî¿ â³ää³ëüíîñò³

øëàêîâî¿ êîðêè íåîáõ³äíî âðàõîâóâàòè âñ³ âçàº-
ìîïîâ’ÿçàí³ ïàðàìåòðè, ùî âèçíà÷àþòü ïðîöåñ â³ä-
ä³ëåííÿ øëàêîâî¿ êîðêè: ô³çèêî-õ³ì³÷í³ âëàñòè-
âîñò³ ôëþñó, ðåæèìè çâàðþâàííÿ, õ³ì³÷íèé ñêëàä
çâàðþâàëüíèõ ìàòåð³àë³â òà îñíîâíîãî ìåòàëó.
Â³ää³ëüí³ñòü øëàêîâî¿ êîðêè çàëåæèòü â³ä ô³çèêî-
õ³ì³÷íèõ âëàñòèâîñòåé øëàêó: òåìïåðàòóðè ïëàâ-
ëåííÿ øëàêó, ì³æôàçíîãîãî íàòÿãó òà òåìïåðàòó-
ðè êðèñòàë³çàö³¿ øëàêó. Ô³çèêî-õ³ì³÷í³ âëàñòèâîñ-
ò³ â ñâîþ ÷åðãó âèçíà÷àþòüñÿ îêèñëþâàëüíèìè
ïðîöåñàìè íà ì³æôàçí³é ãðàíèö³ ìåòàë øëàê.
Óïðàâë³ííÿ îêèñëþâàëüíèìè ïðîöåñàìè çä³éñ-
íþºòüñÿ çì³íîþ ñï³ââ³äíîøåííÿ êîìïîíåíò³â
ôëþñó, ùî ó ñóêóïíîñò³ ç ðåæèìàìè çâàðþâàííÿ
âïëèâàº íà ôîðìóâàííÿ øâà [1, 2]. 

Ñï³ââ³äíîøåííÿ êîìïîíåíò³â çâàðþâàëüíèõ
ìàòåð³àë³â ìîæå çíà÷íî âïëèâàòè íà ïðîöåñè, ùî
ïðîò³êàþòü íà ì³æôàçí³é ãðàíèö³ øëàê ìåòàë ³ ÿê
íàñë³äîê êîíöåíòðàö³ÿ òèõ ÷è ³íøèõ ëåãóþ÷èõ
åëåìåíò³â íà îêðåìèõ ä³ëÿíêàõ øâà ïðèçâîäèòü äî
á³ëüøî¿ àáî ìåíøî¿ ì³ðè ëîêàëüíîãî ç÷åïëåííÿ
øëàêó ç ìåòàëîì, â çàëåæíîñò³ â³ä ñïîð³äíåíîñò³
åëåìåíò³â äî êèñíþ. 

Ãàðàíòîâàíà â³ää³ëüí³ñòü øëàêîâî¿ êîðêè çà-
áåçïå÷óºòüñÿ ïðè êåðóâàíí³ òàêèìè ïàðàìåòðà-
ìè, ÿê ð³çíèöÿ êîåô³ö³ºíò³â òåðì³÷íîãî ðîçøè-
ðåííÿ ìåòàëó òà øëàêó, òåðìîäåôîðìàö³ÿ îñíîâ-
íîãî ìåòàëó òà ³ìîâ³ðí³ñòü óòâîðåííÿ øï³íå-
ëåé [3, 5].
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ë³çó ðåàêö³é îêèñëåííÿ â óìîâàõ âçàºìîä³¿ ìåòàëó
òà øëàêó (200–500°Ñ) (ðèñ. 1, 2) âñòàíîâëåíî, 
ùî îñíîâíèé âïëèâ íà óòâîðåííÿ øï³íåëåé ìàº
òåìïåðàòóðíèé ³íòåðâàë, ÿêèé ñï³âïàäàº ç ³íòåðâà-
ëîì òåìïåðàòóð ë³êâ³äóñà ³ ñîë³äóñà äëÿ ïåâíèõ
ñòàëåé. 

Ï³ñëÿ êðèñòàë³çàö³¿ ìåòàëó òà øëàêó â ³íòåðâà-
ë³ òåìïåðàòóð 500–900°Ñ ìîæóòü óòâîðþâàòèñÿ
øï³íåë³ íà îñíîâ³ òàêèõ îêñèä³â: Fe2O3, Fe3O4,
MnO, MnO2, Mn3O4 ï³ñëÿ ÷îãî ç íèõ ìîæëèâå
âèíèêíåííÿ êîìïëåêñíèõ ç’ºäíàííÿ. Ïðè á³ëüø
âèñîê³é òåìïåðàòóð³ ï³ñëÿ 1300°Ñ óòâîðþþòüñÿ
ç’ºäíàííÿ íà îñíîâ³ îêñèä³â: Mn2O3, Cr2O3, MnO,
SiO2 SiO, TiO2, Ti2O3, TiO3, TiO. 

