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Äîñëiäæåíî âïëèâ íàíîðîçìiðíèõ äîìiøîê íiêåëþ (äî 3 âàã.%) íà åëåêòðîïðîâiäíiñòü ñïëàâó
Sn95.5Ag3.8Cu0.7 (SAC387). Ïîêàçàíî, ùî åëåêòðîïðîâiäíiñòü ïîñòóïîâî çìåíøó¹òüñÿ çi çáiëü-
øåííÿì óìiñòó äîìiøîê Ni. Åëåêòðîïðîâiäíiñòü, ÿê ñòðóêòóðíî-÷óòëèâà òðàíñïîðòíà õàðàêòå-
ðèñòèêà ðiäêîãî ñòàíó ðå÷îâèíè, ìà¹ âàæëèâå çíà÷åííÿ äëÿ ìîäåëþâàííÿ ïðîöåñiâ ïëàâëåííÿ
i êðèñòàëiçàöi¨. Äàíi åëåêòðîïðîâiäíîñòi äàþòü äîäàòêîâó iíôîðìàöiþ ïðî âïëèâ äîìiøîê íà
ñòðóêòóðó é ôiçèêî-õiìi÷íi âëàñòèâîñòi ìåòàëåâî¨ ìàòðèöi, ùî âàæëèâî äëÿ ðîçóìiííÿ ìiêðî-
ñòðóêòóðíèõ ïåðåòâîðåíü ó ðiäêîìó ñòàíi.
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I. ÂÑÒÓÏ

Ùîðàç áiëüøèé íàóêîâèé iíòåðåñ äî íàíîêîìïîçè-
òíèõ ìàòåðiàëiâ íà îñíîâi ñïëàâiâ Sn ç íåâåëèêèìè
äîìiøêàìè ðiçíèõ ìåòàëiâ [1�4], îêñèäiâ [5�8] i âóãëå-
öþ [9�12] ó íàíîðîçìiðíié ôîðìi çóìîâëåíèé ìîæëè-
âèì çàñòîñóâàííÿì öèõ ìàòåðiàëiâ ÿê àëüòåðíàòèâè
êîìåðöiéíèì áåçñâèíöåâèì ïðèïîÿì. Ïîêðàùåíi ìå-
õàíi÷íi âëàñòèâîñòi òà çìiöíåíà ìiêðîñòðóêòóðà ïàÿ-
íèõ ç'¹äíàíü iç âèêîðèñòàííÿì íàíîêîìïîçèòà ñïëàâiâ
ïîòðiéíî¨ ñèñòåìè Sn�Ag�Cu (SAC) ïîðiâíÿíî çi ñïëà-
âàìè áåç íàíîâêëþ÷åíü âèÿâèëè íîâi ìîæëèâîñòi äëÿ
ðîçâèòêó âèêîðèñòîâóâàíèõ òåïåð êîìåðöiéíèõ áåç-
ñâèíöåâèõ ïðèïî¨â [13, 14]. Îñíîâíà ïåðåâàãà äîäàâà-
ííÿ íàíîðîçìiðíèõ äîìiøîê ïîâ'ÿçàíà çi ñïîâiëüíåí-
íÿì åêñòåíñèâíîãî çðîñòàííÿ iíòåðìåòàëåâî¨ ñïîëóêè
(IMC) Cu6Sn5 íà ìåæi ïðèïié/Cu. Öå âiäáóâà¹òüñÿ ïiä
÷àñ ðîçïîäiëó íàíî÷àñòèíîê íà ïîâåðõíi Cu6Sn5, óíà-
ñëiäîê ÷îãî ñïîâiëüíþ¹òüñÿ çðîñòàííÿ ñïîëóêè ÿê íà
ìåæi ïîäiëó, òàê i â îá'¹ìi ïðèïîþ. Àäñîðáîâàíi íàíî-
÷àñòèíêè â ïðèïîâåðõíåâîìó øàði Cu6Sn5 ñïîâiëüíþ-
þòü äèôóçiþ àòîìiâ Sn ç ïðèïîþ â íàïðÿìi iíòåðôåé-
ñó ïðèïié/Cu i òèì ñàìèì ïðèãíi÷óþòü ðîçðîñòàííÿ
IMC.

