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Åêñïåðèìåíòàëüíî äîñëiäæåíî âïëèâ íàíîðîçìiðíèõ êåðàìi÷íèõ äîìiøîê íà
åëåêòðîïðîâiäíiñòü ñïëàâó íà îñíîâi Sn�Ag�Cu ó øèðîêîìó òåìïåðàòóðíîìó
iíòåðâàëi òâåðäîãî i ðiäêîãî ñòàíiâ. Ðåçóëüòàòè äîñëiäæåíü âèÿâèëè, ùî åëå-
êòðîïðîâiäíiñòü ¹ äóæå ÷óòëèâîþ íàâiòü äî íåâåëèêî¨ êiëüêîñòi äîìiøêîâèõ
åëåìåíòiâ. Âñòàíîâëåíî, ùî äîäàâàííÿ êåðàìi÷íèõ íàíî÷àñòèíîê SiO2, TiO2,
ZrO2 òà Al2O3 çíèæó¹ àáñîëþòíi çíà÷åííÿ åëåêòðîïðîâiäíîñòi. Åêñïåðèìåí-
òàëüíi êðèâi çàëåæíîñòi åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè àïðîêñèìîâà-
íî ïîëiíîìîì äðóãîãî ñòóïåíÿ. Ðåçóëüòàòè ïîÿñíåíî çðîñòàííÿì êiëüêîñòi
êðèñòàëi÷íèõ äåôåêòiâ, ÿêi ¹ öåíòðàìè ðîçñiþâàííÿ åëåêòðîíiâ ïðîâiäíîñòi
â ìåòàëàõ, i çóìîâëþþòü çíèæåííÿ åëåêòðîïðîâiäíîñòi ïðè äîäàâàííi íàíî-
ðîçìiðíèõ êåðàìi÷íèõ äîìiøîê.

Êëþ÷îâi ñëîâà: Sn�Ag�Cu, åëåêòðîïðîâiäíiñòü, áåçñâèíöåâi ïðèïî¨, êåðà-
ìi÷íi íàíî÷àñòèíêè, ðîçïëàâè, âèñîêi òåìïåðàòóðè.

