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I. ÂÑÒÓÏ

Áiëüøiñòü ïðîìèñëîâèõ ñïëàâiâ ¹ çäåáiëüøîãî òåð-
ìîäèíàìi÷íî íåñòàáiëüíèìè i, çà çðîñòàííÿ òåìïåðà-
òóðè, â íèõ ìîæóòü âiäáóâàòèñÿ ôàçîâi ïåðåõîäè, ùî
ïðèçâîäèòü äî ïîãiðøåííÿ åêñïëóàòàöiéíèõ õàðàêòå-
ðèñòèê. Ó òàêèõ ñïëàâàõ çàçâè÷àé óòâîðþ¹òüñÿ íèçêà
iíòåðìåòàëåâèõ ñïîëóê, ùî ¹ ïðè÷èíîþ êðèõêîñòi. Âè-
ñîêîåíòðîïiéíi ñïëàâè ìàþòü âèñîêó åíòðîïi¹þ çìi-
øóâàííÿ, ùî äîñÿãà¹òüñÿ âíàñëiäîê çáiëüøåííÿ êiëü-
êîñòi ñêëàäîâèõ åëåìåíòiâ (5 i áiëüøå), êîíöåíòðàöiÿ
ÿêèõ ìîæå çìiíþâàòèñÿ âiä 5 äî 35 àò. % [1�3]. Òàêi
ñïëàâè ñêëàäàþòüñÿ ç òâåðäèõ ðîç÷èíiâ (ïðîñòà êðè-
ñòàëi÷íà ñòðóêòóðà ÎÖÊ, ÃÖÊ) i ìàþòü ïîëiïøåíi ìå-
õàíi÷íi âëàñòèâîñòi. Ñòàáiëiçàöiÿ îäíîôàçîâîãî òâåð-
äîãî ðîç÷èíó é çàïîáiãàííÿ óòâîðåííþ iíòåðìåòàëå-
âèõ ñïîëóê ó ïðîöåñi êðèñòàëiçàöi¨ çàáåçïå÷ó¹òüñÿ âè-
ñîêîþ åíòðîïi¹þ çìiøóâàííÿ â ïî÷àòêîâîìó ðiäêîìó
ñòàíi. Ïiä ÷àñ ôîðìóâàííÿ òâåðäîãî ðîç÷èíó åíòðî-
ïiÿ çðîñòà¹ çi çáiëüøåííÿì êiëüêîñòi åëåìåíòiâ âiäïî-
âiäíî äî ãiïîòåçè Áîëüöìàíà. I íàâïàêè, iíòåðìåòà-
ëåâi ñïîëóêè ìàþòü óïîðÿäêîâàíó ôàçó, íèçüêó êîí-
ôiãóðàöiéíó åíòðîïiþ, à çà ñòåõiîìåòðè÷íîãî ñêëàäó
¨õíÿ åíòðîïiÿ âçàãàëi äîðiâíþ¹ íóëåâi. Öi ñïëàâè õàðà-
êòåðèçóþòüñÿ ñïîâiëüíåíèìè çíà÷åííÿìè äèôóçi¨ òà
åôåêòîì ïåðåìiøóâàííÿ, âèñîêèìè òâåðäiñòþ é çíî-
ñîñòiéêiñòþ, ñòiéêiñòþ äî îêèñëåííÿ, à òàêîæ âèñîêè-
ìè êîðîçiéíîþ é ðàäiàöiéíîþ ñòiéêiñòþ, ùî äîçâîëÿ¹
çíà÷íî ðîçøèðèòè ñôåðó ¨õ çàñòîñóâàííÿ.

Íà ñüîãîäíi áàãàòîêîìïîíåíòíi âèñîêîåíòðîïiéíi
åêâiàòîìíi àáî áëèçüêi äî åêâiàòîìíèõ ñïëàâè âè-
â÷åíi íåäîñòàòíüî. Çäåáiëüøîãî äîñëiäæóâàëè ôàçî-
âèé ñêëàä, ìiêðîñòðóêòóðíi é ìîðôîëîãi÷íi îñîáëè-
âîñòi äåÿêèõ ðiçíèõ çà õiìi÷íèì ñêëàäîì ëèòèõ âè-
ñîêîåíòðîïiéíèõ ñïëàâiâ. Äëÿ öüîãî âèêîðèñòîâóâàëè
íàñàìïåðåä ìåòîäè ñêàíóâàëüíî¨ åëåêòðîííî¨ ìiêðî-
ñêîïi¨, ðåíò åíîñòðóêòóðíîãî àíàëiçó, ðåíò åíiâñüêî¨
ñïåêòðîñêîïi¨, à òàêîæ âèìiðþâàííÿ äåÿêèõ ôiçèêî-
ìåõàíi÷íèõ âëàñòèâîñòåé. Ñóòò¹âî ñòðèìó¹ ðîçâè-
òîê ôóíäàìåíòàëüíèõ óÿâëåíü ïðî âèñîêîåíòðîïiéíi
ñïëàâè, à òàêîæ íå äà¹ çìîãè çíàéòè íîâi ñôåðè ïðà-

