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THE EFFECT OF Cu,SnS WHIS~ER PRECIPITATES 
IN BUL~ 60Sn-40Pb SOLDER 

Darrel Frear. Dennis Grivas. J. W. Morris Jr. 
Center for Advanced Materials 

Lawrence Berkeley Laboratory 
Berkeley. CA 94720 

ABSTRACT 
Hollow. CU6SnS intermetallic rods form within molten 60Sn-40Pb 

solder when it reacts with Cu. It is suggested that these rods form 
at the Cu surface by a screw dislocation mechanism and break off 
into the bulk solder. Hollow hexagonal intermetallics result when 
the core of the rod dissolves away and fills with molten solder. 
The mechanical properties of bulk 60Sn-40Pb solder with and without 
the CU6SnS intermetallic rods were tested in tension. at -196 0 C. 
20 0 C. and 12SoC. The intermetallics had no effect on strength. but 
decreased elongation at the lower temperatures. The intermetallics 
had a large effect on the fracture characteristics. At -196 0 C 
fallures initiate by interfacial separation between the 
intermetallic and solder matrix. At 20 0 C failures initiate at 
cleaved intermetallic rods. At 12SoC the intermetallic rods appear 
to have little effect on the mechanical properities. 

Key Words: Sn-Pb Solder. CU6SnS Intermetallic. Intermetallic 
Whisker Formation. Intermetallic Precipitates. Mechanical 
Properties of Solder. 
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INTRODUCTION 
The importance of Sn-Pb solder joints in the microelectronics 

industry makes it important that the microstructure and mechanical 
properties of the joints be fully understood. Sn-Pb solder is 
commonly used to join Cu surfaces. When the molten solder is in 
contact with Cu. intermetallic layers of Cu-Sn form 1 - S The 
brittleness of these interfacial intermetallics influences the 
mechanical integrity of the joint6 • 7 • In addition to these 
interfacial intermetallics. CU6SnS intermetallics are found in the 
bulk solder region of the solder joint 8 • The interfacial 
intermetall ic ~Iyers that form between Cu and Pb-Sn solder have been 
characterized1 6. However. the means by which intermetallics form 
in the bulk solder and their effect on the mechanical properties of 
the solder are not well understood. This paper presents the results 
of an investigation of the morphology of the bulk intermetallics and 
their influence on the mechanical properties of Pb-Sn solder. 

To characterize the intermetallics that form in a Pb-Sn 
solder/Cu joint a detailed microscopic examination was performed. 
To determine how bulk solder intermetallics influence mechanical 
properties bulk 60Sn-40Pb solder was tested in tension both with and 
without CU6SnS intermetallics. 

EXPERIMENTAL PROCEDURE 
Samples of Cu/60Sn-40Pb solder were prepared to examine the Cu

Sn intermetallics that form on soldering. Two Cu plates were 
polished. etched and fluxed. These plates were bolted together with 
a 0.51 mm (0.02 in.) spacer to form a gap. The assembly was placed 
in a vacuum furnace that was backfilled with Argon. The solder and 
Cu were heated separately to 230 0 C. during which ti~e residual flux 
evaporated off the Cu surfaces. The Cu plates were immersed into 
the solder bath. The assembly was then quickly cooled to room 
temperature. Sample s were cut from the assembly and prepared for 
metallographic observation of the joint. 

Fig. 1 diagrams the method by which ingots of 60Sn-40Pb were 
processed to include Cu-Sn intermetallics in the bulk solder. A 
coil of Cu foil was etched. fluxed. and placed in the vacuum furnace 
as described above. The coil was left in the molten solder for 15 
minutes to allow some of the Cu to dissolve into the solder9• The Cu 
foil was then removed and the solder ingot quickly cooled. Tensile 
specimens were cut and machined from this ingot (and an ingot of 
pure 60Sn-40Pb. for comparison) in the dimensions of Fig. 2. The 
specimen was held by friction grips and strained to failure in a 
screw driven loadframe at a strain rate of 0.51 mm/min (0.02 
in/min). Tests at -196 0 C were performed in a liquid nitrogen bath. 
Tests at 12S oC were performed in a silicone oil bath with a tempera
ture controller accurate to ±loC. The fracture surfaces were then 
examined in the SEM. 