1. Âñòóï

Ñïëàâè íà îñíîâi Sn, çîêðåìà, ïîòðiéíî¨ ñèñòåìè Sn�Ag�Cu (SAC), âèêîðèñòîâó-
þòü ÿê áåçñâèíöåâi ïðèïî¨ â åëåêòðîííié ïðîìèñëîâîñòi, à òîìó ¹ ïðåäìåòîì iíòåí-
ñèâíèõ äîñëiäæåíü. Îäíèì iç ïåðñïåêòèâíèõ øëÿõiâ ïîêðàùåííÿ âëàñòèâîñòåé òàêèõ
ïðèïî¨â ¹ ñèíòåç íàíîêîìïîçèòíèõ ìàòåðiàëiâ, ó ÿêèõ íàíîðîçìiðíi ÷àñòèíêè, ââåäåíi
â áàçîâèé îá'¹ìíèé ìàòåðiàë (ìàòðèöþ), äàþòü çìîãó êåðóâàòè âëàñòèâîñòÿìè â øè-
ðîêîìó äiàïàçîíi ôiçèêî-õiìi÷íèõ ïàðàìåòðiâ. Òîìó âèâ÷åííÿ âïëèâó íàíîðîçìiðíèõ
÷àñòèíîê (ìåòàëiâ â îá'¹ìíèõ i íàíîðîçìiðíèõ ôîðìàõ, êåðàìi÷íèõ àáî êàðáîíîâèõ
íàíîòðóáîê) íà ôiçè÷íi òà ìåõàíi÷íi âëàñòèâîñòi áàçîâèõ ìåòàëåâèõ ñïëàâiâ ñòàëî
îñîáëèâî àêòóàëüíèì [1,2]. Òåíäåíöiÿ äî çìåíøåííÿ ðîçìiðiâ ñïà¨â ó ìiêðîåëåêòðî-
íiöi ïiäâèùó¹ âèìîãè äî íàäiéíîñòi ïðèïî¨â, ÿêî¨ ìîæíà äîñÿãíóòè ó íîâèõ íàíîêîì-
ïîçèòíèõ ìàòåðiàëàõ âíåñåííÿì êåðàìi÷íèõ íàíî÷àñòèíîê. Îäíi¹þ ç íàéáiëüø ïî-
øèðåíèõ ïðîöåäóð ïîêðàùåííÿ ìåõàíi÷íèõ âëàñòèâîñòåé ìåòàëiâ i ìåòàëåâèõ ñïëà-
âiâ ¹ äîäàâàííÿ äî áàçîâèõ (ìàòðè÷íèõ) ñïëàâiâ íàíî÷àñòèíîê îêñèäiâ. Íàïðèêëàä,
íàíîðîçìiðíi äîìiøêè γ-Fe2O3 i ZnO çìiöíþþòü ìiêðîñòðóêòóðó íàíîêîìïîçèòíèõ
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ñïëàâiâ ñèñòåìè Sn�Ag�Cu [3, 4], çìî÷óâàíiñòü ïîêðàùóâàëàñÿ ç äîäàâàííÿì íàíî-
γ-Fe2O3 òà ïîêðèòèõ Ni ãðàôåíîâèõ íàíîïëàñòèíîê [5], à ìiöíiñòü ïîêðàùóâàëàñÿ
ç äîäàâàííÿì íàíî γ-Fe2O3 i íàíî ZnO [3,4]. Ó ïðàöi [6] ïîêàçàíî, ùî íàíîðîçìiðíi
äîìiøêè Al ïiäâèùóþòü îïið äî ïîâçó÷îñòi ñïëàâiâ Sn�Ag�Cu. Àâòîðàìè [7] äîñëi-
äæåíî âïëèâ íåçíà÷íèõ äîìiøîê êåðàìi÷íèõ íàíî÷àñòèíîê (SiO2, TiO2, ZrO2) íà ìi-
êðîñòðóêòóðó òà ìåõàíi÷íi âëàñòèâîñòi ïàÿíèõ ç'¹äíàíü Cu/Sn94,56Ag4,14Cu1,29+0,5
ìàñ.% Í×/Cu òà Cu/Sn94,56Ag4,14Cu1,29+1,0 ìàñ. % Í×/Cu. Ïîêàçàíî, ùî â òàêî-
ìó âèïàäêó ¨õíÿ ìiêðîñòðóêòóðà ïîêðàùó¹òüñÿ, îñêiëüêè ñïîâiëüíþ¹òüñÿ çðîñòàííÿ
ìiæïîâåðõíåâîãî iíòåðìåòàëi÷íîãî øàðó. Êðiì òîãî, íåâåëèêi (äî 1 ìàñ. %) äîìiøêè
êåðàìi÷íèõ íàíî÷àñòèíîê (Al2O3, SiO2, TiO2, ZrO2, SnO2) ïiäâèùóþòü ìiêðîòâåð-
äiñòü i ìiöíiñòü ïiä ÷àñ ðîçòÿãóâàííÿ ïðèïîþ, à òàêîæ ìiöíiñòü íà çñóâ ïàÿíîãî øâà.
Öå ïîâ'ÿçàíî çi çìåíøåííÿì øâèäêîñòi ðîñòó iíòåðìåòàëi÷íèõ ñïîëóê (IMC) òà çìåí-
øåííÿì ðîçìiðó çåðíà IMC â îá'¹ìi, à òàêîæ çìåíøåííÿì ñåðåäíüîãî ðîçìiðó øàðó
IMC íà ìåæi ïðèïié/ïiäêëàäêà. Îäíàê äåÿêi äîñëiäæåííÿ ïîêàçàëè, ùî ïîäàëüøå
çðîñòàííÿ êiëüêîñòi êåðàìi÷íèõ íàíî÷àñòèíîê ó ìàòðèöi ïðèïîþ (ïîíàä 1 ìàñ. %)
ïðèçâîäèòü äî çìåíøåííÿ ïîçèòè÷íèõ åôåêòiâ ó ïðèïîÿõ. Ïðèïóñêàëîñÿ, ùî âiäáóâà-
¹òüñÿ àãëîìåðàöiÿ íàíî÷àñòèíîê i çìåíøåííÿ ¨õíüî¨ ïîâåðõíåâî¨ åíåðãi¨ ÿê â ìàòðèöi
ïðèïîþ, òàê i â iíòåðôåéñíîìó øàði ïðèïié/ïiäêëàäêà. Íà âiäìiíó âiä ÷èñëåííèõ òåî-
ðåòè÷íèõ òà åêñïåðèìåíòàëüíèõ äîñëiäæåíü ìåõàíi÷íèõ õàðàêòåðèñòèê, ñòðóêòóðíî-
÷óòëèâi òåïëîôiçè÷íi òà åëåêòðîôiçè÷íi âëàñòèâîñòi åâòåêòè÷íèõ ñïëàâiâ íà îñíîâi
Sn âèâ÷åíi íåäîñòàòíüî. Òîìó îòðèìàííÿ äàíèõ ïðî ïîâåäiíêó åëåêòðîïðîâiäíîñòi
ñïëàâiâ ïîòðiéíî¨ ñèñòåìè Sn�Ag�Cu â øèðîêîìó iíòåðâàëi òåìïåðàòóð, äîñëiäæå-
ííÿ âïëèâó íåìåòàëåâèõ íàíî÷àñòèíîê íà ïîâåäiíêó ñòðóêòóðíî-÷óòëèâèõ òåïëîôi-
çè÷íèõ âëàñòèâîñòåé öèõ ñïëàâiâ ¹ îñîáëèâî àêòóàëüíèìè ÿê ç ïîãëÿäó ôóíäàìåí-
òàëüíî¨ íàóêè, òàê i äëÿ ïðàêòè÷íèõ çàñòîñóâàíü, îñêiëüêè ñïðèÿòèìóòü îòðèìàííþ
íîâèõ ôóíêöiîíàëüíèõ ìàòåðiàëiâ øëÿõîì ñèíòåçó íàíîêîìïîçèòíèõ ìàòåðiàëiâ, ó
ÿêèõ íàíîðîçìiðíi ÷àñòèíêè, ââåäåíi â áàçîâèé îá'¹ìíèé ìàòåðiàë (ìàòðèöþ), äàþòü
ìîæëèâiñòü êåðóâàòè éîãî âëàñòèâîñòÿìè ó øèðîêîìó äiàïàçîíi ôiçèêî-õiìi÷íèõ òà
ìåõàíi÷íèõ ïàðàìåòðiâ.