êòè÷íîãî çàñòîñóâàííÿ âiäñóòíiñòü ¹äèíî¨ äóìêè ïðî
ïðèðîäó ÿâèù òà ôiçè÷íèõ ïðîöåñiâ ó öèõ ñïëàâàõ,
¨õíþ ñòðóêòóðó â ðiäêîìó ñòàíi òà ¨¨ òðàíñôîðìàöiþ
ïiä ÷àñ îõîëîäæåííÿ, à òàêîæ ìåõàíiçìè òà ïîñëiäîâ-
íîñòi ñòðóêòóðíîôàçîâèõ ïåðåòâîðåíü ïiä ÷àñ êðèñòà-
ëiçàöi¨.

Ó ðiäêîìó ñòàíi âiäáóâà¹òüñÿ ôîðìóâàííÿ àòîìàð-
íèõ ðîç÷èíiâ, i òîìó ñàìå â öüîìó ïî÷àòêîâîìó âè-
ïàäêó çàðîäæåííÿ ñòðóêòóðè íàéëåãøå âïëèâàòè íà
íå¨ òà çìiíþâàòè â ïîòðiáíîìó íàïðÿìi. Äîñëiäæå-
ííÿ òàêèõ áàãàòîêîìïîíåíòíèõ ñèñòåì íàäçâè÷àéíî
ñêëàäíå, òîìó iíôîðìàöiÿ ïðî âëàñòèâîñòi ¨õíiõ ïiä-
ñèñòåì iç ìåíøîþ êiëüêiñòþ êîìïîíåíòiâ, ùî ìî-
æóòü ðîçãëÿäàòèñÿ ÿê ìîäåëüíi ñèñòåìè, ¹ íåîáõiäíîþ
ÿê äëÿ ïîäàëüøîãî âèâ÷åííÿ õàðàêòåðèñòèê ñïëàâiâ,
òàê i äëÿ ¨õ ïðîìèñëîâîãî âèãîòîâëåííÿ. Òàêi äîñëi-
äæåííÿ ñòðóêòóðíî-÷óòëèâèõ âëàñòèâîñòåé ïðîâîäè-
ëè äëÿ ïiäñèñòåì íèçüêîòåìïåðàòóðíèõ âèñîêîåíòðî-
ïiéíèõ ñïëàâiâ [4�7], îäíàê ñòðóêòóðíî-÷óòëèâi õàðà-
êòåðèñòèêè ïðîìèñëîâî ïåðñïåêòèâíèõ âèñîêîòåìïå-
ðàòóðíèõ ñïëàâiâ âñå ùå âèâ÷åíi íåäîñòàòíüî.

Îäíèìè ç íàéïåðñïåêòèâíiøèõ òàêèõ ñïëàâiâ ¹,
çîêðåìà, ñïëàâè ñèñòåìè AlCoCrCuFeNi, ÿêi ïîðÿä iç
õàðàêòåðèñòèêàìè, òèïîâèìè äëÿ ìåòàëåâèõ ñïëàâiâ,
ìàþòü óíiêàëüíi òà íåçâè÷àéíi âëàñòèâîñòi, õàðàêòåð-
íi, íàïðèêëàä, äëÿ ìåòàëîêåðàìiê: âèñîêó òâåðäiñòü i
ñòiéêiñòü äî òåìïåðàòóðíîãî ðóéíóâàííÿ, äèñïåðñié-
íå òâåðäiííÿ, ïîçèòèâíèé òåìïåðàòóðíèé êîåôiöi¹íò
çìiöíåííÿ òà âèñîêèé ðiâåíü ìiöíîñòi çà ïiäâèùåíèõ
òåìïåðàòóð, çíîñîñòiéêiñòü, êîðîçiéíó ñòiéêiñòü i íèç-
êó iíøèõ õàðàêòåðèñòèê [8�11].

