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Ïðè èçó÷åíèè ñâîéñòâ ñïëàâîâ ïðè âûñîêèõ òåìïåðàòóðàõ øèðîêî ïðèìåíÿþò ìåòîäû

äèôôåðåíöèàëüíîãî òåðìè÷åñêîãî àíàëèçà (ÄÒÀ) è èçìåðåíèÿ âÿçêîñòè ðàñïëàâîâ. Èñ-

ñëåäîâàëè îáðàçöû ñïëàâà Cu – 7,3 % P ñ ïîìîùüþ ñïåöèàëèçèðîâàííîé óñòàíîâêè, êî-

òîðàÿ â îòëè÷èå, íàïðèìåð, îò îäíîíèòåâîãî âèñêîçèìåòðà Øâèäêîâñêîãî âêëþ÷àëà áè-

ôèëÿðíûé ïîäâåñ íà òåðìîïàðíûõ ïðîâîëîêàõ. Ñèñòåìà íà áèôèëÿðíîì ïîäâåñå ïîçâî-

ëÿëà èñïîëüçîâàòü òåðìîïàðó â êîíòàêòå ñ òèãëåì, ÷òî îáåñïå÷èâàëî íåïîñðåäñòâåííîå

èçìåðåíèå òåìïåðàòóðû òèãëÿ ñ èññëåäóåìûì îáðàçöîì (ïî àíàëîãèè ñ èçìåðèòåëüíîé

êþâåòîé â ìåòîäå ÄÒÀ). Â êà÷åñòâå òåðìîïàðû ñðàâíåíèÿ èñïîëüçîâàëè ðåãóëèðóþùóþ

òåðìîïàðó, ðàñïîëîæåííóþ âáëèçè âèòêà áèôèëÿðíîãî íàãðåâàòåëÿ è ïðèíóäèòåëüíî

ïîääåðæèâàåìóþ ðåãóëÿòîðîì òåìïåðàòóðû â ðåæèìå íàãðåâà ñ çàäàííîé ïîñòîÿííîé

ñêîðîñòüþ. Ïîñêîëüêó äëÿ òåðìè÷åñêîãî àíàëèçà íåîáõîäèì ëèíåéíûé íàãðåâ ñ ïîñòîÿí-

íîé ñêîðîñòüþ, à âÿçêîñòü îáû÷íî èçìåðÿþò â ñòàöèîíàðíîì (ðàâíîâåñíîì) ðåæèìå ñ

äëèòåëüíûìè âûäåðæêàìè ïðè êàæäîé òåìïåðàòóðå èçìåðåíèÿ, âûïîëíèëè ñåðèþ

îïðåäåëåíèé âÿçêîñòè â äèíàìè÷åñêîì ðåæèìå ñî ñêîðîñòÿìè íàãðåâà 1, 2, 3 è 5 °C/ìèí

(ïðè÷¸ì ñêîðîñòè 1 è 2 °C/ìèí ïðèìåðíî ðàâíû ñðåäíåé ñêîðîñòè íàãðåâà ïðè ñòàöèî-

íàðíîì ðåæèìå ñ âûäåðæêàìè). Óñòàíîâèëè, ÷òî ïðè èçìåðåíèÿõ â äèíàìè÷åñêîì ðåæè-

ìå ñî ñêîðîñòÿìè íàãðåâà äî 3 °C/ìèí êðèâûå âÿçêîñòè ñîâïàäàþò ñ äàííûìè èçìåðåíèé

â ñòàöèîíàðíîì ðåæèìå, à ðåçóëüòàòû òåðìè÷åñêîãî àíàëèçà (ýêñïåðèìåíòàëüíàÿ óñòà-

íîâêà) ïîëíîñòüþ ñîãëàñóþòñÿ ñ äàííûìè ÄÒÀ (óñòàíîâêà STA 409). Äëÿ èññëåäóåìîãî

ñïëàâà îïðåäåëÿëè òàêæå ëîãàðèôìè÷åñêèé äåêðåìåíò êîëåáàíèé. Ïî-âèäèìîìó, è çà-

äåðæêó ðîñòà äåêðåìåíòà â íà÷àëå ïëàâëåíèÿ, è ðåçêèé ñïàä ïðè êðèñòàëëèçàöèè ìîæ-

íî îáúÿñíèòü ýôôåêòîì áëîêèðîâêè ñâîáîäíîãî òå÷åíèÿ æèäêîé êîìïîíåíòû ðàñïëàâà

òâåðäûì îñòîâîì ñ áîëüøåé òåìïåðàòóðîé ïëàâëåíèÿ.