2. Åêñïåðèìåíòàëüíà ÷àñòèíà

Çðàçêè âèãîòîâëÿëè ç ÷èñòèõ êîìïîíåíòiâ Ag, Cu òà Sn (CHEMPUR, Feinchemi-
kalien und Forschungsbedarf GmbH, 99,999 %), íàâàæåíèõ ç òî÷íiñòþ äî 10−4ã ìåòî-
äîì iíäóêöiéíî¨ ïëàâêè â äóãîâié ïå÷i â çàõèñíié àòìîñôåði âèñîêî÷èñòîãî àð îíó,
äîäàòêîâî î÷èùåíié ïðåïëàâëþâàííÿì òèòàíîâîãî ãåòåðà, âèêîðèñòîâóþ÷è íåâèòðà-
òíèé âîëüôðàìîâèé åëåêòðîä. Ãîìîãåíiñòü ñïëàâiâ äîñÿãàëàñÿ äåêiëüêàðàçîâèì ïå-
ðåïëàâëþâàííÿì, à õiìi÷íèé ñêëàä âèçíà÷àëè ìåòîäîì X-ïðîìåíåâîãî àíàëiçó ôàç.
Äîñëiäæóâàëè ÿê îá'¹ìíi çðàçêè, òàê i ó âèãëÿäi ñòði÷îê, âèãîòîâëåíi ìåòîäîì øâèä-
êîãî çàãàðòóâàííÿ. Âìiñò äîìiøîê ó çðàçêàõ ñòàíîâèâ 0,5 ìàñ. %. Âèìiðþâàííÿ åëå-
êòðîïðîâiäíîñòi ïðîâîäèëè çà äîïîìîãîþ ÷îòèðèòî÷êîâîãî ìåòîäó ïiä ÷àñ íàãðiâà-
ííÿ òà îõîëîäæåííÿ â iíòåðâàëi âiä êiìíàòíî¨ òåìïåðàòóðè äî ïðèáëèçíî 650 Ê.
Ìåòîäèêà äîñëiäæåííÿ åëåêòðîïðîâiäíîñòi òà äåòàëi åêñïåðèìåíòó îïèñàíî â [8, 9].
Ïîõèáêà âèçíà÷åííÿ åëåêòðîïðîâiäíîñòi íå ïåðåâèùóâàëà 2 %.
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3. Ðåçóëüòàòè òà îáãîâîðåííÿ

Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè σ(T ) ñïëàâó Sn94,56Ag4,14Cu1,29
ç êåðàìi÷íèìè äîìiøêàìè âèìiðþâàëè â ðåæèìàõ íàãðiâàííÿ é îõîëîäæåííÿ ïðî-
òÿãîì äåêiëüêîõ öèêëiâ ç ðiçíîþ øâèäêiñòþ. Âñòàíîâëåíî, ùî øâèäêiñòü íàãðiâàííÿ
é îõîëîäæåííÿ ïîìiòíî íå âïëèâàëà íà ïîâåäiíêó åëåêòðîïðîâiäíîñòi. Òåìïåðàòóð-
íà çàëåæíiñòü åëåêòðîïðîâiäíîñòi äîñëiäæåíîãî áàçîâîãî ñïëàâó ïðåäñòàâëåíî íà
ðèñ. 1. Åëåêòðîïðîâiäíiñòü âñiõ ñïëàâiâ â òâåðäîìó ñòàíi ïîñòóïîâî çìåíøó¹òüñÿ ïiä
÷àñ íàãðiâàííÿ.

Ðèñ. 1: Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ñïëàâó Sn94,56Ag4,14Cu1,29

.

ßê âèäíî ç ðèñ. 1, â iíòåðâàëi òåìïåðàòóð ìiæ êiìíàòíîþ TR òà ïëàâëåííÿ
Tm êðèâi íàãðiâàííÿ òà îõîëîäæåííÿ ñïëàâó Sn94,56Ag4,14Cu1,29 áåç äîìiøîê ìàþòü
îäíàêîâèé íàõèë i ïðàêòè÷íî çáiãàþòüñÿ. Ó äiëÿíöi ïëàâëåííÿ-êðèñòàëiçàöi¨ ñïîñòå-
ðiãà¹òüñÿ ãiñòåðåçèñ êðèâèõ σ(Ò). Ãiñòåðåçèñ ìiæ êðèâèìè íàãðiâàííÿ òà îõîëîäæå-
ííÿ âiäîáðàæà¹ ñòóïiíü òåðìîäèíàìi÷íî¨ ðiâíîâàãè ìiæ ðiäêîþ òà òâåðäîþ ôàçàìè,
ùî ìàþòü îäíàêîâi õiìi÷íi ïîòåíöiàëè. Ðiâíîâàæíèé ïðîöåñ êðèñòàëiçàöi¨ ìîæëè-
âèé ëèøå òîäi, êîëè øâèäêiñòü îõîëîäæåííÿ ïðÿìó¹ äî íóëÿ. Îñêiëüêè ðåàëüíèé
ïðîöåñ êðèñòàëiçàöi¨ ¹ íåðiâíîâàæíèì, òî òâåðäèé ðîç÷èí, ùî óòâîðþ¹òüñÿ, ¹ íåî-
äíîðiäíèì çà ñêëàäîì. ßê ïîêàçàíî â ðîáîòi [10], ïðîöåñè ïëàâëåííÿ i êðèñòàëiçàöi¨
ìåòàëåâèõ ñïëàâiâ íå çàâæäè ¹ çâîðîòíèìè, îñêiëüêè ïëàâëåííÿ îäíîêîìïîíåíòíèõ
ñïëàâiâ òà áàãàòîêîìïîíåíòíèõ âiäáóâà¹òüñÿ ïî-ðiçíîìó. Ïëàâëåííÿ ïåðøèõ ñóïðî-
âîäæó¹òüñÿ ïîðóøåííÿì ñòàáiëüíîñòi êðèñòàëi÷íî¨  ðàòêè, à äðóãèõ � ïîëÿãà¹ â ðîç-
÷èíåííi òóãîïëàâêèõ ôàç ó ðiäèíi, ùî óòâîðþ¹òüñÿ. Òîìó, íà âiäìiíó âiä ðiâíîâàæíî¨
êðèñòàëiçàöi¨, çà ÿêî¨ ïðîöåñè ìîæóòü ðîçãëÿäàòèñÿ ÿê çâîðîòíi ëèøå òîäi, êîëè âî-
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íè âiäáóâàþòüñÿ â ðiâíîâàçi, íåâðiâíîâàæíà êðèñòàëiçàöiÿ íåìèíó÷å ïðèçâîäèòü äî
âiäõèëåííÿ âiä ðiâíîâàãè, ùî, ñâî¹þ ÷åðãîþ, ïðèçâîäèòü äî çðîñòàííÿ òåìïåðàòóðè
ïëàâëåííÿ. Òàêèì ÷èíîì, ïîÿâà òóãîïëàâêèõ ôðàêöié, à òàêîæ ãðàâiòàöiéíà ëiêâàöiÿ
ïðèçâîäÿòü äî ïåðåãðiâó ñïëàâó âèùå âiä ëiêâiäóñó. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi
âiä òåìïåðàòóðè σ(Ò) ìîæíà ïðåäñòàâèòè ðiâíÿííÿì:

