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Study on mechanical and joining properties of Sn-Sb-Ni system high temperature lead-
free solder
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In this study, melting temperature ranges, microstructures, tensile properties and fatigue properties of Sn-
Sb-Ni system high temperature Pb-free solder were investigated in order to apply it as a die-attachment
material for a power semiconductor chip which is required superior heat resistance and mechanical
properties. Moreover, the microstructure and growth mechanism of the reaction layer formed at the joint
interface with Cu was investigated and the joint reliability was also evaluated by power cycle test.

In Chapter 1, the case of environment and health risks by Pb, overseas regulations regarding Pb, and types
of Pb-free solder were described. Applications of high temperature Pb-free solder and research and
development trends of them were also explained. To further improve mechanical properties of Sn-Sb solder
which is expected to be the candidate for the substitution of Pb-Sn solder, Sn-Sb-Ni solder was focused.
Furthermore, the purpose and the evaluation content of this study were described.

In Chapter 2, the effects of the Ni content on melting temperature ranges and microstructures of Sn-Sb-
Ni solder were investigated. It was clarified that solidus and liquidus temperatures of Sn-5Sb-Ni (mass%o)
and Sn-10Sb-Ni (mass%) with 0.05-0.50 mass% Ni were approximately equal to those of Sn-5Sb (mass%)
and Sn-10Sb (mass%) and thus those Sn-Sb-Ni solder have stable melting temperature ranges. Also, it was
found that those Sn-Sb-Ni solder have the microstructures in which SbSn phases and NiSb phases are
dispersed in the B-Sn matrix. Moreover, it was clarified that the number of SbSn and NiSb phases increases
and they are coarsened with increasing an amount of Sb and Ni in the Sn-Sb-Ni solder.

In Chapter 3, the effect of the Ni content on tensile properties of Sn-Sb-Ni solder was investigated. In the
case of the Sn-5Sb-Ni solder, 0.1% proof stress and tensile strength increased and elongation decreased with
increasing the Ni content in the solder at 25°C. On the contrary, the effect of the Ni content on tensile
properties was negligible at 150°C and 200°C. Also, although 0.1% proof stress and tensile strength
decreased with a rise in temperature, the effect of the temperature on the elongation was negligible. Stress
exponent, n and activation energy, Q of the Sn-5Sb-Ni solder, which were obtained by the results of the
tensile test, are 7.5-12.6 and 77.6-109.0 kJ/mol, respectively. The results suggest that tensile deformation of
the Sn-5Sb-Ni solder is taken place by lattice-diffusion controlled dislocation climb.

In the Sn-10Sb-Ni solder, the effect of the Ni content on tensile properties was negligible regardless of
the temperature. With a rise in temperature, 0.1% proof stress and tensile strength reduced and elongation
increased. n and Q of the Sn-10Sb-Ni solder were obtained to be 7.0-13.0 and 72.5-106.0 kJ/mol,



respectively. It suggests that tensile deformation of the Sn-10Sb-Ni solder is taken place by the deformation
mechanism same as the Sn-5Sb-Ni.

In Chapter 4, the effect of the Ni content on low-cycle fatigue properties of the Sn-Sb-Ni solder was
investigated. It was confirmed that the relationship between the inelastic strain range and low cycle fatigue
lives of the Sn-Sb-Ni solder obeys the Manson-Coffin equation regardless of the composition of the solder
and the temperature. A fatigue ductility exponent, a of the Sn-Sb-Ni solder was smaller than that of the Sn-
Sb solder at 25°C. This means that the Sn-Sb-Ni solder has superior fatigue properties compared with the
Sn-Sb solder. At 150°C and 200°C, although the a of Sn-5Sb-(0.05-0.10)Ni and Sn-10Sb-(0.05-0.25)Ni
remained low values compared to the Sn-Sb solder without Ni, those of Sn-5Sb-(0.25-0.50)Ni and Sn-10Sb-
0.50Ni increased. When the content of Ni in the Sn-Sb-Ni solder is small, fine NiSb phases form in the
solder and have the pinning effect for dislocations. Then, the continuous dynamics recrystallization is
suppressed and thus superior fatigue life can be obtained. When the content of Ni in the Sn-Sb-Ni solder is
large (approximately 0.50 mass%), formation of fine NiSb phases bring superior fatigue life at room
temperature. At high temperature, however, NiSb phases are coarsened and thus the pinning effect for
dislocations decreases. Furthermore, the continuous dynamics recrystallization is promoted due to
deformation in the vicinity of coarsened NiSb phases. It was clarified that the fatigue life is deteriorated by
such mechanism.

In Chapter 5, microstructures and growth behavior of the reaction layer formed in the joint interface of
Sn-Sb-Ni solder and Cu were investigated. From the result of the quantitative analysis with an electron probe
X-ray microanalyzer, it was confirmed that layered (Cu, Ni);Sn and granular (Cu, Ni)sSns were detected
from the Cu side towards the solder side. The activation energy, Q for the growth of the (Cu, Ni);Sn layer
was obtained to be 82.6-92.3 kJ/mol. It was shown that such Q values are comparable to that for grain
boundary diffusion and body diffusion of Cu atoms in the
(Cu, Ni)3Sn layer. Moreover, the QO for the growth of the whole reaction layer was obtained to be 53.3-60.8
kJ/mol. It was shown that those Q values are comparable to that for diffusion of Cu atoms in the boundary
between granular (Cu, Ni)¢Sns phases.

In Chapter 6, the reliability of joints with a Si chip and a Cu substrate using Sn-Sb-Ni solder was
investigated in power cycle environment. On the basis of evaluation of a crack area ratio which was obtained
from scanning acoustic tomography images, it was found that the joint reliability of Sn-5Sb-(0.05-0.25)Ni
and Sn-10Sb-(0.05-0.10)Ni are superior to those of the Sn-Sb without Ni. Moreover, it was shown that the
crack forms in the solder in the edge of the joint and progresses at the interface between the solder and the
intermetallic compound layer on the side of the Cu substrate. Therefore, it was clarified that it is important
to improve the fatigue properties of the solder material in which an initial crack generates in order to obtain
superior reliability of the joint.

In Chapter 7, this study was summarized.