ßê íåäàâíî âñòàíîâëåíî, ñòðóêòóðà ñïëàâiâ øåñòè-
êîìïîíåíòíî¨ ñèñòåìè AlCoCrCuFeNi ìà¹ äâîôàçîâèé
õàðàêòåð i ìiñòèòü òâåðäi ðîç÷èíè ç ÎÖÊ (òèï À2
òà Â2) òà ÃÖÊ  ðàòêîþ (À1) [12]. Ó òàêèõ ñïëàâàõ
âiäáóâà¹òüñÿ ðîçïàä iç âèäiëåííÿì â ÎÖÊ ìàòðèöi
íèçêè íàíîðîçìiðíèõ áàãàòîêîìïîíåíòíèõ ôàç ïåðå-
âàæíî ïëàñòèí÷àòî¨ é ðiâíîâiñíî¨ ìîðôîëîãi¨, àòîì-
íî âïîðÿäêîâàíèõ (B2, L1) i ðîçóïîðÿäêîâàíèõ (À2)
ç ðiçíèì õiìi÷íèì ñêëàäîì. Êðiì òîãî, ó íèõ íàÿâ-
íi ïåðiîäè÷íi ôëóêòóàöi¨ êîíöåíòðàöi¨ é ñå ðåãàöi¨ õi-

Öþ ïðàöþ ìîæíà âèêîðèñòîâóâàòè íà óìîâàõ Ìiæíàðîäíî¨ Ïóáëi÷íî¨ Ëiöåíçi¨ Creative Commons 4.0 �Iç Çàçíà÷åííÿì

Àâòîðñòâà�. Ïîøèðþþ÷è öåé ìàòåðiàë, ïîòðiáíî âêàçóâàòè àâòîðiâ i íàçâó ñòàòòi, æóðíàëüíå öèòóâàííÿ òà DOI.
3601-1

https://orcid.org/0000-0001-8472-6447
https://orcid.org/0000-0002-0919-9656


Ì. ÄÓÔÀÍÅÖÜ, Þ. ÏËÅÂÀ×ÓÊ, Â. ÑÊËßÐ×ÓÊ

ìi÷íèõ åëåìåíòiâ (êëàñòåðè ðîçìiðîì ïîðÿäêó îäè-
íèöü íàíîìåòðiâ), ÿêi ìiñòÿòü ðiçíi êîìáiíàöi¨ åëå-
ìåíòiâ. Óñi âèÿâëåíi â íèõ íàíîôàçè, ÿê i êëàñòåðè,
¹ áàãàòîêîìïîíåíòíèìè òâåðäèìè ðîç÷èíàìè, çîêðå-
ìà, àòîìíî-âïîðÿäêîâàíèìè i çáàãà÷åíèìè äåêiëüêî-
ìà åëåìåíòàìè íà îñíîâi ñèñòåì Al25Co25Cu25Ni25,
Al25Co25Fe25Ni25, Co33,3Fe33,3Cr33,3, ïðîñòîðîâèé ðîç-
ïîäië ÿêèõ õàðàêòåðèçó¹òüñÿ âèðàæåíîþ íàíîìîäóëÿ-
öi¹þ åëåìåíòíîãî é ôàçîâîãî ñêëàäó çà îá'¹ìîì ñïëà-
âó.
Ó ðîáîòi åêñïåðèìåíòàëüíî âèìiðÿíî åëåêòðî-

ïðîâiäíiñòü òà òåðìîÅÐÑ ñïëàâiâ Al16.6Co16.6Cr16.6
Cu16.6Fe16.6Ni16.6, Al20Co20Cu20Fe20Ni20, Al25Co25
Cu25Fe25, Al25Co25Cr25Ni25, Co20Cr20Cu20Få20Ni20
åêâiàòîìíèõ êîíöåíòðàöié ó øèðîêîìó iíòåðâàëi
òåìïåðàòóð ðiäêîãî ñòàíó âiä òåìïåðàòóð ïëàâëåííÿ
äî 1750 Ê.

II. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍÀ ×ÀÑÒÈÍÀ

Êîìïëåêñíi âèìiðþâàííÿ åëåêòðîïðîâiäíîñòi σ
(âiäíîñíà ïîõèáêà âèìiðþâàíü � 2 %) i òåðìîÅÐÑ α
(âiäíîñíà ïîõèáêà âèìiðþâàíü � 5 %) ïðîâîäèëè â
àòìîñôåði àðãîíó ïiä òèñêîì äî 10 ÌÏà, ùîá çàáåçïå-
÷èòè ñòàëèé õiìi÷íèé ñêëàä ðîçïëàâó çà âèñîêèõ òåì-
ïåðàòóð. Åëåêòðîïðîâiäíiñòü âèìiðþâàëè êîíòàêòíèì
ìåòîäîì çà 4-òî÷êîâîþ ñõåìîþ. Äëÿ åêñïåðèìåíòiâ
âèêîðèñòàíî öèëiíäðè÷íi áàãàòîçîííi êîìiðêè ç íiòðè-
äó áîðó, âèãîòîâëåíi ó ôîðìi âåðòèêàëüíèõ êîíòåéíå-
ðiâ iç âíóòðiøíüîþ ðîáî÷îþ ïîðîæíèíîþ âèñîòîþ 60
ìì i äiàìåòðîì 3.5 ìì [13]. Çàñòîñóâàííÿ òàêî¨ êî-
ìiðêè äîçâîëÿ¹ âèëó÷èòè ç ðåçóëüòàòiâ åêñïåðèìåí-
òó ñêëàäíèêè ïîõèáêè âèìiðþâàííÿ êîíòàêòíèõ å.ð.ñ.,
à òàêîæ ïîõèáêè, ùî âèíèêà¹ âíàñëiäîê ïðîíèêíåí-