Ïðîâåäåí³ äîñë³äè äëÿ øëàêîâî¿ ñèñòåìè 
TiO2–MnO–SiO2–MgO–FeO–Al2O3 äîçâîëèëè
îòðèìàòè ìîäåëüíå óòâîðåííÿ øï³íåëåé (ðèñ. 3),
ÿê³ õàðàêòåðèçóþòüñÿ ïîâçäîâæíüîþ ôîðìîþ 
äî îñ³ øâà ³ çàòðóäíÿþòü â³ää³ëüí³ñòü øëàêîâî¿
êîðêè.

Â ðåçóëüòàò³ âñòàíîâëåíî, ùî íà îñíîâ³ çàñòî-
ñóâàííÿ ïðèíöèï³â ð³âíîâàæíî¿ òåðìîäèíàì³êè
ìîæëèâî âèçíà÷èòè â³ðîã³äí³ñòü óòâîðåííÿ øï³íå-
ëåé â ð³çíèõ îáëàñòÿõ ðåàêö³éíî¿ çîíè çâàðþâàí-
íÿ ïðè êðèñòàë³çàö³¿ ìåòàëó øâà. 

Ðåãóëþâàííÿ ïðîöåñó â³ää³ëåííÿ øëàêîâî¿
êîðêè ïðè çâàðþâàíí³ òà íàïëàâëåí³ ìîæå áóòè
çä³éñíåíî íà îñíîâ³ ïðîãíîçóâàííÿ ô³çèêî-õ³ì³÷-
íèõ âëàñòèâîñòåé øëàêîâèõ ðîçïëàâ³â, çîêðåìà
ðåàêö³é íà ì³æôàçí³é ãðàíèö³ øëàêè—ìåòàë.
Õàðàêòåð ³ îñîáëèâîñò³ ïðîò³êàííÿ òàêèõ ðåàêö³é
âèçíà÷àþòüñÿ ÷àñîì ³ñíóâàííÿ ìåòàëåâîãî é øëà-
êîâîãî ðîçïëàâ³â ¿õ êîíöåíòðàö³éíèìè óìîâàìè ³
àêòèâí³ñòþ êîìïîíåíò³â. Òîìó ìîæëèâ³ñòü êåðó-
âàííÿ ïðîöåñîì â³ää³ëåííÿ øëàêîâî¿ êîðêè ç
ïîâåðõí³ ìåòàëó øâà ïðè åëåêòðîäóãîâîìó çâàðþ-
âàíí³ òà íàïëàâëåííÿ ï³ä ôëþñîì íàé³ìîâ³ðí³øå
çä³éñíèòè çà äîïîìîãîþ ïðîãíîçîâàíî¿ çì³íè ô³-
çèêî-õ³ì³÷íèõ âëàñòèâîñòåé øëàêîâîãî ðîçïëàâó,
çîêðåìà éîãî òåìïåðàòóðíîãî ³íòåðâàëó êðèñòàë³-
çàö³¿ é ðåãóëüîâàíî¿ çì³íè àêòèâíîñò³ ó÷àñíèê³â
ðåàêö³é íà ãðàíèö³ øëàêè—ìåòàë. Â³ðîã³äí³ñòü
ïðîò³êàííÿ ðåàêö³é íà ãðàíèö³ ìåòàë—øëàê ìîæ-
ëèâî ñïðîãíîçóâàòè íà îñíîâ³ ð³âíîâàæíî¿ òåðìî-
äèíàì³êè. Ðîçðàõóíîê ìîæå áóòè çä³éñíåíèì íà
îñíîâ³ âåëè÷èíè åíåðã³¿ Ã³áñà (∆G).  Ïîâ’ÿçàíî öå
ç ïîð³âíÿíî òðèâàëèì ÷àñîì ïðîöåñ³â âçàºìîä³¿ íà
ãðàíèö³ ìåòàë øëàê. 

