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Tensile Behavior of Pb-Sn Solder/Cu Joints 
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Solders of nominal 95Pb-5Sn and 60Sn-40Pb were used to join Cu plates. The effect of 
ternary additions of In, Ag, Sb, and Bi to the near-eutectic solder were also investigated. 
Bulk solder and interfacial joint microstructures were characterized for each solder al- 
loy. The solder joints were strained to failure in tension; joint s trength and failure mode 
were determined. 95Pb-5Sn/Cu and 60Sn-40Pb/Cu specimens were tested both as-pro- 
cessed and after reflow. 95Pb-5Sn/Cu as-processed and reflow specimens failed in ten- 
sion in a ductile mode. Voids initiated at fl-Sn precipitates in the as-processed specimens 
and at the Cu3Sn intermetallic in the reflow specimens. 60Sn-40Pb/Cu failed trans- 
granularly through the Cu6Sns intermetallic in both the as-processed and reflow con- 
ditions. The joint tensile strength of the reflow specimens was approximately half  that  
of the as-processed specimens for both the high-Pb and near-eutectic alloys. The Cu6Sn5 
intermetallic dominated the tensile failure mode of the near-eutectic solder/Cu joints. 
The fracture path of the near-eutectic alloys with ternary additions depended on the 
presence of Cu6Sn5 rods in the solder within the Cu plates. Specimens with ternary 
additions of In and Ag contained only interfacial intermetallics and exhibited interfacial 
failure at the Cu6Sns. Joints manufactured with ternary additions of Sb and Bi con- 
tained rods of Cu~Sns within the solder. Tensile failure of the Sb and Bi specimens 
occurred through the solder at the Cu6Sns rods. 

Key words :  Pb-Sn solder, joint tensile strength, ~?-Cu6Sns phase, e-Cu3Sn phase, dis- 
solution of Cu. 

INTRODUCTION 

Lead-tin solder alloys are used extensively in the 
electronics industry to package electronic devices. 
In first level packaging a high-Pb alloy is utilized 
while a low melting eutectic or near-eutectic alloy 
is employed in the second level. The relatively low 
melting temperatures of Pb-Sn alloys minimize the 
risk of heat damage to devices. However, high ho- 
mologous temperatures decrease the strength of the 
joint and reduce creep resistance. With the trend in 
packaging towards controlled collapse bonding and 
surface mount of leadless chip carriers, improved 
mechanical properties of solder joints have become 
increasingly important. Reliability of the solder joints 
is essential as the joints must  provide both me- 
chanical support and electrical conduction. 

The Pb-Sn-on-Cu soldering process forms inter- 
metall ic compounds when the  mol ten solder is 
brought into contact with the Cu base metal. The 
presence of intermetal!ic compounds is an indica- 
tion of good bonding due to the mutual  interdiffu- 
sion between the solder and the base metal. How- 
ever, the intermetallic compounds are known to be 
brittle 1 and, thus, are expected to have detrimental 
effects on the mechanical properties of solder joints. 
The intermetallic phases present, their morphology, 
their thickness, and their grain size are possible pa- 
rameters affecting mechanical properties. 

Ternary additions to near-eutectic Pb-Sn alloys 
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are sometimes added deliberately and are some- 
times contaminants in the solder. Among such ter- 
nary additions are In, Ag, Sb, and Bi. Although the 
addition of In is rare, it improves the wetting char- 
acteristics and lowers the melting temperature of 
the solder. Approximately 2% Ag is added to solders 
in order to prevent scavenging of preexisting Ag on 
the surfaces to be soldered. Antimony is added in 
order to prevent "Sn pest," the transformation of Sn 
from a white metallic material to a gray powder. 
Antimony additions of up to 0.5% improve the wet- 
ting characteristics of the solder; however further 
additions of Sb reduce wettability. Bismuth resem- 
bles Sb in its behavior; up to 0.25% Bi prevents Sn 
pest, and up to 3% improves wettability. Variations 
in solder composition are expected to affect the me- 
chanical properties of solder joints. 

This work was performed to study the microstruc- 
ture, tensile strength, and failure mode of joints of 
various Pb-Sn solder alloys between Cu plates. Both 
95Pb-5Sn and 60Sn-40Pb alloys joining Cu plates 
were studied in the as-processed condition and after 
reflow. In addition, the effect of ternary additions 
of In, Ag, Sb, and Bi to the near-eutectic alloy were 
investigated. 

