Q B Tao 
  
L Benabou 
  
T A Nguyen Van 
  
H Nguyen-Xuan 
  
Isothermal aging and shear creep behavior of a novel lead-free solder joint with small additions of Bi, Sb and Ni

Keywords: Lead-free solder, Solder joint, Creep behavior, Intermetallic, Fracture solder joint

de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

The global concern about the environmental impact of toxic lead-based solders in consumer electronics has motivated development of lead-free solder alloys [START_REF] Hwang | Implementing lead-free electronics[END_REF]. As known, Pb-containing solder alloys have been eliminated from electronic packaging in many industrial companies and countries. Indeed, the European Union issued the Waste of Electrical and Electronic Equipment aiming to prohibit the use of Sn-Pb solders by year 2006. Following that, the development of lead-free solders, substituting Pb-based solder alloys used in microelectronic packaging processes, has become an important field of both academic and industrial research. It is fact that new developed lead-free solders should not only have good process performance but also have better mechanical behaviors. Up to date, some studies have proved that lead-free solder alloys have many advantages over Pb-based solders. They are more environment-friendly and have superior interfacial properties, high creep resistance, low coarsening rate, etc. [START_REF] Keller | Mechanical properties of Pb-free SnAg solder joints[END_REF][START_REF] El-Daly | Evolution of thermal property and creep resistance of Ni and Zn-doped Sn-2.0Ag-0.5Cu lead-free solders[END_REF][START_REF] Ochoa | Effects of cooling rate on the microstructure and tensile behavior of a Sn-3.5wt%Ag solder[END_REF][START_REF] Mccormack | New Pb-free solder alloy with superior mechanical properties[END_REF][START_REF] Kariya | Effect of bismuth on the isothermal fatigue properties of Sn-3.5mass%Ag solder alloy[END_REF][START_REF] Plumbridge | Solders in electronics[END_REF]. Nowadays, the Sn-Ag-Cu (SAC) solders are the most used in electronic packaging. In recent years, a huge number of lead-free solders have been reported. However, they exist still some drawbacks that can limit the adoption of these solders to certain applications, especially for devices which work at high operating temperatures. Therefore, new third generation lead-free solders are being targeted for use under these harsh environments requiring resistance to both thermal and mechanical constraints. Indeed, one of the strategies that manufacturers have chosen to improve the reliability of lead-free solder joints is to add minor alloying to lead-free solders [START_REF] Zhang | Effects of rare earths on properties and microstructures of lead-free solder alloys[END_REF][START_REF] Hammad | Evolution of microstructure, thermal and creep properties of Ni-doped Sn-0.5Ag-0.7Cu low-Ag solder alloys for electronic applications[END_REF][START_REF] Mahdavifard | The effect of iron and bismuth addition on the microstructural, mechanical, and thermal properties of Sn-1Ag-0.5Cu solder alloy[END_REF][START_REF] El-Daly | Microstructure, mechanical properties, and deformation behavior of Sn-1.0Ag-0.5Cu solder after Ni and Sb additions[END_REF][START_REF] El-Daly | Improved strength of Ni and Zn-doped Sn-2.0Ag-0.5Cu lead-free solder alloys under controlled processing parameters[END_REF][START_REF] Yu | Improvement on the microstructure stability, mechanical and wetting properties of Sn-Ag-Cu lead-free solder with the addition of rare earth elements[END_REF][START_REF] Cheng | Microstructural and mechanical properties of Sn-Ag-Cu lead-free solders with minor addition of Ni and/or Co[END_REF]. The most common alloying elements are Ni, Bi, Sb, Zn, Al, and Cu. Among these metal additives, Ni, Bi and Sb are extensively used to create novel solder alloys which are suited well for use in some demanding services. The advantages of these alloys have been separately found in the literature [START_REF] Hammad | Evolution of microstructure, thermal and creep properties of Ni-doped Sn-0.5Ag-0.7Cu low-Ag solder alloys for electronic applications[END_REF][START_REF] El-Daly | Microstructure, mechanical properties, and deformation behavior of Sn-1.0Ag-0.5Cu solder after Ni and Sb additions[END_REF][START_REF] Hammad | Investigation of microstructure and mechanical properties of novel Sn-0.5Ag-0.7Cu solders containing small amount of Ni[END_REF][START_REF] Li | Effects of Sb addition on tensile strength of Sn-3.5Ag-0.7Cu solder alloy joint[END_REF]. Among lead-free solder alloy candidates, the novel lead-free solder alloy based on SAC387 solder (comprised of Sn with 3.8% Ag, 0.7% Cu, 3.0% Bi, 0.2%Ni and 1.54%Sb), namely InnoLot, is largely used in the electronic assemblies, especially in automobiles. This alloy has great potential to outperform not only existing SAC solder alloy but also to surpass Sn-Pb as well in long-term reliability. The alloy is targeted for use in harsh environments and have been designed to improve toughness of interfacial intermetallic layers, and to provide solid solution strengthening to compensate for the loss of strength once the Ag3Sn particles coarsen [START_REF] Benabou | Microstructural effects of isothermal aging on a doped SAC solder alloy[END_REF][START_REF] Collins | Microstructural influences on thermomechanical fatigue behaviour of third generation high Ag content Pb-Free solder alloys[END_REF].