Êiëüêiñòü ðîáiò, ïðèñâÿ÷åíèõ åêñïåðèìåíòàëüíèì
äîñëiäæåííÿì íàíîêîìïîçèòíèõ SAC - ïðèïî¨â ó ðiä-
êîìó ñòàíi ïiñëÿ ïëàâëåííÿ, à òàêîæ ó íàïiâòâåðäîìó
ñòàíi, íåçíà÷íà ïîðiâíÿíî ç ïîäiáíèìè äîñëiäæåííÿìè
öèõ ìàòåðiàëiâ ó òâåðäîìó ñòàíi [15�19].Óñòàíîâëåíî,
ùî íåçíà÷íi ìåòàëåâi íàíîðîçìiðíi äîìiøêè (äî 4
âàã.%) âïëèâàþòü íà ìiêðîñòðóêòóðó òâåðäèõ ïðèïî-
¨â, àëå ìàéæå íå âïëèâàþòü íà òåìïåðàòóðó ïëàâëå-
ííÿ [15�17]. Ó ðîáîòi [19] íà ïðèêëàäi êàëîðèìå-
òðè÷íèõ âèìiðþâàíü ïîêàçàíî, ùî ó ðàçi äîäàâàííÿ
êîáàëüòó â îá'¹ìíié i íàíîðîçìiðíié ôîðìàõ äî ðîç-
ïëàâó Sn95.5Ag3.8Cu0.7 ñïîñòåðiãàëè äîäàòêîâi òåïëî-
âi åôåêòè ïiä ÷àñ ïëàâëåííÿ íàíî÷àñòèíîê Co ïîðiâ-

íÿíî ç ïëàâëåííÿì êîáàëüòó â îá'¹ìíié ôîðìi. Ïiä
÷àñ ïàÿííÿ äiëÿíêà ñïàþâàííÿ íàãðiâà¹òüñÿ ïðèáëè-
çíî äî 523 K, òîäi ÿê òåìïåðàòóðà ïëàâëåííÿ ïðèïîþ
ñòàíîâèòü 490 Ê. Òîìó íàíî÷àñòèíêè ìåòàëiâ ìàëè á
÷àñòêîâî àáî ïîâíiñòþ ðîç÷èíÿòèñÿ â ðiäêié ìàòðèöi
SAC. Ç îãëÿäó íà öå, åêñïåðèìåíòàëüíi ðåçóëüòàòè äî-
ñëiäæåíü òåïëîôiçè÷íèõ i òåðìîäèíàìi÷íèõ âëàñòè-
âîñòåé, à òàêîæ ñòðóêòóðè ðiäêèõ íàíîêîìïîçèòíèõ
SAC � ïðèïî¨â ç äîìiøêàìè íàíî÷àñòèíîê ìåòàëiâ
ìîæóòü äàâàòè íåîáõiäíó iíôîðìàöiþ äëÿ íàäiéíîãî
ìîäåëþâàííÿ ïðîöåñiâ ïàÿííÿ.
Ó çâ'ÿçêó ç ïîìiòíèì âïëèâîì íàíî÷àñòèíîê Ni íà

ìiêðîñòðóêòóðó é ìåõàíi÷íi âëàñòèâîñòi áåçñâèíöåâèõ
ïðèïî¨â òà ïàÿíèõ ç'¹äíàíü, ¨õ äîñëiäæåííþ ïðèñâÿ÷å-
íî ÷èìàëî ïðàöü [18, 20�23]. Îäíàê, íàñêiëüêè íàì âi-
äîìî, ëiòåðàòóðíèõ äàíèõ ïðî äîñëiäæåííÿ ñòðóêòó-
ðè é òåïëîôiçè÷íèõ âëàñòèâîñòåé íàíîêîìïîçèòíèõ
ïðèïî¨â SAC ç äîìiøêàìè íàíîðîçìiðíîãî íiêåëþ â
ðiäêîìó ñòàíi âèùå âiä òåìïåðàòóðè ïëàâëåííÿ íåìà¹.
Ó öié ðîáîòi äîñëiäæåíî åëåêòðîïðîâiäíiñòü íàíîêîì-
ïîçèòà Sn95.5Ag3.8Cu0.7+Ni â ðiäêîìó ñòàíi.

II. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍÀ ×ÀÑÒÈÍÀ

Åêñïåðèìåíòàëüíi çðàçêè âèãîòîâëÿëè ç ÷èñòèõ Ag,
Cu, Sn (99.999% ÷èñòîòè, Alfa Aesar) ìåòîäîì iíäó-
êöiéíî¨ ïëàâêè â äóãîâié ïå÷i ïðÿìî¨ äi¨ â àòìîñôå-
ði âèñîêî÷èñòîãî àðãîíó, äîäàòêîâî î÷èùåíîãî ïå-
ðåïëàâëþâàííÿì òèòàíîâîãî ãåòåðà, âèêîðèñòîâóþ÷è
íåâèòðàòíèé âîëüôðàìîâèé åëåêòðîä.
Ùîá äîñÿãòè ãîìîãåííîñòi, çðàçêè ïåðåïëàâëÿëè

òðè÷i, ïåðåâåðòàþ÷è ïiñëÿ êîæíîãî ÷åðãîâîãî ïåðå-
ïëàâëþâàííÿ. Âèìiðþâàëè åëåêòðîïðîâiäíiñòü ïiä òè-
ñêîì àðãîíó (äî 25 ÌÏà) äëÿ çáåðåæåííÿ ñòàëîãî õi-
ìi÷íîãî ñêëàäó ïðîòÿãîì óñüîãî åêñïåðèìåíòó.
Åëåêòðîïðîâiäíiñòü âèçíà÷àëè êîíòàêòíèì ÷îòèðè-
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òî÷êîâèì ìåòîäîì. Äîñëiäæóâàíi çðàçêè ïîìiùàëè â
öèëiíäðè÷íi êîìiðêè ç êåðàìiêè íiòðèäó áîðó (BN),
ùî ìà¹ äîáði àíòèêîðîçiéíi òà içîëÿöiéíi âëàñòèâî-
ñòi, à òàêîæ äîñèòü âèñîêó òåïëîïðîâiäíiñòü (áiëÿ
36 Âò·ì−1·Ê−1 çà 873 Ê). Îäíi¹þ ç ïåðåâàã êåðàìiêè
BN ¹ òå, ùî âîíà ëåãêî ïiääà¹òüñÿ ìåõàíi÷íié îáðîáöi.
Êîìiðêè âèãîòîâëÿëè ó ôîðìi âåðòèêàëüíèõ êîíòåé-
íåðiâ iç âíóòðiøíüîþ ðîáî÷îþ ïîðîæíèíîþ âèñîòîþ
50 ìì i äiàìåòðîì 3 ìì. Óïðåñîâàíi â ñòiíêè êîìið-
êè âçäîâæ ¨¨ îñi òî÷êîâi ãðàôiòîâi åëåêòðîäè äiëè-
ëè äiëÿíêó, çàïîâíåíó çðàçêîì, íà äåêiëüêà çîí, ùî
äàâàëî çìîãó âèçíà÷àòè åëåêòðîïðîâiäíiñòü ÿê îêðå-
ìèõ çîí, òàê i ñóìàðíå çíà÷åííÿ äåêiëüêîõ iç íèõ äëÿ
îòðèìàííÿ äîñòîâiðíèõ çíà÷åíü. Âèñîêîòåìïåðàòóðíà
ïi÷ ç òðüîìà íåçàëåæíî êîíòðîëüîâàíèìè íàãðiâíèìè
åëåìåíòàìè äîçâîëÿëà ïiäòðèìóâàòè ó âèìiðþâàëüíî-
ìó iíòåðâàëi òåìïåðàòóð ðiâíîìiðíå òåìïåðàòóðíå ïî-
ëå â ìåæàõ 0.3 Ê âçäîâæ çðàçêà. Åêñïåðèìåíòàëüíà
óñòàíîâêà i ïðîöåäóðà âèìiðþâàíü äîêëàäíî îïèñàíi
â [24]. Äîñëiäæóâàëè ìiêðîñòðóêòóðó çà äîïîìîãîþ
ðàñòðîâîãî åëåêòðîííîãî ìiêðîñêîïà � ìiêðîàíàëiçà-
òîðà ÐÅÌÌÀ-102-02.

III. ÐÅÇÓËÜÒÀÒÈ ÒÀ ÎÁÃÎÂÎÐÅÍÍß

Êðèñòàëi÷íó ñòðóêòóðó íàíî÷àñòèíîê, à òàêîæ ôà-
çîâèé ñêëàä çðàçêiâ ïiñëÿ âèìiðþâàíü åëåêòðîïðîâiä-
íîñòi àíàëiçóâàëè íà àâòîìàòèçîâàíîìó äèôðàêòîìå-
òði ÄÐÎÍ-3 â CuK α-âèïðîìiíþâàííi, ìîíîõðîìàòè-
çîâàíîìó âiäáèâàííÿì âiä ìîíîêðèñòàëà ïiðîãðàôiòó,
âñòàíîâëåíèì íà äèôðàãîâàíîìó ïó÷êó. Ñïåêòðè çà-
ïèñóâàëè â ðåæèìi íåïåðåðâíîãî ïåðåìiùåííÿ äåòå-
êòîðà ç øâèäêiñòþ 2 ãðàä./õâ.
Íà ðèñ. 1 ïîêàçàíî äèôðàêòîãðàìó ñèíòåçîâàíîãî