E X P E R I M E N T A L  

The microstructure and tensile properties of the 
following Pb-Sn solder alloys joining Cu plates were 
investigated: 
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95Pb-5Sn 

95Pb-5Sn: 6-hr reflow at 400 ~ C 

60Sn-40Pb 

60Sn-40Pb: 6-hr reflow at 250 ~ C 

58Sn-40Pb-2In 

58Sn-40Pb-2Ag 

58Sn-40Pb-2Sb 

58Sn-40Pb-2Bi 

Specimens for microstructural  analysis and me- 
chanical testing were prepared as follows. Two 1 in 
x 2 in x 0.5 in Cu plates were machined, polished, 
etched, and fluxed. The Cu plates were bolted to- 
gether with 0.020 in stainless steel spacers inserted 
to form a gap. The assembly was placed in a vac- 
uum furnace which was backfilled with argon (Fig. 
1). Both solder and Cu were heated to approxi- 
mately 50 ~ C above the melting temperature  of the 
solder. During this time residual flux evaporated 
off the Cu surfaces. After thermal equilibrium was 
established, the Cu plates were slowly immersed into 
the solder bath. The quartz tube containing the as- 
sembly was quickly cooled in an ice water  bath. The 
assembly of Cu plates joined by solder was then ma- 
chined and sectioned into 8 specimens. 

Reflow specimens were heat  t reated after  the ini- 
tial processing in an air atmosphere furnace. Spec- 
imens were held at the reflow temperatures of 400 ~ C 
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Fig. 1 - -  Vacuum furnace configuration used in specimen prep- 
aration. 
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Fig. 2 - -  Tensile specimen configuration (dimensions in inches). 

for 95Pb-5Sn/Cu and 250 ~ C for 60Sn-40Pb/Cu for 
6 hr, then cooled in an ice water  bath. 

The tensile specimen configuration for mechani- 
cal testing is shown in Fig. 2. The critical dimen- 
sions are 0.020 in joint thickness, 0.300 in joint width, 
and 0.125 in specimen thickness. Specimens were 
strained to failure on a screw-driven load frame at 
a crosshead speed of 0.002in/min. The data re- 
ported is joint strength in tension, which represents 
the ult imate tensile strength of the joint. Joint 
strength differs from bulk solder strength since it 
includes the effect of constraint from the base metal. 

R E S U L T S  AND D I S C U S S I O N  

The values of joint tensile strength of the various 
compositions of solder alloys joining Cu plates are 

Table 1. Joint Tensile Strength of Solder Alloys 
Joining Cu Plates 

Solder Composition 

Joint 
Tensile 

Strength 
(psi) 

95Pb- 5Sn 
95Pb-5Sn: 6-hr reflow at 400 ~ C 
60Sn-40Pb 
60Sn-40Pb: 6-hr reflow at 250 ~ C 
58Sn-40-Pb 2In 
58Sn-40Pb-2Ag 
58Sn-40Pb-2Sb 
58Sn-40Pb-2Bi 

7,500 
3,000 

12,000 
6,700 

14,000 
13,000 
13,000 
16,000 
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Fig. 3 - -  Optical micrograph of 95Pb-5Sn solder. 
Fig. 6 - -  SEM micrograph of 95Pb-5Sn/Cu  as-processed speci- 
men failed in tension. 

Fig. 4 - -  Optical micrograph of the  95Pb-5Sn/Cu  joint  in the as- 
processed condition. 

shown in Table 1. The results for the 95Pb-5Sn, 
60Sn-40Pb, and 58Sn-40Pb-2X solders are dis- 
cussed separately. 

95Pb-5Sn 

The microstructure of bulk 95Pb- 5Sn solder (Fig~ 
3) consists of fl-Sn precipitates in an a-Pb matrix. 
When Cu is wet by 95Pb-5Sn, a thin layer of Cu3Sn 
(e-phase) intermetallic forms at the solder/Cu in- 
terface. 3 After reflow for 6 hr at 400 ~ C, the Cu3Sn 
intermetallic thickness increases from 4 /zm to 11 
t~m as the solder is depleted of Sn (Figs. 4-5). The 
columnar structure of the Cu3Sn is revealed in 
Fig. 5. 

Fractography of the failed tensile specimens shows 
that the 95Pb-5Sn/Cu as-processed specimens failed 
by ductile rupture (Fig. 6). The fracture progresses 
Lhrough the solder by void initiation at fi-Sn pre- 
cipitates. The 95Pb-5Sn reflow specimens also failed 

Fig. 5 - -  Optical micrograph of the 95Pb-5Sn/Cu  joint  af ter  6- Fig. 7 - -  SEM micrograph of 95Pb-5Sn/Cu reflow specimen failed 
hr  reflow at 400 ~ C. in tension. 
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Fig. 8 - -  Optical micrograph of 60Sn-40Pb solder. 