RESULTS AND DISCUSSION 

Microstructure 
When molten 60Sn-40Pb solder comes in contact with Cu a two 

layer interfacial intermetallic microstructure develops (Fig. 3). 
The intermetallic structures are: e-phase (Cu3Sn) adjacent to the 

Cu. and ~-phase (Cu6SnS) adjacent to the solder. In addition to the 
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interfacial intermetallics. intermetallic rods are also found in the 
bulk solder of the joint (Fig. 4). The rods were determined to be 
~-phase CU6SnS by Energy Dispersive x-ray Analysis in the SEM. The 
CU6SnS phase was found by HansenlO to be of the hexagonalB81 • NiAs 
type. The intermetallics have a rod-like hexagonal faceted 
morphology. It is interesting to note that the rods are often open 
ended tubes filled with solder. The un.usual shapes of the 
intermetallics shown in Fig. 5 are found when the intermetallic rods 
are cut through different cross sections. 

A possible explanation for the formation of the hollow inter
metallic rods is the following. When the molten solder comes into 
contact with the Cu the Sn and Cu react to form CU6SnS. The CU6SnS 
can grow out into the molten solder as a hexagonal rod along a screw 
dislocation using the ledge mechanism. illustrated in Fig. 6. This 
proposed mechanism of intermetallic formation incorporates the 
theory where whiskers are produced in metals using a single screw 
dislocation along the long axis of the whiskersll. The rod then 
breaks off. due to turbulence. into the molten solder where the Cu 
concentration is relatively low. The low Cu concentration causes 
the intermetallic rods to begin to dissolve. The screw dislocation 
core of the intermetallic rod. because of its higher energy. is the 
first portion of the rod to dissolve and is replaced by molten 
solder. Eventually the entire core of the rod is eliminated and a 
hollow tube of CU6SnS intermetallic remains. filled with solder. 
Fig. 7 shows an intermetallic rod just after it has broken off. The 
core at one end is just beginning to dissolve. This figure also 
demonstrates the large size of the intermetallic rods. 

Mechanical Properties 
To study the effect that the intermetallic rods have on the 

mechanical prope rt ie s of 60 Sn-40Pb solde r bulk solde r. spec imens 
were tested in tension. Samples of both 60Sn-40Pb solder and 60Sn-
40Pb solder with i~termetal1ics were tested at -196°C. 20 0 C. and 
12SoC. These temperatures were selected to clarify the temperature 
dependance of the effect. Fig. 8 shows typical stress vs. 
strain curves for 60Sn-40Pb solder tested at -196°C. 20 0 C. and 
125°C. The ultimate strengths decreased with increasing temperature 
while elongation increases with increasing temperature. 

. Fig. 9a-c shows stress vs. strain plots that compare pure 60Sn-
40Pb to 60Sn-40Pb with intermetallics at the three temperatures 
tested. Fig. 9a shows the samples at 125°C. There is little or no 
difference between the two samples; the ultimate strengths are both 
about 15 MPa. There is a small increase in total elongation for the 
pure 60Sn-40Pb sample. Fig. 9b shows the samples tested at 20 0 C. 
Again these is very little change in the ultimate strengths. which 
are about 45 MPa. but the total elongation is greater in the pure 
60Sn-40Pb sample. Fig. 9c is the plot of the samples at -196 0 C • 
The ultimate strengths are still almost identical at 130 MPa. 
However. the elongation is substantially greater for the pure 60Sn-
40Pb sample. The work hardening rate is increased significantly by 
the addition of the CU6SnS intermetallic rods to the solder. 

Fig. 10 shows macrographs taken of the solder samples tested in 
tension as a function of temperature and presence of intermetallics. 
The amount of plastic deformation also increases with an increase in 
testing temperature. The pure 60Sn-40Pb sample necked to a point at 
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12So C. The amount of secondary cracking was extensive in the 60Sn-
40Pb with intermetallics tested at 20 0 C. The amount of visible 
plastic deformation was smaller in the samples containing the inter
metallics. From the above observation the presence of intermetal
lics in the bulk solder influences the mechanical properties of the 
solder. To understand the effect of the intermetallics on the 
fracture mode the fracture surfaces were characterized in the SEM. 

Fig. 11 is an SEM fractograph of pure 60Sn-40Pb failed at -
196 0 C. The entire fracture surface is ductile. Fig. 12 is an SEM 
fractograph of 60Sn-40Pb with intermetallics failed at the same 
temperature. This figure clearly illustrates the hexagonal shape of 
the intermetallic rods and that the rods are tubes filled with 
ductile solder. The failure at -196 0 C is an interfacial seperation 
between the intermetallic rods and the solder matrix. The 
temperature is so low that mass flow of the solder is very 
difficult. Apparently dislocations introduced during deformation 
pile up at the intermetallics rods eventually leading up to inter
facial seperation and failure. This hypothesis is further 
substantiated by the stress strain curve in Fig. 9c, which shows 
that the work hardening rate increases with the introduction of the 
intermetall ic rods. 