σ(T ) = σR + aS(T − TR) + bS(T − TR)
2, (1)

äå σR � åëåêòðîïðîâiäíiñòü çà êiìíàòíî¨ òåìïåðàòóðè. Çíà÷åííÿ êîåôiöi¹íòiâ aS ,
bS äëÿ êðèâèõ îõîëîäæåííÿ ïðåäñòàâëåíî â òàáë. 1.

Òàáë. 1: Êîåôiöi¹íòè ïîëiíîìiâ ðiâíÿííÿ (1) â iíòåðâàëi TR�Tm

Õiìi÷íèé ñêëàä, àò.% σ, Îì−1 ·ñì−1 aS , Îì
−1·ñì−1·Ê−1 bS , Îì

−1 ·ñì−1 ·Ê−2

Sn94,56Ag4,14Cu1,29 83399 �273 0,3731
Sn94,56Ag4,14Cu1,29+TiO2 91098 �418 0,5972
Sn94,56Ag4,14Cu1,29+SiO2 85092 �369 0,6158
Sn94,56Ag4,14Cu1,29+ZrO2 81347 �335 0,6772
Sn94,56Ag4,14Cu1,29+Al2O3 75067 �253 0,3603

Ó ðàçi äîäàâàííÿ íàíîðîçìiðíèõ êåðàìi÷íèõ äîìiøîê (ðèñ. 2�5) ñïîñòå-
ðiãà¹òüñÿ çáiëüøåííÿ ðîçõîäæåííÿ ìiæ êðèâèìè íàãðiâàííÿ òà îõîëîäæåí-
íÿ. Êðiì òîãî, â ñïëàâàõ Sn94,56Ag4,14Cu1,29+SiO2, Sn94,56Ag4,14Cu1,29+TiO2,
Sn94,56Ag4,14Cu1,29+ZrO2 ñïîñòåðiãà¹òüñÿ ðiçíèé íàõèë êðèâèõ íàãðiâàííÿ òà îõî-
ëîäæåííÿ.

Ïðè äîñÿãíåííi òåìïåðàòóðè ïëàâëåííÿ Tm êîæíîãî çðàçêà ñïîñòåðiãà¹òüñÿ ðiçêå
çíèæåííÿ åëåêòðîïðîâiäíîñòi, ÿêå ñâiä÷èòü ïðî ïî÷àòîê ïëàâëåííÿ. Ó ðiäêîìó ñòàíi
åëåêòðîïðîâiäíiñòü çíèæó¹òüñÿ ç ïiäâèùåííÿì òåìïåðàòóðè, à êðèâi σ(Ò) îïèñóþ-
òüñÿ âèðàçîì:

σ(T ) = σm + am(T − Tm) + bm(T − Tm)
2, (2)

äå σm � åëåêòðîïðîâiäíiñòü çà êiìíàòíî¨ òåìïåðàòóðè Tm. Äåÿêèé ðîçêèä òî-
÷îê íà êðèâèõ σ(Ò) ðîçïëàâiâ ¹ ïîìiòíiøèì, íiæ ó òâåðäîìó ñòàíi, ùî ïîÿñíþ¹òüñÿ
ïîñòóïîâèìè ñòðóêòóðíèìè ïåðåòâîðåííÿìè â ïåâíîìó òåìïåðàòóðíîìó äiàïàçîíi.
Êîåôiöi¹íòè âèðàçó (2) am, bm ïîäàíî â òàáë. 2.