Fig. 10 - -  Optical micrograph of the 60Sn-40Pb/Cu joint  after  
6-hr reflow at  250 ~ C. 

in the ductile mode (Fig. 7). HoweVer, failure in the 
reflow specimens occurred at the solder/Cu3Sn in- 
terface with void initiation at the Cu3Sn interme- 
tallic layer. The decrease in joint strength with re- 
flow can be attributed to the depletion of Sn from 
the solder. Voids initiate preferentially at the Cu~Sn 
intermetallic because/3-Sn precipitates are fewer and, 
hence, less active as nucleation sites. 

60Sn-4OPb 

60Sn-40Pb solder has a two-phase microstructure 
consisting of a fl-Sn matrix surrounding a-Pb is- 
lands (Fig. 8). Upon soldering 60Sn-40Pb to Cu, two 
intermetallic phases form: Cu3Sn (e-phase) forms 
closest to the Cu, and Cu6Sn5 (,/-phase) forms clos- 
est to the solder (Fig. 9). The structure of the Cu3Sn 
is columnar; the structure of the Cu6Sn5 is globular. 
The Cu3Sn and Cu6Sn5 layers were measured to be 
approximately 1 t~m and 3 t~m thick, respectively, 
after the initial processing. After the 6-hr reflow at 
250 ~ C, the thicknesses of the Cu3Sn and Cu6Sn5 in- 

termetallic layers increase to approximately 3 t~m 
and 12 t~m, respectively (Fig. 10). 

When the 60Sn-40Pb/Cu as-processed specimens 
were tested in tension, failure occurred in a trans- 
granular mode through the CuGSn5 intermetallic (Fig. 
11). The failure mode of the reflow specimens was 
similar to that of the as-processed specimens (Fig. 
12). The joint strength decreases after reflow to ap- 
proximately half that  of the as-processed speci- 
mens. The decrease in strength is apparently due to 
the thicker Cu6Sn5 layer and the coarser grains of 
the Cu~Sn5 intermetallic. 

58Sn-40Pb-2X 

The addition of 2% In has no noticeable effect on 
the bulk solder microstructure of the near-eutectic 
solder. The solder/Cu interface is also similar to that 
observed for the 60Sn-40Pb/Cu. The 58Sn-40Pb-2In/ 
Cu joints tested in tension failed both transgranu- 
larly and intergranularly through the Cu6Sn5 (Fig. 
13). The strength was slightly higher than that  of 
the 60Sn-40Pb/Cu specimens. 

Fig. 9 - -  Optical micrograph of the  60Sn-40Pb/Cu joint  in the  Fig. 11 - -  SEM micrograph of 60Sn-40Pb/Cu as-processed spec- 
as-processed condition, imen failed in tension. 
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Fig. 12 - -  SEM micrograph of 60Sn-40Pb/Cu reflow specimen 
failed in tension. 

The 2% addition of Ag to the near-eutectic solder 
results in the appearance of Sn-rich islands in the 
solder within the Cu plates (Fig. 14). The interface 
contains layers of Cu3Sn and Cu6Sn5 intermetallic 
as well as Ag3Sn closest to the solder (Fig. 15). The 
presence of the Ag3Sn intermetallic decreases Sn 
availability for Cu-Sn intermetallics, resulting in 
thinner Cu-Sn intermetallic layers. Tensile failure 
of the 58Sn-40Pb-2Ag/Cu specimens was trans- 
granular through the interfacial Cu6Sn5 and Ag3Sn 
intermetallics (Fig. 16). The 58Sn-40Pb-2Ag/Cu 
specimens had greater tensile strength than the 
60Sn-40Pb/Cu specimens. 

The tensile failure modes of the 58Sn-40Pb-2Sb/ 
Cu and 58Sn-40Pb-2Bi/Cu specimens were similar. 
The solder plates contained rods of Cu6Sn~ inter- 
metallic within the regular two-phase microstruc- 
ture (Fig. 17). The acicular structure of the Cu6Sn5 
intermetallic is characteristic of the dissolution of 
Cu in Pb-Sn solder. 4-5 The dissolution of Cu in Sn 
and Pb-Sn alloys is common and has been stud- 
ied. ~-7 The interfacial Cu-Sn intermetallic struc- 
tures were similar to those in the 60Sn-40Pb/Cu 

Fig. 14 - -  Optical micrograph of 58Sn-40Pb-2Ag solder. 

specimens. When tested in tension, both the 58Sn- 
40Pb-2Sb/Cu and 58Sn-40Pb-2Bi/Cu specimens 
failed transgranularly through the Cu~Sn~ rods in 
the solder (Fig. 18). The joint strengths of the 58Sn- 
40Pb-2Sb/Cu and 58Sn-40Pb-2Bi/Cu specimens were 
greater than the 60Sn-40Pb/Cu specimens; the 58Sn- 
40Pb-2Bi/Cu joint strength was the highest mea- 
sured for this work. 