Fig. 13 is an SEM micrograph of the 60Sn-40Pb sample with 
intermetallics that failed at 20 0 C. This fractograph can be com
pared to that of the pure solder sample, at the same temperature, 
which is given in Fig. 14. At 20 0 C the fracture surface of the 
sample with intermetallics is composed of a large number of cleaved 
intermetallic rods. The larger intermetallic rods act as 
preferential nucleation sites for cracks and therefore the fracture 
surface is composed of large cleaved rods. The matrix around the 
intermetallics is also very ductile. At 20 0 C the 60Sn-40Pb solder 
is at .63 of its homologous temperature but the temperature is still 
low enough to make mass flow of the Pb-Sn matrix around the inter
metallics difficult at the relatively high strain rate in the 
tensile test. This puts a stress upon the brittle intermetallic 
rods which cleave, initiating the failure. The cleavage of the rods 
during deformation leads to the extensive secondary cracking seen in 
this sample. 

Fig. 15 is an SEM micrograph of the 60Sn-40Pb with intermetal
lics sample fractured at 12So C. The fracture is ductile with very 
few intermetallics present at the surface. This sample can not be 
compared with the pure 60Sn-40Pb sample as the pure specimen necked 
down to a point. At this elevated temperature the intermetallics 
had little influence on the fracture appearance of t~e 60Sn-40Pb 
with intermetallics sample. At 12S o C the solder is at .86 of its 
homologous temperature so the Pb-Sn matrix can readily flow around 
the intermetallics during deformation. In contrast to the specimens 
fractured at lower temperatures, the intermetallics are not obvious 
initiation sites for failure at 125°C. 

Other work12 has investigated the room temperature tensile 
properties of 60Sn-40Pb soldered to Cu plates and found that the 
hollow intermetallic tubes formed in the joint had a beneficial 
influence on the fracture strength. This effect is currently under 
further investigation. 
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SUMMARY AND CONCLUSIONS 
When molten 60Sn-40Pb solder comes in contact with Cu inter

metallic hexagonal rods of CU6SnS appear in the bulk solder. The 
rods apparently form at the Cu/molten solder interface through a 
screw dislocation ledge mechanism. When the rods break off into the 
low-Cu bulk redissolution begins at the core of the intermetallic 
rod which is replaced by mol ten solder. When the solder is 
solidified it contains residual hexagonal tubes of CU6SnS 
intermetallic filled with solder. 

The effect of the intermetallic rods on the mechanical 
propertiess of the solder was tested in tension as a function of 
temperature. The intermetallic 'rods had no effect on the ultimate 
strength of the specimens tested. The intermetallics did act to 
decrease the total elongation to failure. especially at 20 0 C and -
196oC. The intermetallics also increased the work hardening rate at 
-196oC. Decohesive failure occurs between the intermetallic rods and 
the solder matrix at -196 oC. At 20 0 C the solder matrix can flow 
around the intermetallics during straining but ~ stress is still 
present on the intermetallics causing them to cleave. At 12SoC the 
intermetallics have little or no effect on "the mechanical properties 
of the bulk solder. 

The presence of the intermetallic rods in bulk solder is 
detrimental to the mechanical properties. especially at low 
temperatures. The rods act as nucleation sites for failure either 
by cleavage or interfacial seperation in bulk solder. This 
indicates that the intermetallic rods would have adverse effects on 
solder joints that undergo deformation. 

ACKNOWLEDGEMETS 
This work was supported by the Director. Office of Energy 

Research. Office of Basic Energy Scince. Material Sciences Division 
of the U. S. Department of Energy under contract #DE-AC03-76SF00098. 