Òàáë. 2: Êîåôiöi¹íòè ïîëiíîìiâ ðiâíÿííÿ (2) â iíòåðâàëi Tm� 650 K

Õiìi÷íèé ñêëàä, àò.% σm, Îì
−1 ·ñì−1 am, Îì

−1·ñì−1·Ê−1 bm, Îì
−1 ·ñì−1 ·Ê−2

Sn94,56Ag4,14Cu1,29 21610 �9,8605 �0,0174
Sn94,56Ag4,14Cu1,29+TiO2 21865 �9,2451 �0,0203
Sn94,56Ag4,14Cu1,29+SiO2 23034 �8,156 0,6843
Sn94,56Ag4,14Cu1,29+ZrO2 19129 �6,3533 �0,0371
Sn94,56Ag4,14Cu1,29+Al2O3 16806 �11,6745 0,0432
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Ðèñ. 2: Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ñïëàâó Sn94,56Ag4,14Cu1,29 ç íàíî-
ðîçìiðíèìè äîìiøêàìè ZrO2

Ðèñ. 3: Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ñïëàâó Sn94,56Ag4,14Cu1,29 ç íàíî-
ðîçìiðíèìè äîìiøêàìè TiO2

ßê âèäíî ç ðèñ. 6, äîäàâàííÿ êåðàìi÷íèõ äîìiøîê ïðèâîäèòü äî çìåíøåííÿ åëå-
êòðîïðîâiäíîñòi ÿê ó òâåðäîìó, òàê i â ðiäêîìó ñòàíàõ, ùî ìîæíà ïîÿñíèòè íàÿâíiñòþ
äîäàòêîâèõ öåíòðiâ ðîçñiÿííÿ åëåêòðîíiâ.
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Ðèñ. 4: Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ñïëàâó Sn94,56Ag4,14Cu1,29 ç íàíî-
ðîçìiðíèìè äîìiøêàìè SiO2

Ðèñ. 5: Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ñïëàâó Sn94,56Ag4,14Cu1,29 ç íàíî-
ðîçìiðíèìè äîìiøêàìè Al2O3
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Ðèñ. 6: Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ñïëàâó Sn94,56Ag4,14Cu1,29 ç íàíî-
ðîçìiðíèìè äîìiøêàìè Al2O3, SiO2, TiO2, ZrO2

Çà ðåçóëüòàòàìè åëåêòðîïðîâiäíîñòi âèçíà÷åíî òåìïåðàòóðè ïëàâëåííÿ Tm i êðè-
ñòàëiçàöi¨ Ts äîñëiäæåíèõ ñïëàâiâ. Òåìïåðàòóðè ïëàâëåííÿ i êðèñòàëiçàöi¨, âèçíà÷å-
íi çà ïåðåãèíàìè êðèâèõ σ(Ò) íà ðèñ. 2�5, íàâåäåíi â òàáë. 3. Ïîðiâíÿííÿ íàøèõ
åêñïåðèìåíòàëüíèõ çíà÷åíü òåìïåðàòóð ïëàâëåííÿ ç ïîïåðåäíiìè òåîðåòè÷íèìè òà
åêñïåðèìåíòàëüíèìè äîñëiäæåííÿ ñïëàâiâ íà áàçi ïîòðiéíî¨ ñèñòåìè Sn-Ag-Cu, ïðè-
ñâÿ÷åíèõ òåðìîäèíàìi÷íèì ðîçðàõóíêàì çáàãà÷åíî¨ îëîâîì äiëÿíêè ôàçîâî¨ äiàãðà-
ìè [11], äàëî ïiäñòàâè çðîáèòè âèñíîâîê, ùî íåâåëèêi (äî 1 ìàñ. %) íàíîðîçìiðíi
êåðàìi÷íi äîìiøêè ñóòò¹âî íå âïëèâàþòü íà òåìïåðàòóðó ïëàâëåííÿ áàçîâîãî ñïëàâó
Sn94,56Ag4,14Cu1,29.

Òàáë. 3: Êîåôiöi¹íòè ïîëiíîìiâ ðiâíÿííÿ (2) â iíòåðâàëi Tm� 650 K

Õiìi÷íèé ñêëàä, àò.% Tm, K Ts, K
Sn94,56Ag4,14Cu1,29 491,3 485,2

Sn94,56Ag4,14Cu1,29+TiO2 491,4 486,4
Sn94,56Ag4,14Cu1,29+SiO2 491,2 484,6
Sn94,56Ag4,14Cu1,29+ZrO2 491,7 485,3
Sn94,56Ag4,14Cu1,29+Al2O3 491,8 485,4