The joint strengths of the near-eutectic solder/Cu 
joints with ternary additions are similar. Thus, de- 
finitive conclusions on the effects of the individual 
alloying additions on mechanical properties cannot 
be inferred. However, in all cases of the near-eu- 
tectic solder/Cu joints, tensile failure was related 
to the Cu~Sn5 intermetallic. Furthermore, alloying 
and/or processing variations can alter the micro- 
structure of the joint so that  rods of Cu~Sn5 inter- 
metallic form in the solder within the Cu plates. The 
presence or absence of the Cu6Sn5 rods determines 
the fracture path of the joint in tension. In the ab- 
sence of the Cu6Sn5 rods, tensile failure occurs 
through the interracial Cu~Sn5 intermetallic layer. 
In the presence of the Cu6Sn5 rods tensile failure 
progresses through the solder at the intermetallic 
rods. Joint strengths were slightly higher for the 
samples that  failed in this mode. 

Fig. 13 - -  SEM micrograph of 58Sn-40Pb-2In/Cu specimen failed 
in tension. Fig. 15 - -  Optical micrograph of the 58Sn-40Pb-2Ag/Cu joint. 
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Fig. 16 - -  SEM micrograph of the 58Sn-40Pb-2Ag/Cu specimen 
failed in tension. 

Fig. 17 - -  Optical micrograph of 58Sn-40Pb-2Sb solder within 
the Cu plates. 

Fig. 18 - -  SEM mierograph of 58Sn-40Pb-2Bi/Cu specimen failed 
in tension. 

CONCLUSION 

The microstructure of 95Pb-5Sn consists of fl-Sn 
precipitates in an ~-Pb matrix. A thin layer of Cu3Sn 
forms at the interface when 95Pb-5Sn is soldered to 
Cu. The fi-Sn precipitates act as initiation sites for 
voids when 95Pb-5Sn/Cu joints are tested in ten- 
sion. When 95Pb-5Sn/Cu is reflowed so that the Sn 
is depleted from the solder to form Cu3Sn, voids ini- 
tiate at the Cu3Sn interface. Joint strength de- 
creases as Sn is depleted from the solder. 

The 60Sn-40Pb microstructure consists of fl-Sn and 
a-Pb phases. Both Cu3Sn and Cu6Sn5 intermetallics 
form when 60Sn-40Pb is soldered to Cu. Tensile 
failure of the 60Sn-40Pb/Cu joints occurs trans- 
granularly through the Cu6Sn~ phase. During re- 
flow the intermetallic layers thicken and the inter- 
metallic grains coarsen, causing a decrease in tensile 
strength. 

The 2% additions of In, Ag, Sb, and Bi to 58Sn- 
40Pb all showed an increase in strength compared 
to the 60Sn-40Pb/Cu. The tensile failure mode was 
dependent upon the presence of Cu6Sn~ rods in the 
solder. The 58Sn-40Pb-2In/Cu and 58Sn-40Pb-2Ag/ 
Cu specimens contained only interfacial Cu-Sn in- 
termetallics and failed through the Cu6Sns. The 
58Sn-40Pb-2Sb/Cu and 58Sn-40Pb-2Bi/Cu speci- 
mens contained interfacial Cu-Sn intermetallics as 
well as Cu6Sn5 rods in the joint and failed through 
the Cu6Sn5 rods in the solder. The Cu6Sn~ rods do 
not apparently cause a loss of tensile strength; the 
highest joint strengths were measured on samples 
that contained these rods. 

ACKNOWLEDGMENTS 

L. Quan is supported by a fellowship from West- 
ern Digital Corporation. This work is supported by 
the Director, Office of Energy Research, Office of 
Basic Energy Science, Material Sciences Division of 
the U.S. Department of Energy under contract #DE- 
AC-3-76SF00098. 

R E F E R E N C E S  
1. G. Leonida, Handbook of Printed Circuit Design, Manufac- 

ture, Components & Assembly (Electrochemical Publications, 
Scotland, 1981). 

2. D. Frear and J. W. Morris Jr.,  Proc. 43rd Annual Meeting of 
the Electron Microscopy Society of America 1985, 342, 

3. D. Grivas, D. Frear, L. Quan, and J. W. Morris Jr., J. Elec- 
tron. Mater., to be published. 

4. H. H. Manko, Solders and Soldering (McGraw Hill, New York, 
1979). 

5. Y. Shoji, S. Uchida, T. Ariga, Trans. Jpn. Inst. Met. 21,383 
(1980). 

6. W. G. Bader, Weld. J. 48, 551s (1969). 
7. M. A. H. Howes and Z. P. Saperstein, Weld. J.  48, 80s (1969). 