5 



REFERENCES 
1. P. Davis. M. Warwick. P. Kay. "Intermetallic Compound Growth and 
Solderability". Plating and Surface Finishing. 69. 436. (1982). 
2. 1. Kawakatsu. T. Osawa. H. Yamaguchi. "On the Growth of an Alloy 
Layer Between Solid Cu and Molten Sn". Trans. JIM. 13. 436. (1972). 
3. P. Kay. C. MacKay. "Growth of Intermetallic Compounds on Common 
Basis Materials Coated with Sn and Sn-Pb". Trans. Inst. !Iet. Fin •• 
54. 68. (1976). 
4. K. Tu. "Interdiffusion and Reaction in Bimetallic Cu-Sn Thin 
Film s". Ac t a A-Ie t.. 21. 55. (1973). 
5. M. Warwick. S. Muckett. "Observation on the Growth of Compound 
Layers on Various Metal Bases Plated with Sn and its Alloys". 
Circuit World. (9). 5. (1983). 
6. D. Frear. D. Grivas. L. Quan. J. W. Morris Jr •• "Microstructural 
Observations and Mechanicl Behavior of Pb-Sn solder on Cu Plates". 
to be published in Proc. Mat. Res. Soc •• Palo Alto CA. April 1986. 
7. P. Blum. J. Pelissier. G. Silvestre. "An Investigation of 
Soldered Cu-Sn Bond Brittleness by Electron Microscopy". Solid State 
Technology. March 1973. p. 55. 
8. K. G. Schmitt-Thomas, M. Hammer. "Formation of Intermetallic 
Phases in Soft Solder Connections and their Importance on Fracture 
Behavior". Schneif3en und Schneiden.29. 258. (1977). 
9. W. G. Bader. "Dissolution of Au. Ag. Pol. Pt. Cu. and Ni in a 
Molten Sn-Pb Solder". Welding Journal. 43. 551s. (1969). 
10. Hansen. M •• Constitution of Binary Alloys. McGraw-Hill. New 
York. 1958. 
11. R. H. Doremus. B. W. Roberts. D. Turnbull,. Q'!:Ql!..1h .!.!u! 
Perfection of Crystals. John Wiley and Sons. New York. N.Y •• 1958. 
12. L. Quan. D. Frear. D. Grivas. J. W. Morris. Jr •• "Tensile 
Behavior of Pb-Sn Solder/Cu Joints". to be published. 

6 

,. 



Cu Foil 
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Molten 
Solder 

Remove Cu Foil 
and Cool Ingot 

Bulk Solder 
60Sn-40Pb+Cu 
Ingot 

Section and Machine 
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~ Bulk Solder Tensile Specimen 

XBL 871-111 

Fig. 1 Processing method used to manufacture bulk ingots of 60Sn-
40Pb with Cu-Sn intermetallics. 
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Fig. 2 Tensile specimen used. to test bulk solder. 
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Fig. 3 Optical r.:icrogl'aph of 60Sn-40Pb 
Intermetallic phases present are CU33n 
and CU6SnS adjacen t to the solder. 
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50 Jim 
XBB 871-422 

Fig . 4 Optical micrograph of CU6Su5 rods present in the bulk solder 
of the 60Sn-40Pb solder/eu joint. 
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Fig. 5 

,. 

XBB 871-423 

Optical micrograpli of CU6SnS intermctallic rods present in 
thc bulk solder of the 60Sn-40Pb solder/Cu joint. The unusual 
shapes are observed by cutting thc rods through varying sections 
during polishing . 
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Fig. 6Schematic diagram illustrating the growth of the 
intermetallic rods using the proposed screw dislocation ledge 
mechanism model. 
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XBB 869-7937 

Fig. 7 Optical micrograph of a CU6SuS intexmetal1ic rod in a 60Su-

40Pb solder/eu joint. 
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Fig. 8 Stress vs. Strain plots for pure 60Su-40Pb solder tested at 
12SoC, 20°C, and -196°C. 
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9a-c Stress vs. Strain plots for 60Sn-40Pb with Cu-Sn 
intermetall l cs, and pure 60Sn-40Pb for the three temperatures 
tested. The "pure" curve re!resents 60Sn-40Pb and "with CUff 
represents 60Sn-40Pb with Cu6 Sn intermetallic rods present. 
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Fig. 10 i.laclographs of failed solder 3amples tested in tension. 
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XBB 868-6034 

F ig. 11 SEM fractog l sph of pure 60Sn- 40Pb sol~eT failed at -196°C. 
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XBB 868-6026 

Fig. 12 SEU fractograph of 60Sn-40Pb with intermetallics failed at 
-196°C. 

18 



XBB 868- 6033 

Fig. 13 SEN fractograph of pure 60~n-40Pb solder tested at 20°C. 
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XBB 868-6254 

FIg. 14 SEM flactog&apb of 60Su-40Pb with lotermctallics failed at 
20 0 e. 
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XBB 868-6036 

Fig. 15 SEM fractograph of 60Sn-40Pb with intcrmetallics tested at 
125°C . 
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