íÿ äîñëiäæóâàíîãî ðîçïëàâó â êåðàìi÷íèé êîðïóñ êî-
ìiðêè. Âèñîêîòåìïåðàòóðíà ïi÷ iç òðüîìà íåçàëåæíî
êîíòðîëüîâàíèìè íàãðiâíèìè åëåìåíòàìè äîçâîëÿëà
ïiäòðèìóâàòè ðiâíîìiðíå òåìïåðàòóðíå ïîëå â ìåæàõ
0.2�0.3 Ê ó âèìiðþâàíîìó iíòåðâàëi òåìïåðàòóð.
Âèìiðþâàëè òåðìîÅÐÑ çà ñòàíäàðòíîþ ìåòîäèêîþ,

ùî äîçâîëÿ¹ øâèäêèé ïåðåõiä âiä ðiâíîìiðíîãî òåì-
ïåðàòóðíîãî ïîëÿ ïiä ÷àñ âèìiðiâ åëåêòðîïðîâiäíîñòi
äî ñòâîðåííÿ ðiçíèöi òåìïåðàòóðè 10�20 Ê óçäîâæ
çðàçêà [14]. Òåìïåðàòóðó âèçíà÷àëè çà äîïîìîãîþ
âîëüôðàì-ðåíi¹âèõ òåðìîïàð WRe5/20. Ñïàé òåðìî-
ïàðè ðîçòàøîâàíî â îá'¹ìi ãðàôiòó ç ìåòîþ ¨¨ çàõè-
ñòó âiä àãðåñèâíîãî ñåðåäîâèùà ðîçïëàâó. Îêðåìi åëå-
êòðîäè òåðìîïàðè âèêîðèñòîâóâàëè ÿê ïîòåíöiàëüíi
çîíäè äëÿ âèìiðþâàííÿ åëåêòðîïðîâiäíîñòi.

III. ÐÅÇÓËÜÒÀÒÈ ÒÀ ÎÁÃÎÂÎÐÅÍÍß

Çàëåæíîñòi åëåêòðîïðîâiäíîñòi òà òåðìî-
ÅÐÑ âiä òåìïåðàòóðè ñïëàâiâ Al16.6Co16.6Cr16.6
Cu16.6Fe16.6Ni16.6, Al20Co20Cu20Fe20Ni20, Al25Co25
Cu25Fe25, Al25Co25Cr25Ni25, Co20Cr20Cu20Få20Ni20
âèçíà÷àëè ïiä ÷àñ íàãðiâàííÿ âiä òåìïåðàòóð ïëàâëå-
ííÿ äî 1750 Ê òà ïðîòÿãîì ïîäàëüøîãî îõîëîäæåííÿ.
Åêñïåðèìåíòàëüíi ðåçóëüòàòè âèìiðþâàííÿ åëå-

êòðîïðîâiäíîñòi îêðåìèõ ðîçïëàâiâ ïîêàçàíî íà ðè-
ñóíêàõ 1�5. Åëåêòðîïðîâiäíiñòü óñiõ äîñëiäæåíèõ ðîç-
ïëàâiâ ëiíiéíî çìåíøó¹òüñÿ â äîñëiäæåíîìó òåì-
ïåðàòóðíîìó äiàïàçîíi. Ó ñïëàâàõ, ùî ìiñòÿòü
àëþìiíié, çíà÷åííÿ åëåêòðîïðîâiäíîñòi ¹ â ìåæàõ
13000�13700 Îì−1·ñì−1. Âèíÿòîê ñòàíîâèòü ñïëàâ
Co20Cr20Cu20Få20Ni20, åëåêòðîïðîâiäíiñòü ÿêîãî ïî-
ìiòíî íèæ÷à (11500�11600 Îì−1·ñì−1), ùî çóìîâëåíî
âiäñóòíiñòþ Al, åëåìåíòà ç âèñîêîþ ïðîâiäíiñòþ.