Êëþ÷åâûå ñëîâà: ëîãàðèôìè÷åñêèé äåêðåìåíò; âÿçêîñòü; ïëàâëåíèå; êðèñòàëëèçà-
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Methods of differential thermal analysis (DTA) and measurement of the melt viscosity are widely used

in studying the properties of alloys at high temperatures. We have made an attempt to combine those

two complementary methods of research. In contrast to the single-stranded Shvidkovskii viscometer, a

bifilar suspension on two thermocouple wires is used in the proposed construction of the installation.

The system based on the bifilar suspension provides using thermocouple in contact with the crucible

with a sample, thus ensuring measurements of the crucible temperature like the measuring cell in

DTA. The adjusting thermocouple located near the coil of a bifilar heater is used as a reference thermo-

couple. Since thermal analysis requires linear heating at a constant rate, and the viscosity is usually

measured in a steady-state (steady-state) regime with long exposures at each measurement tempera-

ture, a series of dynamic viscosity determinations with a heating rate of 1, 2, 3 and 5 °C/min is carried

out, the heating rates of 1 and 2 °C/min being approximately equal to the average heating rate under

steady-state conditions. It is shown that when measuring in a dynamic mode at a heating rate up to

3 °C/min, the viscosity curves coincide with the measurement data in a steady-state mode, and the re-

sults of the thermal analysis (experimental setup) are consistent with the data of DTA (STA 409 setup).

Results of measuring the logarithmic decrement of vibrations for Cu – 7.3% P alloy and data of thermal

analysis are presented. Data of thermal analysis obtained on our experimental setup coincide com-

pletely with the DTA results obtained on a STA 409 unit. A model experiment carried out to explain

the delay of growth of the logarithmic damping decrement at the beginning of melting and sharp de-

crease at the beginning of crystallization indicates to the effect of blocking free flow of the liquid melt

component by the solid skeleton having a higher melting point.

Keywords: logarithmic decrement; viscosity; melting; crystallization; differential thermal analysis;

solid dendrite skeleton.

Äëÿ èçó÷åíèÿ ïðîöåññîâ, ïðîòåêàþùèõ ïðè ïëàâ-

ëåíèè è êðèñòàëëèçàöèè ìåòàëëîâ è ñïëàâîâ,

øèðîêî ïðèìåíÿþò ìåòîä äèôôåðåíöèàëüíîãî

òåðìè÷åñêîãî àíàëèçà (ÄÒÀ), îñíîâàííûé íà èç-

ìåðåíèè ðàçíîñòè òåìïåðàòóð äâóõ êþâåò, îäíà

èç êîòîðûõ ñ èññëåäóåìûì ñïëàâîì, à âòîðàÿ —

îáðàçåö äëÿ ñðàâíåíèÿ. Ðåçóëüòàò èñïîëüçîâàíèÿ

ÄÒÀ — òåìïåðàòóðíûå èíòåðâàëû ïîëèìîðô-

íûõ ïðåâðàùåíèé è ïëàâëåíèÿ-êðèñòàëëèçàöèè.

Ïðèíöèïèàëüíî èíîé ïîäõîä, ÷óâñòâèòåëü-

íûé ê ïåðåõîäó òâåðäîå òåëî — æèäêîñòü è, ñëå-

äîâàòåëüíî, ïîçâîëÿþùèé èçó÷àòü ïðîöåññû

ïëàâëåíèÿ è êðèñòàëëèçàöèè, — ìåòîä çàòóõà-

þùèõ êðóòèëüíûõ êîëåáàíèé òèãëÿ ñ àíàëè-

çèðóåìûì ñïëàâîì (ìåòîä èçìåðåíèÿ âÿçêîñòè).