Since the microelectronic industry has achieved rapid development in recent year, the importance of soldering at high temperatures and that of reliability of devices are increasing as well. In electronic packaging assemblies, electronic interconnects serve both electronic and mechanical functions between the electronic components and printed circuit boards. However, they are the easiest way to fail in the whole package. When a microelectronic assembly is in operation at high homologous temperatures exceeding 0.5Tm (Tm: melting temperature) [START_REF] Dutta | A constitutive model for creep of lead-free solders undergoing strain-enhance microstrucral coarsening: A first report[END_REF], stresses caused by temperature gradients and fluctuations can lead to viscous creep flow of the solder joint, resulting in joint failure. Therefore, it is necessary to gain insight into the creep behavior of solder joint in order to increase its reliability. Indeed, the creep behavior of lead-free solders containing alloys has been studied by many researchers. Xiao et al. [START_REF] Xiao | Effect of rare earth on mechanical creep-fatigue property of SnAgCu solder joint[END_REF] showed that added rare earths of 60wt%Ce and 30wt%La into SAC387 solder can measurably increase the creep-fatigue rupture lifetime of the SAC solder joint. The creep rupture times for SAC305-xBi solder joint with up to 4wt% of Bi are longer than that for SAC305, which shows that the addition of Bi can enhance the creep behavior of the solder joints [START_REF] Witkin | Creep behavior of Bi-containing lead-free solder alloys[END_REF]. Also, an increase in creep resistance and the total fracture time is observed in SAC-Ni with addition of Ni to SAC solder alloys [START_REF] Hammad | Enhancing the ductility and mechanical behavior of Sn-1.0A-0.5Cu leadfree solder by adding trace amount of elements Ni and Sb[END_REF]. Furthermore, during actual working conditions, the soldered joints are subjected to aging conditions such as the continuous use of electronic equipment, temperature storage, and power on-off cycles. The effect of isothermal aging on creep behavior and microstructural changes of solder joint have been investigated in the literature [START_REF] Benabou | Microstructural effects of isothermal aging on a doped SAC solder alloy[END_REF][START_REF] Chen | Performance of Sn-3.0Ag-0.5Cu composite solder with TiC reinforcement: Physical properties, solderability and microstructural evolution under isothermal ageing[END_REF][START_REF] Hu | Microstructure and shear strength of Sn37Pb/Cu solder joints subjected to isothermal aging[END_REF][START_REF] Sabri | Effects of aging on Sn-1Ag-0.5Cu solder alloys containing 0.1wt.% and 0[END_REF][START_REF] Chen | Performance of Sn-3.0Ag-0.5Cu composite solder with TiC reinforcement: Physical properties, solderability and microstructural evolution under isothermal ageing[END_REF][START_REF] Collins | Microstructural influences on thermomechanical fatigue behaviour of third generation high Ag content Pb-Free solder alloys[END_REF][START_REF] Ma | The influence of elavated temperature aging on reliability of lead free solde joints[END_REF]. Effect of isothermal aging on the secondary creep response of SAC305 and SAC405 lead-free solders was studied by Ma et al. [START_REF] Ma | The influence of elavated temperature aging on reliability of lead free solde joints[END_REF]. They found that isothermal aging for longer durations was observed to drastically reduce the secondary creep resistance of the two solder alloys. Similar observations have been also reported by Xiao et al. [START_REF] Xiao | Aging and creep behavior of Sn3.9Ag0.6Cu solder alloy[END_REF] for SAC396 and Sn37Pb alloys, which were aged at 180 0 C, showing that aging decreases the hardness of solder joints and makes them more susceptible to creep deformation and rupture. Thus, far many studies have been reported on the creep behaviors of the solders, some creep parameters such as creep stress exponents and activation energies of the solders, were obtained. However, to our knowledge, only a recently published study has focused on the microstructural evolution of the quite recently introduced InnoLot solder joint under isothermal aging [START_REF] Benabou | Microstructural effects of isothermal aging on a doped SAC solder alloy[END_REF]. It seems usefully to further study the creep behaviors of solder alloys with additions of Bi, Ni, and Sb, that is the case of the InnoLot solder alloy.