Ðèñ. 1. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ðîçïëàâó Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6
Fig. 1. Electrical conductivity vs. temperature for Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6 liquid alloy
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Ðèñ. 2. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ðîçïëàâó Al20Co20Cu20Fe20Ni20
Fig. 2. Electrical conductivity vs. temperature for Al20Co20Cu20Fe20Ni20 liquid alloy

Ðèñ. 3. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ðîçïëàâó Al25Co25Cu25Fe25
Fig. 3. Electrical conductivity vs. temperature for Al25Co25Cu25Fe25 liquid alloy

Õiìi÷íèé ñêëàä, àò. % Tm, Ê σ0, Îì−1·ñì−1 dσ/dT , Îì−1·ñì−1·K−1

Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6 1596 13313 �1.3364

Al20Co20Cu20Fe20Ni20 1598 13428 �1.4862

Al25Co25Cu25Fe25 1626 13782 �1.2821

Al25Co25Cr25Ni25 1660 13377 �1.5712

Co20Cr20Cu20Få20Ni20 1647 11764 �1.6933

Òàáë. 1. Ïàðàìåòðè àïðîêñèìàöi¨, âèêîðèñòàíi â ðiâíÿííi (1)
Table 1. Approximation parameters used in equation (1)
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Ó âñiõ ñïëàâàõ ñïîñòåðiãà¹òüñÿ íåçíà÷íà ðîçái-
æíiñòü ìiæ êðèâèìè íàãðiâàííÿ é îõîëîäæåííÿ, ÿêà,
îäíàê, íå âèõîäèòü çà ìåæi åêñïåðèìåíòàëüíî¨ ïîõèá-
êè 2 %. Ðîçêèä åêñïåðèìåíòàëüíèõ òî÷îê ïiä ÷àñ íà-
ãðiâàííÿ çóìîâëåíèé ñòðóêòóðíèìè ïåðåòâîðåííÿìè,
ùî âiäáóâàþòüñÿ ïiñëÿ ïëàâëåííÿ äî äîñÿãíåííÿ ðîç-
ïëàâîì ãîìîãåííîãî ñòàíó.
Íà ðèñóíêó 6 çîáðàæåíî çàëåæíîñòi σ(T ) äîñëiäæå-

íèõ ðîçïëàâiâ ïiä ÷àñ îõîëîäæåííÿ, ùî äîáðå àïðî-
êñèìóþòüñÿ ëiíiéíèì ïîëiíîìîì

σ(T ) = σ0 +
dσ

dT
(T − Tm), (1)

äå Tm � òåìïåðàòóðà ïëàâëåííÿ, ÿêà âèçíà÷à¹òüñÿ ç
âèìiðþâàíü åëåêòðîïðîâiäíîñòi ïiä ÷àñ îõîëîäæåííÿ,
σ0 � çíà÷åííÿ åëåêòðîïðîâiäíîñòi çà Tm, dσ/dT �
òåìïåðàòóðíèé êîåôiöi¹íò åëåêòðîïðîâiäíîñòi. Ïàðà-
ìåòðè àïðîêñèìàöi¨, ùî âèêîðèñòîâóþòüñÿ â ðiâíÿííi
(1), íàâåäåíi â òàáë. 1.
Çàëåæíiñòü òåðìîÅÐÑ âiä òåìïåðàòóðè ïîêà-

çàíî íà ðèñ. 7. ßê âèäíî ç ðèñ. 7, òåðìîÅÐÑ,
α(T ) óñiõ äîñëiäæåíèõ ñïëàâiâ ¹ âiä'¹ìíîþ òà ëi-
íiéíî çìåíøó¹òüñÿ çà àáñîëþòíèìè çíà÷åííÿìè
çà óìîâè ïiäâèùåííÿ òåìïåðàòóðè. Ó ðîçïëàâi
Al25Co25Cu25Fe25 àáñîëþòíi çíà÷åííÿ òåðìîÅÐÑ âiä-
íîñíî íåâåëèêi é ñòàíîâëÿòü ïðèáëèçíî 3 ìêÂ·K−1.
Ó ðîçïëàâàõ Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6,
Al20Co20Cu20Fe20Ni20, Co20Cr20Cu20Få20Ni20 òåðìî-
ÅÐÑ íàáóâà¹ çíà÷åíü íà ðiâíi 8�11 ìêÂ·K−1, à â
ðîçïëàâi Al25Co25Cr25Ni25, ó ÿêîìó âiäñóòíÿ ìiäü,
¹ ïîìiòíî âèùîþ çà àáñîëþòíèì çíà÷åííÿì (17
ìêÂ·K−1). Çàëåæíiñòü òåðìîÅÐÑ âiä òåìïåðàòóðè
äîáðå îïèñó¹òüñÿ ëiíiéíèì ðiâíÿííÿì:

α(T ) = α0 +
dα

dT
(T − Tm), (2)

äå α0 � òåðìîÅÐÑ çà Tm, dα/dT � òåìïåðàòóðíèé êî-
åôiöi¹íò òåðìîÅÐÑ, çíà÷åííÿ ÿêèõ íàâåäåíi â òàáë. 2.

