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Abstract 
Solders under severe service environments should have 

enhanced mechanical properties. To achieve this goal, the 
approach of composite solder reinforced by second-phase 
particles was tried in this study. Cobalt (Co) and eutectic Sn-
3.5Ag were selected as a reinforcing particle and solder 
matrix, respectively. Co particles and solder paste were 
mechanically mixed to make uniform mixing at Co weight 
fractions from 0.1 % to 2.0 %. For the Co-mixed Sn-3.5Ag 
solder pastes, melting temperature and spreading area were 
measured. The solder pastes were stencil printed on test 
substrates and reflowed to form solder bumps. Ball shear test 
was performed to examine shear strength of Co-reinforced 
Sn-3.5Ag solder bumps. As a result, small amount of Co 
addition did not alter melting temperature and spreadability. 
Maximum shear strength of Co-reinforced Sn-3.5Ag solder 
bumps showed 28 % increase compared to normal ones. The 
increase in shear strength was due to facetted needle-like 
(Cu,Co)3Sn2 intermetallic compounds (IMCs). 

Introduction 
Solder bumps used in flip chip bonding of microelectronic 

devices play an important role of mechanical joining as well 
as electrical interconnection and heat dissipation from 
devices. The use of Pb-free solders has already become 
unavoidable due to health and environmental safety concerns 
of Pb-containing materials [1]. Nowadays, it has been more 
significant issue to improve properties and reliability of Pb-
free solders for the microsystems with miniaturized size and 
high performance [2]. 

Especially, solders under severe service environments are 
required to have high reliability and excellent mechanical 
properties. For example, when solder bumps are used in flip 
chip bonding of optoelectronic devices, they are required to 
have dimensional stability for long period of time in order to 
maintain coupling efficiency [3-5]. However, heat generated 
from the devices can lead to dimensional change of the solder 
bumps by creep phenomenon. In the case of solders used in 
automotive parts, they are subjected to severe temperature 
variation and mechanical vibration induced by the engine. 
Also they may experience occasional shocks from road 
conditions [6]. Therefore, solders under such severe 
environments should be strengthened to endure creep 
deformation, thermal fatigue, and mechanical shock. 

In order to improve the mechanical properties of solders, 
composite approach has been tried. Composite solders 
generally contain fine second-phase reinforcing particles 
dispersed uniformly in the solder matrix. These particles 
impede movements of dislocations and pin grain boundaries 
so as to prevent the solder matrix from being deformed. This 

resistance to deformation enhances the mechanical properties 
of solders [7, 8]. There are several examples of the second-
phase reinforcing particles. For example, J. L. Marshall et al. 
have found superior mechanical properties of conventional 
63Sn/37Pb solders by introducing Cu6Sn5 intermetallic 
compound (IMC), Cu3Sn IMC, Cu, Ag, and Ni particles [9, 
10]. Ni3Sn4 IMC also has been used as reinforcing particle by 
H. S. Betrabet et al. [7]. In the case of Pb-free solders, F. Guo 
et al. have reported enhanced creep resistance of Sn-3.5Ag 
solder by introducing particles such as Cu, Ag, and Ni [11-
15]. However none of them have been yet adopted and 
applied actually to soldering applications. Therefore, it is 
meaningful to find and develop another candidate of 
reinforcing particle for Pb-free solders. 

Primary metals such as Cu, Ni, and Ag as well as IMCs 
such as Cu3Sn, Cu6Sn5, Ag3Sn, and Ni3Sn4 have a common 
feature that they bond to Sn well. Co, a transition metal 
element like Cu, Ni, and Ag, has sufficient capability to be 
used as reinforcing particle since Co readily bonds to Sn. 
Recent studies about the use of Co as under bump metallurgy 
or diffusion barrier layer in Pb-free soldering have proven the 
good bondability of Co to Sn [16-19]. It is known that Co 
reacts with Sn to form Co-Sn IMCs such as CoSn2, CoSn, and 
Co3Sn2. Besides, Co has higher values of Young’s modulus, 
rigidity modulus, and bulk modulus compared to Cu, Ni, and 
Ag [20] thus Co is expected to exert improved reinforcing 
effect in the solder matrix. 