íàíîïîðîøêó Ni, ÿêèé ìiñòèòü ïiêè, ùî âiäïîâiäàþòü
(111), (200), (220) (311) òà (222) ïëîùèíàì íiêåëþ.
Âiäïîâiäíî äî àíàëiçó çà ìåòîäîì Ðiòâåëüäà, íàíî-
÷àñòèíêè Ni ìàþòü êóái÷íó êðèñòàëi÷íó ñòðóêòóðó
(ïðîñòîðîâà ãðóïà Fm�3 m).

Ðèñ. 1. Äèôðàêòîãðàìà íàíî÷àñòèíîê Ni

Fig. 1. Di�ractogram of Ni nanoparticles

Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè
σ(Ò) ðîçïëàâiâ Sn95.5Ag3.8Cu0.7 ç ðiçíîþ êiëüêiñòþ íà-
íîðîçìiðíèõ äîìiøîê íiêåëþ (âiä 1 äî 3 âàã.%) âèìi-
ðþâàëè ïiä ÷àñ íàãðiâàííÿ òà îõîëîäæåííÿ â øèðîêî-
ìó iíòåðâàëi òåìïåðàòóð (400 K�1100 K).

Øâèäêiñòü íàãðiâàííÿ òà îõîëîäæåííÿ ñòàíîâèëà
10 Ê/õâ. ßê âèäíî ç ðèñ. 2�4, çà óìîâè äîñÿãíåí-
íÿ òåìïåðàòóðè ïëàâëåííÿ ïî÷èíà¹òüñÿ ðiçêå çíèæå-
ííÿ åëåêòðîïðîâiäíîñòi äî çíà÷åíü ïðèáëèçíî 17500
Îì−1·ñì−1 ó ðîçïëàâi Sn95.5Ag3.8Cu0.7+1 âàã.% Ni,
16700 Îì−1·ñì−1 ó ðîçïëàâi Sn95.5Ag3.8Cu0.7+2 âàã.%
Ni òà 14700 Îì−1·ñì−1 ó ðîçïëàâi Sn95.5Ag3.8Cu0.7+3
âàã.% Ni. Ó ðiäêîìó ñòàíi íàãðiâàííÿ ñóïðîâî-
äæó¹òüñÿ ïîñòóïîâèì çíèæåííÿì åëåêòðîïðîâiäíîñòi.
Îäíàê çà òåìïåðàòóð, âèùèõ âiä ïðèáëèçíî 600 Ê, öå
çíèæåííÿ ñïîâiëüíþ¹òüñÿ, i çà ïîäàëüøîãî íàãðiâàí-
íÿ áà÷èìî íàâiòü íåçíà÷íå çðîñòàííÿ åëåêòðîïðîâiä-
íîñòi. Òàêå çðîñòàííÿ ñïîñòåðiãàëè ðàíiøå ïiä ÷àñ äî-
äàâàííÿ íàíîðîçìiðíèõ äîìiøîê íiêåëþ. Âèñëîâëåíî
ïðèïóùåííÿ, ùî éîãî ïðè÷èíîþ ìîæå áóòè ðîç÷èíå-
ííÿ íiêåëþ â áàçîâié ìàòðèöi [25]. Îòðèìàíi ðåçóëü-
òàòè äëÿ ìàòðèöi SAC iíøîãî õiìi÷íîãî ñêëàäó ïiä-
òâåðäæóþòü öå ïîÿñíåííÿ. Ðîç÷èíåííÿ Ni ó ðîçïëàâi
Sn95.5Ag3.8Cu0.7+1 âàã.% Ni çàâåðøó¹òüñÿ ç äîñÿãíå-
ííÿì òåìïåðàòóðè ïðèáëèçíî 760 Ê, à â ðîçïëàâàõ ç
óìiñòîì íiêåëþ 2 i 3 âàã.% � çà òåìïåðàòóð, âiäïîâiä-
íî, áëèçüêèõ äî 800 Ê i 900 Ê. ßê âèäíî ç ðèñ. 2�4,
îõîëîäæåííÿ ãîìîãåííèõ ðîçïëàâiâ âiä 1100 Ê ñóïðî-
âîäæó¹òüñÿ ïîñòóïîâèì íåëiíiéíèì çðîñòàííÿì åëå-
êòðîïðîâiäíîñòi, à çàëåæíiñòü σ(Ò) îïèñó¹òüñÿ ïîëi-
íîìîì:

σ = A+B1T +B2T
2, (1)

Çíà÷åííÿ êîåôiöi¹íòiâ ïîëiíîìiâ íàâåäåíî â òàáë. 1.

Ðèñ. 2. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè
ñïëàâó Sn95.5Ag3.8Cu0.7 ç íàíîðîçìiðíèìè äîìiøêàìè Ni

(1 âàã.%)

Fig. 2. Dependence of electrical conductivity on the
temperature of the alloy Sn95.5Ag3.8Cu0.7 with nanosized

impurities Ni (1 wt. %)
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Ðèñ. 3. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðà-
òóðè ñïëàâó Sn95.5Ag3.8Cu0.7 ç íàíîðîçìiðíèìè äîìi-

øêàìè Ni (2 âàã.%)

Fig. 3. Dependence of electrical conductivity on the
temperature of the alloy Sn95.5Ag3.8Cu0.7 with nanosi-

zed impurities Ni (2 wt. %)

Ðèñ. 4. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðà-
òóðè ñïëàâó Sn95.5Ag3.8Cu0.7 ç íàíîðîçìiðíèìè äîìi-

øêàìè Ni (3 âàã.%)

Fig. 4. Dependence of electrical conductivity on the
temperature of the alloy Sn95.5Ag3.8Cu0.7 with nanosi-

zed impurities Ni (3 wt. %)

Õiìi÷íèé ñêëàä, âàã. % A, Îì−1·ñì−1 B1, Îì
−1·ñì−1·K−1 B2, Îì

−1·ñì−1·K−2

Sn95.5Ag3.8Cu0.7 24361 −13.8150 0.0044

Sn95.5Ag3.8Cu0.7+1Ni 24760 −15.6774 0.0049

Sn95.5Ag3.8Cu0.7+2Ni 25676 −18.7384 0.0065

Sn95.5Ag3.8Cu0.7+3Ni 25448 −18.3011 0.0057

Òàáë. 1. Êîåôiöi¹íòè ïîëiíîìiâ ðiâíÿííÿ (1)

Table 1. Coe�cients of polynomials of equation (1)

Íà ðèñ. 5 ïîêàçàíî óçàãàëüíåíi ðåçóëüòàòè çàëå-
æíîñòi åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè ñïëàâiâ
Sn95.5Ag3.8Cu0.7 ç ðiçíîþ êiëüêiñòþ íàíîðîçìiðíèõ
äîìiøîê Ni, à òàêîæ áåç äîìiøîê - äëÿ ïîðiâíÿííÿ.
Çíà÷åííÿ σ(Ò) çáiãàþòüñÿ â ìåæàõ åêñïåðèìåíòàëü-
íî¨ ïîõèáêè ç ðåçóëüòàòàìè ðîáîòè [26] (ñóöiëüíà ëi-
íiÿ íà ðèñ. 2). Âîäíî÷àñ íàõèë îòðèìàíî¨ êðèâî¨ σ(Ò)
äåùî âiäìiííèé âiä ¨¨ âèãëÿäó ç ðîáîòè [27]. Ïîìi-
òíà ðiçíèöÿ ìiæ àáñîëþòíèìè çíà÷åííÿìè ïðîâiäíî-
ñòi, ÿêi îäåðæàëè ìè é àâòîðè ðîáîòè [27], ùî äîñëi-
äæóâàëè êîìåðöiéíèé ñïëàâ SAC387 (�Metaux blancs
ouvres�), çìåíøó¹òüñÿ ïiä ÷àñ íàãðiâàííÿ i çíèêà¹ çà
âèùèõ òåìïåðàòóð.