Ðèñ. 4. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ðîçïëàâó Al25Co25Cr25Ni25
Fig. 4. Electrical conductivity vs. temperature for Al25Co25Cr25Ni25 liquid alloy

Õiìi÷íèé ñêëàä, àò. % Tm, Ê α0, ìêÂ·K−1 dα/dT , ìêÂ·K−2

Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6 1596 �9,64 0,0072

Al20Co20Cu20Fe20Ni20 1598 �10,66 0,0078

Al25Co25Cu25Fe25 1626 �3,46 0,0072

Al25Co25Cr25Ni25 1660 �17,88 0,0073

Co20Cr20Cu20Få20Ni20 1647 �7,49 0,0081

Òàáë. 2. Ïàðàìåòðè àïðîêñèìàöi¨, âèêîðèñòàíi â ðiâíÿííi (2)
Table 2. Approximation parameters used in equation (2)
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Ðèñ. 5. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ðîçïëàâó Co20Cr20Cu20Få20Ni20
Fig. 5. Electrical conductivity vs. temperature for Co20Cr20Cu20Få20Ni20 liquid alloy

Ðèñ. 6. Çàëåæíiñòü òåðìîÅÐÑ âiä òåìïåðàòóðè ðîçïëàâiâ Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6, Al20Co20Cu20Fe20Ni20,
Al25Co25Cu25Fe25, Al25Co25Cr25Ni25, Co20Cr20Cu20Få20Ni20 ïiä ÷àñ îõîëîäæåííÿ. Ñóöiëüíèìè ëiíiÿìè ïîçíà÷åíî àïðî-

êñèìàöiéíi êðèâi ïîëiíîìà (2)
Fig. 6. Thermoelectric power vs. temperature for Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6, Al20Co20Cu20Fe20Ni20,
Al25Co25Cu25Fe25, Al25Co25Cr25Ni25, Co20Cr20Cu20Få20Ni20 liquid alloys during cooling. Solid lines indicate the approxi-

mation curves of the polynomial (2)

Íà ñüîãîäíi ïîâåäiíêà åëåêòðîïðîâiäíîñòi âèñîêî-
åíòðîïiéíèõ ñïëàâiâ çà âèñîêèõ òåìïåðàòóð ïðàêòè-
÷íî íå âèâ÷åíà, òîäi ÿê çà íèçüêèõ òåìïåðàòóð, íå
çâàæàþ÷è íà ñêëàäíi åôåêòè, ïîâ'ÿçàíi ç ìàãíiòíèìè
ôàçîâèìè ïåðåõîäàìè, à ìîæëèâî, i çàâäÿêè ¨ì, åëå-
êòðîïðîâiäíiñòü äîñëiäæåíà ëiïøå. Çà âèñîêèõ òåìïå-
ðàòóð îñíîâíi ïðîáëåìè ïîâ'ÿçàíi ç âåëè÷èíîþ âíåñêó
ñïiíîâîãî ðîçóïîðÿäêóâàííÿ i ïîðiâíÿíî íåâåëèêèìè
çíà÷åííÿìè åëåêòðîïðîâiäíîñòi. Ó ìåæàõ s�d ìîäå-
ëi Ìîòòà òàêó ïîâåäiíêó åëåêòðîïðîâiäíîñòi ìîæíà
ïîÿñíèòè, ÿêùî åëåêòðîííà ãóñòèíà ñòàíiâ ìà¹ âè-
ðàæåíó ñòðóêòóðó ïîáëèçó ðiâíÿ Ôåðìi, òàê ùî âíå-
ñêè â åëåêòðîïðîâiäíiñòü, çóìîâëåíi ðîçìèòòÿì ôóí-
êöi¨ Ôåðìi, âiäiãðàþòü ñóòò¹âó ðîëü [15]. Çàãàëîì äëÿ