Çàòóõàíèå êîëåáàíèé òèãëÿ çàâèñèò îò ìàññû

æèäêîñòè ïðè ïëàâëåíèè îáðàçöà, ÷òî äàåò âîç-

ìîæíîñòü íàáëþäàòü ïðîöåññ ïëàâëåíèÿ âïëîòü

äî ïîëíîãî åãî çàâåðøåíèÿ ïî óâåëè÷åíèþ âÿçêî-

ñòè (èëè ëîãàðèôìè÷åñêîãî äåêðåìåíòà) [1].

Öåëü ðàáîòû — èçìåðåíèå âÿçêîñòè ðàñïëàâà

ñ îäíîâðåìåííûì ïðîâåäåíèåì òåðìè÷åñêîãî

àíàëèçà îáðàçöà.

Èñïîëüçîâàëè óñòàíîâêó (ðèñ. 1), êîòîðàÿ â

îòëè÷èå îò âèñêîçèìåòðà Øâèäêîâñêîãî [2] âêëþ-

÷àëà áèôèëÿðíûé ïîäâåñ, ñîñòîÿùèé èç äâóõ òåð-

ìîïàðíûõ ïðîâîëîê ÂÐ-5/20 äèàìåòðîì 0,1 ìì

[3, 4]. Ïðèáîð êàëèáðîâàëè ïî âÿçêîñòè äèñòèë-

ëèðîâàííîé âîäû è àöåòîíà ïîäáîðîì ïàðàìåò-

ðîâ ïîäâåñà è êîýôôèöèåíòà óñèëåíèÿ ¸ìêîñòíî-

ãî äàò÷èêà êðóòèëüíûõ êîëåáàíèé.

Áèôèëÿðíûé ïîäâåñ ïîçâîëÿë èñïîëüçîâàòü

òåðìîïàðó â êîíòàêòå ñ òèãëåì, ÷òî îáåñïå÷èâàëî

èçìåðåíèå òåìïåðàòóðû äíà òèãëÿ ñ èññëåäó-

åìûì îáðàçöîì (ïî àíàëîãèè ñ èçìåðèòåëüíîé
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Ðèñ. 1. Ñõåìà óñòàíîâêè (âèñ-

êîçèìåòðà): 1 — øòîê âàêóóì-

íîãî ââîäà; 2 — âåðõíèé óçåë

ïîäâåñà ñ íàòÿæíûìè áàðàáà-

íàìè; 3 — íèòè áèôèëÿðíîãî

ïîäâåñà; 4 — íèæíèé óçåë

ïîäâåñà íà êåðàìè÷åñêîì øòî-

êå; 5 — ìîëèáäåíîâàÿ êîðçèíà

äëÿ ïîìåùåíèÿ òèãëÿ; 7 —

ïðîáà; 6, 8 — òåðìîïàðû íà

êðûøêå è äíå òèãëÿ; 9, 10 —

ðåçåðâíàÿ è ðåãóëèðóþùàÿ

òåðìîïàðû; 11 — äâóõñåêöè-

îííûé áèôèëÿðíûé íàãðåâà-

òåëü; 12 — êðîíøòåéí äàò÷èêà

êîëåáàíèé è ñèñòåìû ðàñêà÷-

êè; 13 — òðàâåðñà; 14, 15 — îá-

êëàäêè äàò÷èêà êîëåáàíèé è

êàòóøêà ðàñêà÷êè; 16 — ýòà-

ëîííûé ãðóç



êþâåòîé â óñòàíîâêàõ äëÿ ÄÒÀ). Òåðìîïàðîé

ñðàâíåíèÿ ñëóæèëà ðåãóëèðóþùàÿ òåðìîïàðà,

ðàñïîëîæåííàÿ âáëèçè âèòêà áèôèëÿðíîãî íà-

ãðåâàòåëÿ.

Èññëåäîâàëè îáðàçöû ñïëàâà Cu – 7,3 % P.