ßê âèäíî ç ðèñ. 5, äîìiøêè Ni âïëèâàþòü
íà åëåêòðîïðîâiäíiñòü, àáñîëþòíi çíà÷åííÿ ÿêî¨
çìåíøóþòüñÿ çi çáiëüøåííÿì óìiñòó íàíîðîçìiðíî-
ãî íiêåëþ, íàéíèæ÷ó ïðîâiäíiñòü âèÿâèâ ðîçïëàâ
Sn95.5Ag3.8Cu0.7+3Ni. Àíàëiç ïîâåäiíêè åëåêòðîïðî-
âiäíîñòi áàçó¹òüñÿ íà ïðèïóùåííi, ùî äîäàâàííÿ äî-
ìiøîê çìåíøó¹ åëåêòðîïðîâiäíiñòü, i òàêå çìåíøåííÿ
ìîæå áóòè îïèñàíå âèðàçîì:

∆σ−1
i = Ni

mνf
e2

Σi, (2)

äå Σi � ïåðåðiç ðîçñiþâàííÿ åëåêòðîíiâ ïðîâiäíî-
ñòi íà ÷àñòèíêàõ äîìiøêè; Ni � àòîìíà ÷àñòêà öèõ
äîìiøîê; m � ìàñà åëåêòðîíà; νf � øâèäêiñòü åëå-
êòðîíiâ íà ðiâíi Ôåðìi. Äëÿ ðiçíèõ ñèñòåì âèÿâëåíî,
ùî â íàéïðîñòiøîìó âèïàäêó, êîëè ðîçñiþâàííÿ äîìi-
øîê íå çàëåæèòü âiä iíøèõ ìåõàíiçìiâ ðîçñiþâàííÿ,
∆σi íå çàëåæèòü âiä òåìïåðàòóðè.
Îäíàê ðiâíÿííÿ (2) îïèñó¹ çíèæåííÿ åëåêòðîïðî-

âiäíîñòi ëèøå ïðèáëèçíî. Êðàùå íàáëèæåííÿ ìîæíà
îòðèìàòè, âèêîðèñòîâóþ÷è ìåòîä ïàðöiàëüíèõ õâèëü
òà ïðàâèëî ñóì Ôðiäåëÿ [28]. Ç óðàõóâàííÿì ïîòåíöi-
àëó àïðîêñèìàöi¨ íà ïåðåðiçi ðîçñiþâàííÿ, ìîæíà çà-
ïèñàòè:

∆σ−1
i = Ni[a+ b(∆Z2)], (3)

äå a i b çàëåæàòü âiä áàçîâîãî ìåòàëó i éîãî ìiñöÿ
â ðÿäó Ïåðiîäè÷íî¨ òàáëèöi. Çìiííà ∆Z ¹ ðiçíèöåþ
ìiæ âàëåíòíîñòÿìè äîìiøêè òà ðîçïëàâó. Öå ñïiââiä-
íîøåííÿ, âiäîìå ÿê ïðàâèëî Ëiíäå, âèêîíó¹òüñÿ äëÿ
áàãàòüîõ áiíàðíèõ ñïëàâiâ ó ðiäêîìó ñòàíi. Ââàæà¹-
òüñÿ, ùî âîíî ñïðàâäæó¹òüñÿ i äëÿ ñèñòåì iç áiëüøîþ
êiëüêiñòþ êîìïîíåíòiâ.
Ìîæíà ïðèïóñòèòè, ùî ðîçñiþâàííÿ åëåêòðîíiâ
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Ðèñ. 5. Çàëåæíiñòü åëåêòðîïðîâiäíîñòi âiä òåìïåðàòóðè
ñïëàâó Sn95.5Ag3.8Cu0.7 ç íàíîðîçìiðíèìè äîìiøêàìè Ni

Fig. 5. Dependence of electrical conductivity on the
temperature of the alloy Sn95.5Ag3.8Cu0.7 with nanosized