In this study, we have systematically formed and 
characterized Co-reinforced Sn-3.5Ag solder. Co-mixed Sn-
3.5Ag solder pastes were prepared by mechanical mixing. 
Subsequently, the melting temperatures and solderability of 
the pastes were investigated. Co-reinforced Sn-3.5Ag solder 
bumps were formed by reflow after stencil printing on test 
substrates and shear strength of the solder bumps was 
measured. Furthermore, microstructure analysis of the Co-
reinforced Sn-3.5Ag solder was performed to explain the 
effect of Co addition. 

Experimental Procedures 

Preparation of Co-mixed Sn-3.5Ag solder pastes 
Commercially available eutectic Sn-3.5Ag solder paste 

(Heraeus F510, formerly DSC 08-419) was used in this study. 
The solder paste contained 89 wt. % solder particles whose 
size was from 5 µm to 15 µm (Type 6). Co powder was also a 
commercial one (Aldrich) and had particle size below 2 µm. 
Co powder was mechanically mixed with Sn-3.5Ag solder 
paste by using a solder paste mixer (UM-103, UNIX, Japan) 
to achieve uniform mixing. The weight fractions of Co 
powder compared to Sn-3.5Ag particles were 0.1, 0.5, 1.0, 
and 2.0 %.  
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Measurement of melting temperatures 
Melting temperatures of the Co-mixed and normal Sn-

3.5Ag solder pastes were measured by using a differential 
scanning calorimeter (DSC) in order to examine the effect of 
Co addition on melting behavior. The solder pastes were 
heated in N2 atmosphere from room temperature to 280 °C by 
adopting ramp speed of 5 °C/min. Melting temperatures were 
determined as onset values of endothermic peaks in heat flow 
curves. 

Spreadability test 
Spreadability test was carried out in order to examine the 

effect of Co addition on solderability [21]. Cu foil laminated 
on FR4 substrate was etched in 2 vol. % HCl in methanol and 
subsequently cleaned in ethanol to obtain clean Cu surface 
without oxide layer and organic contaminants. Co-mixed and 
normal Sn-3.5Ag solder pastes were stencil printed on the 
clean Cu surface. Thickness and aperture diameter of the 
stencil mask used in this work were 100 µm and 210 µm, 
respectively. The substrates on which pastes were stencil 
printed were heated in a reflow oven maintained at 250 °C in 
N2 atmosphere with a dwell time of 2 min. Spreading areas of 
solders on Cu surface were measured by using a scanning 
electron microscope (SEM). 

Ball shear test for solder bumps 
For ball shear test, solder bumps were formed by stencil 

printing and reflow. Co-mixed and normal Sn-3.5Ag solder 
pastes were stencil printed on a prepared FR4 substrate. 
Thicknesses of Cu layer and solder resist layer of the FR4 
substrate were 30 µm and 15 µm, respectively. Circular 
openings for bond pads were patterned on the solder resist 
layer. Diameter of the circular opening was 80 µm. Stencil 
mask was the same one used in the spreadability test. Before 
stencil printing, Cu opening surfaces were also cleaned in the 
same way as explained in the spreadability test. After stencil 
printing, the substrates were reflowed in a 4-zone reflow oven 
with N2 atmosphere. Maximum temperature during reflow 
was 260 °C. 

For the formed solder bumps, ball shear tests were carried 
out using a bond tester (Dage 4000) in order to measure shear 
strength. More than 40 solder bumps on each substrate were 
selected. The shear height and speed were 20 µm and 20 
µm/sec, respectively. The substrates were mounted with 
epoxy resin, cured at room temperature, mechanically ground, 
and then polished up to 1 µm to obtain cross-sections of the 
solder/Cu interfaces. Sn of the polished samples was 
selectively etched in 2 vol. % HCl in methanol to reveal 
microstructures. Fracture surfaces after ball shear test as well 
as cross-sections of the substrates were examined using the 
SEM equipped with energy dispersive X-ray spectroscopy 
(EDS). Especially, cross-sectional microstructures were 
observed by backscattered electron (BSE) mode to obtain 
good contrasting images.  

Results and Discussion 
Fig. 1 shows a SEM image of Co powder used in this 

work. Each Co particle had size below 2 µm but 
agglomeration among Co particles was also observed. Using 
the Co powder, Co-mixed Sn-3.5Ag solder pastes were 

prepared by mechanical mixing. Fig. 2 shows normal and Co-
mixed Sn-3.5Ag solder paste after stencil printing on a 
substrate. Sn-3.5Ag solder particles had maximum size of 15 
µm and Co particles much smaller than Sn-3.5Ag solder 
particles were well dispersed and mixed with the Sn-3.5Ag 
solder paste. The small amount of Co particles mixed in the 
paste did not influence its stencil printing performance. 