Çãiäíî ç [12], îá'¹ìíà ÷àñòêà, ôîðìà, ðîçìið, à òàêîæ òèï äîìiøîê òà ìàòðèöi
ìàþòü âïëèâ íà åëåêòðè÷íèé îïið êîìïîçèòíîãî ìàòåðiàëó. Îñêiëüêè êðèñòàëi÷íi äå-
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ôåêòè ¹ öåíòðàìè ðîçñiþâàííÿ åëåêòðîíiâ ïðîâiäíîñòi â ìåòàëàõ, çáiëüøåííÿ ¨õíüî¨
êiëüêîñòi çíèæó¹ åëåêòðîïðîâiäíiñòü. Êîíöåíòðàöiÿ öèõ äåôåêòiâ çàëåæèòü âiä òåì-
ïåðàòóðè, õiìi÷íîãî ñêëàäó i ñòóïåíÿ õîëîäíîãî äåôîðìóâàííÿ çðàçêà ìåòàëó. Åêñ-
ïåðèìåíòàëüíî âñòàíîâëåíî, ùî çàãàëüíà åëåêòðîïðîâiäíiñòü ìåòàëó ñêëàäà¹òüñÿ ç
âíåñêiâ òåïëîâèõ êîëèâàíü, äîìiøîê i ïëàñòè÷íî¨ äåôîðìàöi¨, òîáòî ìåõàíiçìè ðîç-
ñiþâàííÿ äiþòü íåçàëåæíî îäèí âiä îäíîãî. Öi òðè êîìïîíåíòè ¹ ðåçóëüòàòîì ïî-
ðóøåííÿ íîðìàëüíîãî ðóõó åëåêòðîíiâ, ùî íàñàìïåðåä ïîâ'ÿçàíî ç ðîçñiþâàííÿì
êðèñòàëi÷íî¨  ðàòêè i äîìiøêîâèì ðîçñiþâàííÿì. Íåiäåàëüíiñòü  ðàòêè çìåíøó¹ ñå-
ðåäíþ äîâæèíó âiëüíîãî ïðîáiãó åëåêòðîíà. ßê íàñëiäîê, öå ïðèçâîäèòü äî çìåí-
øåííÿ ðóõëèâîñòi åëåêòðîíiâ i, îòæå, äî çìåíøåííÿ çíà÷åííÿ åëåêòðîïðîâiäíîñòi.
Ó âèïàäêó êîìïîçèòíèõ ñïëàâiâ çàãàëüíà åëåêòðîïðîâiäíiñòü ñïàäàòèìå âíàñëiäîê
áiëüøîãî âíåñêó äîìiøêîâîãî i äåôîðìàöiéíîãî êîìïîíåíòiâ ïîðiâíÿíî ç áàçîâèì
çðàçêîì.

Àíàëiç îá'¹ìíî¨ ÷àñòêè öåíòðiâ ðîçñiÿííÿ åëåêòðîíiâ, ùî ñêëàäà¹òüñÿ ç îá'¹ìíèõ
ôðàêöié çîíè ïëàñòè÷íî¨ äåôîðìàöi¨, äîìiøîê òà ïîðèñòîñòi âèÿâèâ, ùî íåçíà÷íà
çìiíà åëåêòðîïðîâiäíîñòi çóìîâëåíà íèçüêîþ îá'¹ìíîþ ÷àñòêîþ ïîðèñòîñòi â êîìïî-
çèòíèõ ñïëàâàõ òà íèçüêîþ êiëüêiñòþ äîìiøîê. Àëå, ÿê âèäíî íà ðèñ. 6, íàâiòü íå-
çíà÷íà êiëüêiñòü äîìiøîê ìîæå çíèçèòè åëåêòðîïðîâiäíiñòü. Ç ïðàêòè÷íîãî ïîãëÿäó
öå îçíà÷à¹, ùî ïðè ïðàâèëüíîìó âèáîði òèïó òà êiëüêîñòi íàíîðîçìiðíèõ êåðàìi÷íèõ
äîìiøîê êîìïîçèòíi ñïëàâè ìîæóòü çàáåçïå÷èòè íàäiéíèé åëåêòðè÷íèé êîíòàêò, ïðî
ùî ñâiä÷àòü ðåçóëüòàòè äîñëiäæåíü.