Òåðìîäèíàì³÷íèé ðîçðàõóíîê â³ðîã³äíîñò³ 
óòâîðåííÿ øï³íåëåé ïðè åëåêòðîäóãîâîìó 

çâàðþâàíí³ ï³ä ôëþñîì 
Ïðîâåäåíèé íàìè òåðìîäèíàì³÷íèé àíàë³ç

îêèñëåííÿ êîìïîíåíò³â, ÿê³ çàçâè÷àé ïðèñóòí³ â
ðåàêö³éí³é çîí³ ïðè åëåêòðîäóãîâîìó çâàðþâàíí³
òà íàïëàâëåíí³, òà ÿê³ ìîæóòü âèçíà÷àòè õ³ì³÷íèé
ñêëàä ³ ñòðóêòóðó øï³íåëåé: [Fe], [Si], [Mn], [Cr],
[Mo], [Ti]. Òåðìîäèíàì³÷íèé àíàë³ç ðåàêö³é íà
ãðàíèö³ ìåòàë—øëàê íà îñíîâ³ ïðèíöèï³â ð³âíî-
âàæíî¿ òåðìîäèíàì³êè ïåðåäáà÷àº çð³âíþâàííÿ
ðåàêö³é ïî îñíîâíîìó åëåìåíòó, äå òàêèì åëåìåí-
òîì íà ì³æôàçí³é ãðàíèö³ º êèñåíü. Â õâîñòîâ³é
÷àñòèí³ çâàðþâàëüíî¿ âàíè â³ðîã³äí³ñòü ïðîò³êàí-
íÿ ïðîöåñ³â îêèñëåííÿ ìîæëèâî îö³íèòè çà äîïî-
ìîãîþ ïðèíöèï³â ð³âíîâàæíî¿ òåðìîäèíàì³êè. Îñ-
íîâíèìè åëåìåíòàìè â ðåàêö³éí³é çîí³ çâàðþâàí-
íÿ ïðè çâàðþâàíí³ íèçüêî- òà ñåðåäíüîëåãîâàíèõ
ñòàëåé º:

[Fe]+(O)=(FeO) (1)
0,66[Fe]+(O)=0,33(Fe2O3) (2)
0,75[Fe]+(O)=0,25(Fe3O4) (3)
[Si]+(O)=(SiO) (4)
0,5[Si]+(O)=0,5(SiO2) (5)
[Mn]+(O)=(MnO) (6)
0,5[Mn]+(O)=0,5(MnO) (7)
0,75[Mn]+(O)=0,25(Mn3O4) (8)
0,67[Mn]+(O)=0,33(Mn2O3) (9)
0,667[Cr]+(O)=0,33(Cr2O3) (10)
[Mo]+(O)=(MoO) (11)
[Ti]+(O)=(TiO) (12)
0,5[Ti]+(O)=0,5(TiO2) (13)
0,33[Ti]+(O)=0,33(TiO3) (14)
0,66[Ti]+(O)=0,33(Ti2O3) (15)

Ðèñ. 1. Çì³íà åíåðã³¿ Ã³áñà ïðè îêèñëåíí³ çàë³çà, êðåìí³þ òà
ìàðãàíöþ  êèñíåì, ÿêèé çíàõîäèòüñÿ ó ðîçïëàâ³ ìåòàëó

Ðèñ. 2. Çì³íà åíåðã³¿ Ã³áñà ïðè îêèñëåíí³ ìàðãàíöþ, õðîìó,
ìîë³áäåíó òà òèòàíó  êèñíåì, ÿêèé çíàõîäèòüñÿ 

ó ðîçïëàâ³ ìåòàëó
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Âèñíîâêè:
Íà îñíîâ³ ïðîâåäåíîãî ë³òåðàòóðíîãî àíàë³çó

âñòàíîâëåíî, ùî îñíîâíèì ôàêòîðîì ÿêèé âïëè-
âàº íà â³ää³ëüí³ñòü øëàêîâî¿ êîðêè º ïðîöåñè
óòâîðåííÿ øï³íåëåé.

Ïðîâåäåíèé òåðìîäèíàì³÷íèé ðîçðàõóíîê ïî-
êàçàâ ìîæëèâ³ñòü îö³íêè â³ðîã³äíîñò³ óòâîðåííÿ
ç’ºäíàíü, ÿê³ º îñíîâíîþ ÷àñòèíîþ øï³íåëåé.

Òåîðåòè÷íî âèçíà÷åíî, ùî øï³íåë³ óòâîðþ-
þòüñÿ â ³íòåðâàë³ òåìïåðàòóð 500…900°Ñ òà âèùå
1300°Ñ. 

Åêñïåðèìåíòàëüíî ï³äòâåðäæåíî óòâîðåííÿ
øï³íåëåé íà áàç³ ìîäåëüíî¿ øëàêîâî¿ ñèñòåìè.
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TiO2–MnO–SiO2–MgO–FeO–Al2O3; 
ðåæèì íàïëàâëåííÿ I =  600  A, U =  38  B. υçâ =  36  ì/ã