 

 
Fig. 1. Co powder used in this study. 

 

 

 
Fig. 2. As-printed (a) normal and (b) Co-mixed Sn-3.5Ag 
solder pastes. 

 
It is known that reinforcing particles added in well 

established solder alloys should not alter the melting 
temperatures in order to maintain the advantages of the solder 
alloys [22]. As a result of DSC analysis done in this work, 
melting temperatures of normal and Co-mixed Sn-3.5Ag 
solder pastes are plotted as a function of Co content in Fig. 3. 
The dotted line in the graph indicates the melting temperature 
of eutectic Sn-3.5Ag solder (221 °C). The 0.1, 0.5, and 1.0 
wt. % Co-mixed pastes melted slightly below 221 °C except 
the 2.0 wt. % Co-mixed paste. However, the deviation was 
not large and all melting temperature values of Co-mixed 
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pastes were included in the error range of that of normal one. 
That is, only eutectic Sn-3.5Ag solder particles melted and Co 
particle did not melt since Co has very high melting 
temperature of 1495 °C. Therefore it can be concluded that 
small amount of Co addition does not alter the melting 
temperature of eutectic Sn-3.5Ag solder. 

 

 
Fig. 3. Melting temperatures measured by DSC as a function 
of Co content. 

 
Solderability as well as melting behavior is also an 

important factor for second-phase particle reinforced solder 
paste. Under the same reflow temperature profile, reinforcing 
particles should not alter the solderability or wettability of the 
solder paste on Cu bond pads [20]. To examine the 
solderability of Co-mixed Sn-3.5Ag solder pastes, 
spreadability test was performed. Spreading areas as a 
function of Co content are plotted in Fig. 4. All solder pastes 
showed similar spreading areas and no remarkable tendency 
was shown in an allowable error range. As a result, small 
amount of Co addition in Sn-3.5Ag solder paste does not 
affect its solderability. 

 

 
Fig. 4. Spreading areas as a function of Co content. 

 
Based on melting temperatures and solderability of Co-

mixed Sn-3.5Ag solder pastes, reflow step was conducted 
under the same reflow condition with eutectic Sn-3.5Ag. Fig. 
5 shows Sn-3.5Ag solder bumps with spherical shape formed 
from normal and Co-mixed Sn-3.5Ag solder pastes. Solder 

bump diameter, height and pitch were 140 µm, 125 µm and 
500 µm, respectively. For those solder bumps shear strength 
was measured by ball shear test. Fig. 6 shows the change of 
shear strength as a function of Co content. When 0.1 wt. % 
Co added in Sn-3.5Ag solder, shear strength increased 28 % 
compared to normal Sn-3.5Ag solder bumps. Up to 1.0 wt. % 
of Co content shear strength of solder bumps had similar 
values and subsequently decreased. The shear strength results 
mean that Co exerts reinforcing effect in eutectic Sn-3.5Ag 
solder matrix in some manner. 

 

 

 
Fig. 5. Solder bumps formed from (a) normal and (b) Co-
mixed Sn-3.5Ag solder pastes. 
 

 
Fig. 6. Shear strength of solder bumps as a function of Co 
content. 

 
In order to find out the reason for shear strength increase, 

interfacial cross-sections were observed by SEM equipped 
with EDS. Fig. 7 shows BSE images of Sn-etched interfacial 
cross-sections. In the case of no Co addition, typical 
microstructure was observed as shown in Fig. 7 (a). Sn and 
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Ag3Sn IMCs composed eutectic Sn-3.5Ag microstructure in 
the solder region. At the interface between solder and Cu, 
Cu6Sn5 IMCs were formed toward solder region. Cu6Sn5 
IMCs had well known scallop-like structure. 