Ïðè òåðìè÷åñêîì àíàëèçå íåîáõîäèì ëèíåéíûé

(ñ ïîñòîÿííîé ñêîðîñòüþ) íàãðåâ îáðàçöà, âÿç-

êîñòü îáû÷íî èçìåðÿþò â ñòàöèîíàðíîì (ðàâíî-

âåñíîì) ðåæèìå ñ äëèòåëüíûìè âûäåðæêàìè ïðè

êàæäîé òåìïåðàòóðå èçìåðåíèÿ. Ýòî òðåáóåò ïðè-

âåäåíèÿ ïðîáû â ñîñòîÿíèå òåðìîäèíàìè÷åñêîãî

ðàâíîâåñèÿ, à òàêæå åå áîëüøîé ìàññû (10 ã è áî-

ëåå). Âûïîëíèëè ñåðèþ èçìåðåíèé âÿçêîñòè ñî

ñêîðîñòÿìè íàãðåâà 1, 2, 3 è 5 °C/ìèí (ïðè÷åì

ñêîðîñòè 1 è 2 °C/ìèí ïðèìåðíî ðàâíû ñðåäíåé

ñêîðîñòè íàãðåâà ïðè ñòàöèîíàðíîì ðåæèìå).

Ïîëó÷èëè, ÷òî ïðè èçìåðåíèÿõ â äèíàìèêå ñî

ñêîðîñòÿìè äî 3 °C/ìèí êðèâûå âÿçêîñòè ñîâïàäà-

þò ñ ðåçóëüòàòàìè ïî êëàññè÷åñêîìó ñïîñîáó. Ðå-

çóëüòàòû îáðàáàòûâàëè ñ èñïîëüçîâàíèåì ñïåöè-

àëüíîãî ïðîãðàììíîãî îáåñïå÷åíèÿ [4, 5].

Òàê êàê ïëàâëåíèå è êðèñòàëëèçàöèÿ ïðåäïî-

ëàãàþò îäíîâðåìåííîå ñóùåñòâîâàíèå òâåðäîé è

æèäêîé ôàç (ìàññà æèäêîñòè â êàæäûé ìîìåíò

íåèçâåñòíà, èçâåñòíà òîëüêî ïîëíàÿ ìàññà ïðî-

áû), ðàñ÷åò âÿçêîñòè íà íà÷àëüíîì ýòàïå ïëàâëå-

íèÿ íåêîððåêòåí, ïîýòîìó îïðåäåëÿëè ëîãàðèô-

ìè÷åñêèé äåêðåìåíò çàòóõàþùèõ êîëåáàíèé.

Íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû ÄÒÀ

(óñòàíîâêà STA 409, ìàññà îáðàçöà — 0,024 ã, ñêî-

ðîñòü íàãðåâà/îõëàæäåíèÿ — 20 °C/ìèí), òåì-

ïåðàòóðíûå çàâèñèìîñòè ëîãàðèôìè÷åñêîãî äå-

êðåìåíòà çàòóõàíèÿ êîëåáàíèé (êðèâûå 3, 4) è

ðàçíîñòè òåìïåðàòóð òèãëÿ è ðåãóëèðóþùåé òåð-

ìîïàðû (êðèâûå 1, 2) (ýêñïåðèìåíòàëüíàÿ óñòà-

íîâêà, ìàññà îáðàçöà — 5,83 ã, ñêîðîñòè íàãðå-

âà/îõëàæäåíèÿ — 2/3 °C/ìèí).

Âèäíî, ÷òî â ñëó÷àå ÄÒÀ (ñì. ðèñ. 2, à) íà÷àëî

ïëàâëåíèÿ ýâòåêòè÷åñêîé ñîñòàâëÿþùåé ïðèõî-

äèòñÿ ïðèìåðíî íà 710 °C. Âìåñòå ñ òåì îêîí÷à-

íèå ïëàâëåíèÿ èçáûòî÷íîãî òâåðäîãî ðàñòâîðà

ìåäü – ôîñôîð ÿâíî íå ïðîñëåæèâàåòñÿ. Íà êðè-

âîé îõëàæäåíèÿ õîðîøî âèäíî íà÷àëî êðèñòàë-

ëèçàöèè òâåðäîãî ðàñòâîðà (~772,5 °C) è ýâòåêòè-

êè (709,8 °C).