impurities Ni

ïðîâiäíîñòi â ñïëàâàõ Sn95.5Ag3.8Cu0.7+Ni ¹ ïîäiáíèì.
Òàêîæ âèÿâëåíî äåÿêi àíîìàëi¨ ïîâåäiíêè ïðîâiäíî-
ñòi â äiàïàçîíi òåìïåðàòóð, áëèçüêîìó äî êðèñòàëiçà-
öi¨. ßê âèäíî íà ðèñ. 1, îõîëîäæåííÿ çðàçêiâ ñóïðî-
âîäæó¹òüñÿ ïîñòóïîâèì íåëiíiéíèì çðîñòàííÿì åëå-
êòðîïðîâiäíîñòi, àëå ç íàáëèæåííÿì äî òåìïåðàòóðè
êðèñòàëiçàöi¨ õiä êðèâèõ σ(T ) çìiíþ¹òüñÿ. Ïîêëàäà¹-
ìî, ùî, îñêiëüêè çà âèñîêèõ òåìïåðàòóð äîìiøêè íi-
êåëþ ðîç÷èíÿþòüñÿ â ìàòðèöi ïîòðiéíî¨ åâòåêòèêè,
ñêëàä ðîçïëàâó ñòà¹ çìiùåíèì âiäíîñíî åâòåêòè÷íîãî
i â ïðîöåñi êðèñòàëiçàöi¨ óòâîðþ¹òüñÿ íå åâòåêòè÷íèé
ñïëàâ çi ñòàëîþ òåìïåðàòóðîþ êðèñòàëiçàöi¨, à ãiïå-
ðåâòåêòè÷íèé. Äëÿ òàêîãî ñïëàâó õàðàêòåðíi äâi òåì-
ïåðàòóðè, TL òà TS , ÿêi âiäïîâiäàþòü ïî÷àòêó i çàâåð-
øåííþ êðèñòàëiçàöi¨ [29]. Çàçíà÷èìî, ùî àáñîëþòíi
çíà÷åííÿ åëåêòðîïðîâiäíîñòi äîñëiäæåíèõ ðîçïëàâiâ ¹
âèùèìè, íiæ åëåêòðîïðîâiäíiñòü ïîòðiéíîãî ðîçïëàâó
Sn96.5Ag3.0Cu0.5, âiäîìîãî ÿê SAC305, ùî ìîæíà ïî-
ÿñíèòè âèùèì óìiñòîì ñðiáëà i ìiäi (ðèñ. 5).
Ìiêðîñòðóêòóðíèé ôàçîâèé ñêëàä çàêðèñòàëiçîâà-

íèõ ñïëàâiâ àíàëiçóâàëè ïiñëÿ âèìiðþâàíü åëåêòðî-
ïðîâiäíîñòi ç âèêîðèñòàííÿì SEM-EDX. Ðåçóëüòàòè
ôàçîâîãî àíàëiçó ïîêàçàíî íà ðèñ. 6. Àíàëiç íå âè-
ÿâèâ çàëèøêîâîãî ÷èñòîãî Ni, îäíàê óñòàíîâëåíî, ùî
â ñïîëóöi Cu6Sn5 àòîìè ìiäi ÷àñòêîâî çàìiùóþòüñÿ
àòîìàìè íiêåëþ. Ïðî ïîäiáíó çàìiíó ïîâiäîìëÿëè â
[20], äå äîñëiäæóâàëè âïëèâ äîìiøîê íàíî Ni íà ìîð-

ôîëîãiþ òà ðiñò iíòåðìåòàëåâèõ ñïîëóê ó øàði ïàÿíî-
ãî ç'¹äíàííÿ SAC387/Cu. Êðiì òîãî, àíàëiç SEM ïî-
êàçàâ, ùî àòîìè Cu ÷àñòêîâî çàìiíþþòüñÿ àòîìàìè
Ni â iíòåðìåòàëåâié ñïîëóöi (Ni,Cu)3Sn4. Íà âiäìiíó
âiä äðiáíîäèñïåðñíèõ ìiêðîäiëÿíîê ôàçè (Ni,Cu)6Sn5,
êðèñòàëè(Ni,Cu)3Sn4 íàÿâíi ó âèãëÿäi âiäíîñíî âåëè-
êèõ ãîëîê.

Ðèñ. 6. Ðåçóëüòàòè ìiêðîñòðóêòóðíèõ äîñëiäæåíü ñïëàâiâ
Sn95.5Ag3.8Cu0.7 ç íàíîðîçìiðíèìè äîìiøêàìè Ni ïiñëÿ âè-

ìiðþâàííÿ åëåêòðîïðîâiäíîñòi

Fig. 6. The results of microstructural studies of alloys
Sn95.5Ag3.8Cu0.7 with nanosized impurities Ni after measuri-