ðiäêèõ ìåòàëiâ öÿ ïðîáëåìà äîáðå îïèñó¹òüñÿ â ìå-
æàõ òåîði¨ Çàéìàíà. Îäíàê çàñòîñóâàííÿ ¨¨ äî ïåðåõi-
äíèõ ìåòàëiâ ñïðè÷èíÿ¹ ïåâíi òðóäíîùi, ùî íàñàìïå-
ðåä çóìîâëåíî ñèëüíèì ðîçñiþâàííÿì òàêèõ ìàòåði-
àëiâ. Âiäïîâiäíî, ìîæíà ñòâåðäæóâàòè, ùî îñíîâíèé
âíåñîê â åëåêòðîïðîâiäíiñòü ðîáèòü ðåçîíàíñíå ðîç-
ñiþâàííÿ íà d-åëåêòðîíàõ. Ó ñïëàâàõ ïåðåõiäíèõ ìå-
òàëiâ ìiæ ñîáîþ, àáî ç Cu ÷è Al êîíöåíòðàöiÿ åëå-
êòðîíiâ ïðîâiäíîñòi ñòàíîâèòü áëèçüêî îäíîãî åëå-
êòðîíà íà àòîì, i ÿê íàñëiäîê 2kf çàâæäè ìåíøå, íiæ
kp (ïîëîæåííÿ ïåðøîãî ïiêà ñòðóêòóðíîãî ôàêòîðà).
Òîìó òåìïåðàòóðíèé êîåôiöi¹íò åëåêòðîïðîâiäíîñòi ¹
âiä'¹ìíèì, ùî òî÷íî âiäïîâiäà¹ ñïîñòåðåæóâàíié êàð-
òèíi.
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Ðèñ. 7. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ðîçïëàâiâ Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6,
Al20Co20Cu20Fe20Ni20, Al25Co25Cu25Fe25, Al25Co25Cr25Ni25, Co20Cr20Cu20Få20Ni20 ïiä ÷àñ îõîëîäæåííÿ. Ñóöiëüíè-

ìè ëiíiÿìè ïîçíà÷åíî àïðîêñèìàöiéíi êðèâi ïîëiíîìà (1)
Fig. 7. Electrical conductivity vs. temperature for Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6, Al20Co20Cu20Fe20Ni20,
Al25Co25Cu25Fe25, Al25Co25Cr25Ni25, Co20Cr20Cu20Få20Ni20 liquid alloys during cooling. Solid lines indicate the approxi-

mation curves of the polynomial (1)

Âiäîìî, ùî ðîçâ'ÿçîê êiíåòè÷íîãî ðiâíÿííÿ Áîëü-
öìàíà äëÿ åëåêòðîíiâ ó ìåòàëi âñòàíîâëþ¹ çâ'ÿçîê
ìiæ òåðìîÅÐÑ é åëåêòðîïðîâiäíiñòþ:

α =
π2k2BT

3e

[
∂ lnσ(E)

∂E

]
E=EF

(3)

Âèðàç ó äóæêàõ îçíà÷à¹, ùî íåîáõiäíî çíàéòè çàëå-
æíiñòü åëåêòðîïðîâiäíîñòi âiä åíåð i¨, à ïîòiì ïîõiäíó
çà åíåð i¹þ çà ðåàëüíî¨ åíåð i¨ Ôåðìi EF. Ç ôîðìóëè
(3) âèïëèâà¹, ùî òåðìîÅÐÑ ìà¹ âëàñíèé çíàê. Ñïðàâ-
äi, ìîæíà çàïèñàòè:

∂ lnσ(E)

∂E
=
∂ lnλ(E)

∂E
+
∂ lnSF

∂E
(4)

Òîáòî çàëåæíiñòü òåðìîÅÐÑ âiä åíåð i¨ âèçíà÷à¹-
òüñÿ ÿê äîâæèíîþ âiëüíîãî ïðîáiãó åëåêòðîíiâ λ, òàê
i ïëîùåþ ïîâåðõíi Ôåðìi SF. Ïðè÷îìó, ÿêùî ïåðøèé
äîäàíîê çàâæäè äîäàòíèé, òî äðóãèé ìîæå áóòè é
âiä'¹ìíèì, çàëåæíî âiä ôîðìè ïîâåðõíi Ôåðìi, ùî
ñïîñòåðiãà¹òüñÿ â äîñëiäæåíèõ ñïëàâàõ íà ïðèêëàäi
àáñîëþòíèõ çíà÷åíü òåðìîÅÐÑ.
Ó ïåðåõiäíèõ ìåòàëàõ ñèòóàöiÿ ùå ñêëàäíiøà. Ó ìå-

æàõ çîííî¨ s�d ìîäåëi Ìîòòà òåðìîÅÐÑ ïðîïîðöié-

íà ïåðøié ïîõiäíié âiä ãóñòèíè åëåêòðîííèõ ñòàíiâ çà
åíåð i¹þ. ßêùî îöiíþâàòè çíà÷åííÿ òåðìîÅÐÑ çà çà-
ëåæíîñòÿìè ãóñòèíè ñòàíiâ, òî çíà÷åííÿ ìîæóòü áóòè
ñóòò¹âî áiëüøèìè, íiæ òi, ùî îòðèìó¹ìî åêñïåðèìåí-
òàëüíî. Òàêi îöiíêè âêàçóþòü íà òå, ùî ëèøå íåâåëèêà
÷àñòèíà íîñi¨â çàðÿäó ðîçñiþ¹òüñÿ çà çîííèì òèïîì çi
çìiíîþ åôåêòèâíî¨ ìàñè s-íîñi¨â ó çâ'ÿçêó ç ¨õ ïåðå-
õîäîì â d-çîíó. Òîìó, î÷åâèäíî, äîìiíóþòü iíøi âèäè
ðîçñiþâàííÿ.