Íà ãðàôèêàõ äåêðåìåíòà çàòóõàíèÿ êîëåáà-

íèé òèãëÿ è ðàçíîñòè òåìïåðàòóð (ñì. ðèñ. 2, á)

íà÷àëà ïëàâëåíèÿ è êðèñòàëëèçàöèè (ÄT) íå-

ñêîëüêî ñìåùåíû îòíîñèòåëüíî ðåçóëüòàòà ïî

ÄÒÀ. Îòìåòèì, ÷òî èõ ñðåäíåå çíà÷åíèå ñîâïàäà-

åò ñ êîíòðîëüíûì, à ñìåùåíèå îáóñëîâëåíî, ñêî-

ðåå âñåãî, áîëüøîé ìàññîé îáðàçöà. Â îñòàëüíîì

ðàçíîñòü òåìïåðàòóð âåäåò ñåáÿ àíàëîãè÷íî êëàñ-

ñè÷åñêîìó ÄÒÀ, ïðè÷åì ïðè ïîëíîì ðàñïëàâëå-

íèè ïðîáû (ñóäÿ ïî ìàêñèìóìó äåêðåìåíòà) íà-

êëîí êðèâîé ÄT ìåíÿåòñÿ.

Ãëàâíîå â òåìïåðàòóðíîì ïîâåäåíèè çàâèñè-

ìîñòåé ÄT è äåêðåìåíòà — íà÷àëî ðîñòà äåêðå-

ìåíòà îòñòàåò îò íà÷àëà ïëàâëåíèÿ, îïðåäåëÿå-

ìîãî ïî ãðàôèêó ÄT. Èçìåíèå äåêðåìåíòà çàòóõà-

íèÿ êîëåáàíèé òèãëÿ öåëèêîì îïðåäåëÿåòñÿ íà-

ëè÷èåì æèäêîé ôàçû. Êîëåáàíèÿ òèãëÿ ïðèâîäÿò

ê ìåæñëîéíîìó òðåíèþ â æèäêîñòè è ñîîòâåòñò-

âóþùåé äèññèïàöèè ýíåðãèè êðóòèëüíûõ êîëåáà-

íèé. ×åì áîëüøå æèäêîñòè, òåì áîëüøå ïîòåðè

ýíåðãèè è áîëüøå äåêðåìåíò çàòóõàíèÿ, ÷òî è íà-

áëþäàåì ïðè ïëàâëåíèè. Æèäêîñòü, íàõîäÿùàÿñÿ

â ìåæäåíäðèòíûõ ïðîìåæóòêàõ, íå ïðèâîäèò ê

äèññèïàöèè ýíåðãèè. Ìåæñëîéíîå òðåíèå õàðàê-

òåðíî òîëüêî äëÿ «ñâîáîäíîé» æèäêîñòè, ÷òî òðå-
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Ðèñ. 3. Çàâèñèìîñòü ëîãàðèôìè÷åñêîãî äåêðåìåíòà çà-

òóõàíèÿ êîëåáàíèé îò îáùåé âûñîòû ïðîáû (âÿçêîñòü

âîäû ñîîòâåòñòâóåò òàáëè÷íîìó çíà÷åíèþ ïðè äàííûõ

óñëîâèÿõ)



áóåò íàêîïëåíèÿ îïðåäåëåííîãî êîëè÷åñòâà æèä-

êîé ôàçû è âûçûâàåò ñîîòâåòñòâóþùóþ çàäåðæ-

êó ðîñòà äåêðåìåíòà çàòóõàíèÿ.

Àíàëîãè÷íûé ýôôåêò èìååò ìåñòî è íà êðè-

âûõ îõëàæäåíèÿ. Â ïåðåîõëàæäåííîé æèäêîñòè

íà÷èíàåòñÿ ñïîíòàííàÿ êðèñòàëëèçàöèÿ èçáû-

òî÷íîãî òâåðäîãî ðàñòâîðà ìåäü – ôîñôîð, ÷òî

ïðèâîäèò ê îáðàçîâàíèþ ñâÿçàííîé äåíäðèòíîé

ðåøåòêè, êîòîðàÿ áëîêèðóåò ìåæñëîéíîå äâèæå-

íèå ýâòåêòè÷åñêîé æèäêîñòè. Ñîîòâåòñòâåííî,

äåêðåìåíò ðåçêî óìåíüøàåòñÿ áåç êàêîé-ëèáî çà-

äåðæêè îòíîñèòåëüíî ÄT, ôèêñèðóÿ ìîìåíò íà÷à-

ëà êðèñòàëëèçàöèè. Òàêèì îáðàçîì, êîëè÷åñòâî

ýâòåêòè÷åñêîé æèäêîñòè íå ìåíÿåòñÿ, íî åå ïðî-

ÿâëåíèå áëîêèðóåò îáðàçóþùèéñÿ òâåðäûé äåíä-

ðèòíûé êàðêàñ.