ng the conductivity

IV. ÂÈÑÍÎÂÊÈ

Íà îñíîâi îòðèìàíèõ äàíèõ óñòàíîâëåíî, ùî äîäà-
âàííÿ íàíîðîçìiðíèõ ÷àñòèíîê Ni (äî 3 âàã.%), ÿê ëå-
 óþ÷îãî åëåìåíòà ïðèïî¨â SAC387, ïðèâîäÿòü äî âiä-
íîñíî íåâåëèêèõ çìií ó çíà÷åííÿõ åëåêòðîïðîâiäíî-
ñòi (äî 6%). Ïîìiòíå çìåíøåííÿ åëåêòðîïðîâiäíîñòi,
ÿêå ñïîñòåðiãàëîñÿ ç äîäàâàííÿì ïîíàä 1 âàã.% Ni, ìî-
æíà ïîÿñíèòè çìiíàìè ìiêðîñòðóêòóðè, ïîâ'ÿçàíèìè
çi çáiëüøåííÿì ó ñïëàâi êiëüêîñòi iíòåðìåòàëåâèõ ñïî-
ëóê. Îäåðæàíi ðåçóëüòàòè äàëè âàæëèâó iíôîðìàöiþ
ùîäî ìîæëèâîñòi âèêîðèñòàííÿ äîñëiäæåíèõ ñïëàâiâ
ÿê áåçñâèíöåâèõ ïðèïî¨â, îñêiëüêè ïîêàçàëè, ùî äî-
äàâàííÿ íàíîðîçìiðíèõ ÷àñòèíîê íiêåëþ ñóòò¹âî íå
ïîãiðøó¹ åëåêòðè÷íèõ âëàñòèâîñòåé ïðèïîþ.

Äîñëiäæåííÿ ïðîâåäåíî çà ïiäòðèìêè Ìiíiñòåðñòâà
îñâiòè i íàóêè Óêðà¨íè (Íàóêîâî-äîñëiäíà ðîáîòà, íî-
ìåð äåðæàâíî¨ ðå¹ñòðàöi¨ � 0119U002204).
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INFLUENCE OF Ni NANOPARTICLES ON ELECTRICAL CONDUCTIVITY

OF Sn95.5Ag3.8Cu0.7 ALLOY

O. Tkach1, Yu. Plevachuk1, V. Sklyarchuk1, Y. Kulyk1, R. Serkiz1, V. Didukh2

1Ivan Franko National University of Lviv
Kyrylo and Mefodiy St., 8, UA�79005, Lviv, Ukraine

2Independent researcher

The increasing scienti�c interest in Sn-based nanocomposite alloys with minor additions of oxides,
metals and carbon in nanosized form is explained by the possible application of these materials as an
alternative to commercial lead-free solders. As pointed out in recent literature reviews, the improved
mechanical properties and reinforced microstructure of solder joints using nanocomposite Sn�Ag�Cu
(SAC) alloys, compared to those without nanoinclusions, revealed new possibilities for the development
of the currently used commercial lead-free solders. The main bene�t of the nanosized additions is related
to the suppression of the extensive growth of the Cu6Sn5 intermetallic compound (IMC) at the solder/Cu
interface towards the solder side. This is achieved due to the spreading of nanoparticles over the IMC's
surface, thereby suppressing the growth of Cu6Sn5 on the interface as well as in the bulk solder. In
particular, the adsorbed nanoparticles on the IMC layer interface hinder the di�usion of Sn atoms from
the bulk solder towards the interface and thereby suppress the IMC growth. Compared to the solid state,
there is a limited number of papers dealing with experimental investigations of nanocomposite SAC solders
in the liquid state after melting as well as in the semi-solid state. It has been shown that minor metal
nanoadditions have an impact on the microstructure of solidi�ed SAC solders, but practically without
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Î. ÒÊÀ×, Þ. ÏËÅÂÀ×ÓÊ, Â. ÑÊËßÐ×ÓÊ, Þ. ÊÓËÈÊ, Ð. ÑÅÐÊIÇ, Â. ÄIÄÓÕ

any signi�cant change of the melting temperatures. The e�ect of small nanosized (up to 3 wt.%) nickel
impurities on the electrical conductivity of Sn95.5Ag3.8Cu0.7 (SAC387) alloy has been investigated. It has
been shown that the electrical conductivity gradually decreases with an increase in the impurity content
of Ni. Conductivity, as a structure-sensitive transport characteristic of the liquid state of a substance,
is important for modeling the processes of melting and solidi�cation. The conductivity data provide
additional information on the in�uence of admixtures on the structure and physicochemical properties of
the metal matrix, which is important for understanding the microstructural transformations in a liquid
state. Morphology of the samples was examined using REMMA-102-02 Scanning Electron Microscope-
Analyzer (JCS SELMI, Sumy, Ukraine).

Key words: nanoparticles, composite solder, eutectic, intermetallic compound, lead free solder,
electrical conductivity
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