4. Âèñíîâêè

Åêñïåðèìåíòàëüíî äîñëiäæåíî çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè
ñïëàâiâ Sn94,56Ag4,14Cu1,29 ñèñòåìè Sn�Ag�Cu â òâåðäîìó òà ðiäêîìó ñòàíàõ ó øè-
ðîêîìó äiàïàçîíi òåìïåðàòóð âiä êiìíàòíî¨ äî 650 K. Ïðîâåäåíi âèìiðþâàííÿ â ðå-
æèìàõ íàãðiâàííÿ òà îõîëîäæåííÿ ïðîòÿãîì äåêiëüêîõ öèêëiâ ç ðiçíîþ øâèäêiñòþ
ïîêàçàëè, ùî øâèäêiñòü íàãðiâàííÿ é îõîëîäæåííÿ ïîìiòíî íå âïëèâàëà íà ïîâåäií-
êó åëåêòðîïðîâiäíîñòi. Ãiñòåðåçèñ êðèâèõ σ(Ò) ó äiëÿíöi ïëàâëåííÿ-êðèñòàëiçàöi¨
âiäîáðàæà¹ ñòóïiíü òåðìîäèíàìi÷íî¨ ðiâíîâàãè ìiæ ðiäêîþ òà òâåðäîþ ôàçàìè, ùî
ìàþòü îäíàêîâi õiìi÷íi ïîòåíöiàëè. Çà ðåçóëüòàòàìè åëåêòðîïðîâiäíîñòi âèçíà÷åíî
òåìïåðàòóðè ïëàâëåííÿ i êðèñòàëiçàöi¨ äîñëiäæåíèõ ñïëàâiâ. Âñòàíîâëåíî, ùî íåâå-
ëèêà êiëüêiñòü (äî 1 ìàñ. %) íàíîðîçìiðíèõ êåðàìi÷íèõ äîìiøîê SiO2, TiO2, ZrO2

òà Al2O3 ñóòò¹âî íå âïëèâàþòü íà òåìïåðàòóðó ïëàâëåííÿ áàçîâîãî ñïëàâó. Äîäà-
âàííÿ êåðàìi÷íèõ äîìiøîê ïðèâîäèòü äî çìåíøåííÿ åëåêòðîïðîâiäíîñòi çà ðàõóíîê
äîäàòêîâèõ öåíòðiâ ðîçñiÿííÿ åëåêòðîíiâ ÿê ó òâåðäîìó, òàê i â ðiäêîìó ñòàíàõ, ùî,
îäíàê, íå ïåðåâèùó¹ 12 %.

Äîñëiäæåííÿ âèêîíàíi çà ïiäòðèìêè Ìiíiñòåðñòâà îñâiòè i íàóêè Óêðà¨íè (Äåð-
æàâíèé ðå¹ñòðàöiéíèé íîìåð ÍÄÐ: 0122U001521).
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Electrical conductivity of liquid Sn�Ag�Cu alloys
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Sn-based alloys, in particular the alloys of Sn�Ag�Cu (SAC) ternary system, are
used as lead-free solders in the electronics industry and therefore are the subject
of intensive research. One of the promising ways to improve the properties of
such solders is the synthesis of nanocomposite materials, in which nanosized
particles introduced into the basic bulk material allow (matrix) to control the
properties in a wide range of physicochemical parameters. Therefore, the study
of the in�uence of di�erent nanosized particles like metals, ceramics or carbon
nanotubes on the physical and mechanical properties of basic metal alloys has
become particularly relevant. The tendency to reduce the size of joints in mi-
croelectronics increases the requirements for the reliability of solders, which can
be achieved in new nanocomposite materials by introducing ceramic nanoparti-
cles. One of the most common procedures for improving the mechanical properti-
es of solder joints is the addition of oxide nanoparticles to the matrix alloys. In
this work, the e�ect of nanosized ceramic impurities on the electrical conducti-
vity of the alloy Sn94,56Ag4,14Cu1,29 was investigated experimentally in a wi-
de temperature range of the solid and liquid states. Research results revealed
that electrical conductivity is very sensitive even to a small amount of impuri-
ty elements. It was established that the addition of ceramic nanoparticles SiO2,
TiO2, ZrO2 and Al2O3 reduces the absolute values of electrical conductivity. The
experimental curves of dependence of electrical conductivity on temperature are
approximated by a polynomial of the second degree. The results are explained by
the increase in the number of crystal defects, which are centers of scattering of
conduction electrons in metals, and lead to a decrease in electrical conductivity
when adding nanosized ceramic impurities. According to the results of electri-
cal conductivity were determined, the melting tem-peratures Tm and crystalli-
zation Ts of the investigated alloys. It was found that a small amount (up to
1 wt. %) of nanosized ceramic impurities does not signi�cantly a�ect the melting
temperature of the basic alloy.

Key words: Sn�Ag�Cu, electrical conductivity, lead-free solder, ceramic
nanoparticles, melts, high temperatures.