Ïîâåäåíèå äåêðåìåíòà ïðè íàãðåâå îáóñëîâ-

ëåíî êîíêóðåíöèåé äâóõ ïðîöåññîâ: óâåëè÷åíèåì

êîëè÷åñòâà æèäêîé ôàçû (îñíîâíîé âêëàä â çàòó-

õàíèå) è ñíèæåíèåì âÿçêîñòè ðàñïëàâà âñëåä-

ñòâèå íàãðåâà. Ïî çàâåðøåíèè ïëàâëåíèÿ îñòàåò-

ñÿ òîëüêî òåìïåðàòóðíîå ñíèæåíèå âÿçêîñòè è,

ñîîòâåòñòâåííî, äåêðåìåíòà çàòóõàíèÿ, ò.å. ïåðå-

ãèá íà êðèâîé äåêðåìåíòà ñ âûõîäîì íà ýêñïî-

íåíöèàëüíóþ çàâèñèìîñòü óêàçûâàåò íà òåìïå-

ðàòóðó ëèêâèäóñà äàííîãî ñïëàâà.

Äàëåå ïðîâåëè ìîäåëüíûé îïûò. Â ñòåêëÿí-

íûé öèëèíäðè÷åñêèé òèãåëü äîáàâèëè ïðîáó ñó-

õîãî ïåñêà âûñîòîé 1,6 ñì (ìàññà 7,86 ã), íà äíî

òèãëÿ ñ ïîìîùüþ øïðèöà — âîäó îòäåëüíûìè

ïîðöèÿìè. Íà ðèñ. 3 ïðèâåäåíû çàâèñèìîñòè äå-

êðåìåíòà êîëåáàíèé îò îáùåé âûñîòû ïðîáû.

Âèäíî, ÷òî ïðè äîáàâëåíèè âîäû äåêðåìåíò íå

óâåëè÷èâàåòñÿ âïëîòü äî ïîëíîãî ñìà÷èâàíèÿ

ïåñêà ïî âñåé òîëùå. Çàòåì îí ðàñòåò ïðîïîðöèî-

íàëüíî òîëùèíå ñëîÿ âîäû íàä ïåñêîì.

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ñóùåñòâóåò ïðèíöèïèàëüíàÿ âîç-

ìîæíîñòü ïðîâåäåíèÿ òåðìè÷åñêîãî àíàëèçà

îäíîâðåìåííî ñ èçìåðåíèåì âÿçêîñòè íà îäíîé

óñòàíîâêå. Óñòàíîâèëè, ÷òî îñíîâíûå ýòàïû

ïëàâëåíèÿ è êðèñòàëëèçàöèè äîýâòåêòè÷åñêîãî

ñïëàâà Cu – P (ïî êðèâûì ÄT è ëîãàðèôìè÷åñêî-

ãî äåêðåìåíòà çàòóõàíèÿ) âçàèìîñâÿçàíû. Íà-

áëþäàåìóþ çàäåðæêó ðîñòà ëîãàðèôìè÷åñêîãî

äåêðåìåíòà çàòóõàíèÿ êîëåáàíèé â íà÷àëå ïëàâ-

ëåíèÿ è ðåçêèé ñïàä â íà÷àëå êðèñòàëëèçàöèè,

âåðîÿòíî, ìîæíî îáúÿñíèòü ýôôåêòîì áëîêèðîâ-

êè ñâîáîäíîãî òå÷åíèÿ æèäêîé êîìïîíåíòû ðàñ-

ïëàâà òâåðäûì îñòîâîì ñ áîëüøåé òåìïåðàòóðîé

ïëàâëåíèÿ.
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