IV. ÂÈÑÍÎÂÊÈ

Åêñïåðèìåíòàëüíî äîñëiäæåíî åëåêòðîïðî-
âiäíiñòü òà òåðìîÅÐÑ, à òàêîæ ïðîàíàëiçîâà-
íî ïîâåäiíêó òà òåìïåðàòóðíi çàëåæíîñòi öèõ
õàðàêòåðèñòèê ó ðîçïëàâàõ åêâiàòîìíèõ êîí-
öåíòðàöié Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6,
Al20Co20Cu20Fe20Ni20, Al25Co25Cu25Fe25,
Al25Co25Cr25Ni25, Co20Cr20Cu20Få20Ni20 ó øèðî-
êîìó iíòåðâàëi âiä òåìïåðàòóð ïëàâëåííÿ äî 1750 Ê.
Ïîêàçàíî, ùî ìåõàíiçì ðîçñiþâàííÿ çàðÿäó ó âè-
ñîêîåíòðîïiéíèõ ñïëàâàõ ñèñòåìè AlCoCrCuFeNi
îïèñó¹òüñÿ s�d-çîííîþ ìîäåëëþ Ìîòòà.

Äîñëiäæåííÿ ïðîâåäåíî çà ïiäòðèìêè Ìiíiñòåðñòâà
îñâiòè i íàóêè Óêðà¨íè (íîìåð äåðæàâíî¨ ðå¹ñòðàöi¨
ÍÄÐ: 0119U002204).
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ELECTRICAL CONDUCTIVITY AND THERMOPOWER OF HIGH-ENTROPY AlCoCrCuFeNi

LIQUID ALLOYS

M. Dufanets, Yu. Plevachuk, V. Sklyarchuk
Ivan Franko National University of Lviv

8, Kyrylo & Mefodiy St., Lviv, UA-79005 Ukraine

Conventional alloys are mainly based on one principal element with di�erent kinds of alloying elements
added to improve their properties. These alloys form an alloy family based on the chosen principal element.
However, the number of elements in the periodic table is limited, thus the alloy families which can be
developed are also limited. The new concept has been named a high-entropy alloy (HEAs). According to
the proposed de�nition, any multi-component alloy consisting of �ve or more principal elements which have
a concentration between 5 and 35 at.%, belongs to HEA. Besides principal elements, HEAs could contain
also minor elements with concentrations below 5 at.%. Compared to conventional alloys, these alloys
have signi�cantly higher mixing entropies, which lead to the formation of liquid or random solid solution
states. Thus, the e�ect of entropy is much more pronounced in high-entropy alloys than in conventional
alloys. The high entropy of mixing in these alloys facilitates the formation of solid solution phases with
simple structures. Thus, it reduces the number of phases formed in HEAs during solidi�cation process.
Such unique structural features caused by the e�ect of higher entropy are of paramount importance for
further industrial application of these alloys.

Due to the unique multi-principal element composition, the high-entropy alloys can have extraordinary
properties, including high strength/hardness, outstanding wear resistance, exceptional high-temperature
strength, good structural stability, good corrosion and oxidation resistance. Some of these properties are
not seen in conventional alloys, making HEAs attractive in many �elds. The fact that they can be used
at high temperatures broadens their spectrum of applications even further. Moreover, the fabrication of
HEAs does not require special processing techniques or equipment, which indicates that the mass producti-
on of HEAs can be easily implemented with existing equipment and technologies. The development of
new advanced materials with predicted properties requires a clear and thorough understanding of their
structural properties on the basis of su�cient and reliable thermophysical data. The increasing in�uence
of computational modeling in all technological processes generates an increased demand for accurate
values of the physical properties of the materials involved, which are used as fundamental inputs for each
model. The solidi�cation process of a liquid alloy has a profound impact on the structure and properties of
the solid material. Therefore, knowledge of the thermophysical properties of molten alloys becomes very
important for understanding the structural transformations in alloys in the liquid-solid temperature range
and modeling the solidi�cation process, so that materials with required characteristics can be developed.

In this study, experimental measurements of electrical conductivity and thermoelectric power of the
liquid HEAs of equiatomic concentrations Al16.6Co16.6Cr16.6Cu16.6Fe16.6Ni16.6, Al20Co20Cu20Fe20Ni20,
Al25Co25Cu25Fe25, Al25Co25Cr25Ni25 and Co20Cr20Cu20Få20Ni20 were carried out in a wide temperature
range from their melting points to 1750 K.

Key words: high-entropy alloys, electrical conductivity, thermoelectric power.
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