When Co was added in the solder, distinguishable IMCs 
were formed as shown in Fig. 7 (b), (c), (d), and (e). The 
IMCs had facetted needle-like shape and (Cu,Co)3Sn2 
composition. Occasionally (Cu,Co)3Sn2 IMCs showed hollow 
structure as shown in Fig. 7 (b). (Cu,Co)3Sn2 IMCs located in 
the middle of  Sn region with random direction. As Co 
content increased, size and number of (Cu,Co)3Sn2 IMCs 
decreased and increased, respectively. In the cases of 0.1 and 
0.5 wt. % Co content, (Cu,Co)3Sn2 IMCs were separated to 
each other. In the cases of 1.0 and 2.0 wt. % Co content, 
however, (Cu,Co)3Sn2 IMCs crossed each other and formed a 
star-like structure since the number of (Cu,Co)3Sn2 IMCs 
increased drastically. Especially, 2.0 wt. % Co-reinforced Sn-
3.5Ag solder showed very complicated IMC structure 
composed of Ag3Sn and (Cu,Co)3Sn2 IMCs. It can be 
explained that Sn has been consumed much to form the 
heavily-grown IMCs hence Sn regions have been reduced. 

 

 

 

 

 

 
Fig. 7. Interfacial cross-sections of (a) 0, (b) 0.1, (c) 0.5, (d) 
1.0, and (e) 2.0 wt. % Co-reinforced Sn-3.5Ag on Cu. 

 
Fracture surfaces after ball shear test were also observed 

by SEM as shown in Fig. 8. Normal Sn-3.5Ag solder bumps 
showed ductile fracture inside the solder matrix and smooth 
fracture surface. For 0.1, 0.5, and 1.0 wt. % Co-reinforced Sn-
3.5Ag solder bumps, fracture also occurred inside the solder 
matrix. However, the fracture surfaces were not smooth as 
those of normal Sn-3.5Ag solder bumps. As shown in Fig. 8 
(b), (c), and (d), scratches on the fracture surfaces and pieces 
of (Cu,Co)3Sn2 IMC at the end of some scratches were 
observed. Based on these observations, it is thought that 
(Cu,Co)3Sn2 IMCs act as obstacles in the fracture path and 
they make scratches on fracture surfaces during shear test. In 
other words, (Cu,Co)3Sn2 IMCs impede the generation of 
fracture surface and produce frictional path once a fracture 
occurs. Therefore, (Cu,Co)3Sn2 IMCs are the main reason for 
shear strength increase in 0.1, 0.5, and 1.0 wt. % Co-
reinforced Sn-3.5Ag solder bumps. 
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Fig. 8. Fracture surfaces of (a) 0, (b) 0.1, (c) 0.5, (d) 1.0, and 
(e) 2.0 wt. % Co-reinforced Sn-3.5Ag solder bumps after ball 
shear test. 

 
On the other hand, 2.0 wt. % Co-reinforced Sn-3.5Ag 

solder bumps showed somewhat different fracture surfaces as 
shown in Fig. 8 (e). The fracture surface showed both 
intermetallic interface and solder matrix. Besides, the 
scratches on the fracture surface had smaller length and width 
compared to those of 0.1, 0.5, and 1.0 wt. % Co-reinforced 
ones. This observation results correspond to the tendency of 

(Cu,Co)3Sn2 IMC shape change. Based on these observations, 
it is thought that the fracture has been initiated at the 
intermetallic interface. Once the fracture occurs, the solder 
matrix has been taken off showing little plastic deformation 
since the heavily-grown IMCs sustain the solder matrix. 
Therefore, it can be concluded that (Cu,Co)3Sn2 and Ag3Sn 
IMCs are the main reason for shear strength decrease. 

Conclusions 
Formation and characterization of Co-reinforced Sn-

3.5Ag solder were conducted in this work. Co powder and 
commercial Sn-3.5Ag solder paste were mixed mechanically. 
Subsequently, melting temperature and speradability of the 
pastes were tested. Small amount of Co addition in Sn-3.5Ag 
solder paste did not alter both melting behavior and 
solderability. Using the pastes, solder bumps were 
successfully formed through stencil printing and reflow step. 
When Co particles were added up to 1.0 wt. % shear strength 
increased by the existence of (Cu,Co)3Sn2 IMCs, which 
exerted reinforcing effect. When Co particles were added 2.0 
wt. %, there was no increase in shear strength since the 
heavily-grown (Cu,Co)3Sn2 and Ag3Sn IMCs caused 
interfacial fracture. 

Our experimental results have proven that Co can be 
effectively used as reinforcing particle in Sn-3.5Ag solder. 
However, several problems such as Co particle size and 
agglomeration, uniform dispersion of IMCs, IMC growth 
behavior, and other mechanical tests still remain unsolved. In 
order to optimize the process and obtain more plausible 
interpretations, further experimental study is currently being 
made. 
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