The discussion above indicates that a comprehensive, intuitionistic understanding of the creep behavior and the relationship between microstructure evolution and mechanical aging effects on the novel solder joint are necessary. The present study deals with more aspects of the InnoLot creep and aging behavior with mechanical and microstructural analyses performed. A large number of creep tests were carried out at various stress levels from 5.89 to 25.25 MPa, over a wide temperature range from 25 0 to 125 0 C and at different aging times at 100 0 C up to 1 year. The Scanning Electronic Microscope (SEM) was used to conduct the experiments and to observe the microstructure evolution of the solder joint under different conditions. The effect of testing conditions and aging time on microstructure and creep behavior of the solder joint was analyzed in this study.

Experimental procedure

Sample preparation

The SAC387-3Bi-1.5Sb-0.15Ni /Cu solder joints, hereafter named as InnoLot solder joints, were prepared using a commercial solder sheet and copper strips with a purity of 99.9% as substrates. A detailed method to fabricate a miniature single lap-shear specimen that mimics as closely as possible the actual solder joints used in automobile and microelectronic devices can be also found in prior studies [START_REF] Tao | Effect of Ni and Sb additions and testing conditions on the mechanical properties and micrsotructures of lead-free solder joints[END_REF][START_REF] Tao | A design of a new miniature device for solder joints' mechanical properties evaluation[END_REF][START_REF] Tao | Creep behavior of Innolot solder alloy using small lap-shear specimens[END_REF][START_REF] Le | Finite element analysis of the effect of process-induced voids on the fatigue lifetime of a lead-free solder joint under thermal cycling[END_REF][START_REF] Le | Modelling of intergranular thermal fatigue cracking of a lead-free solder joint in a power electronic module[END_REF]. Briefly, lap shear specimens were prepared by connecting two copper (Cu) substrates with the InnoLot solder foil. Due to the larger stiffness of the copper substrates, the deformation is assumed to occur mainly in the solder joint. The Cu rod was firstly spark cut into small blocks, then the surfaces of soldering were ground, electrolytically polished, and cleaned consecutively with 50% nitric acid and acetone, before being dispersed by solder flux on the polished areas.

After that the solder sheets, which are cut with the right dimensions, were sandwiched between the two Cu substrates. Then, the prepared specimens were kept by Al fixture and put in an oven to undergo a specific reflow thermal profile, as used in the industry [START_REF]Smart Technology for Smarter Cars[END_REF]. The reflow profile is shown in Fig. 1.

Thermal aging and testing experimental plan

After soldering, some of the as-soldered joints were thermally aged for up to 12 months in an oven under the aging temperature of 100 0 C. These aging specimens will be tested at room temperature under different applied shear stresses. The aging temperature of 100 C was selected with respect to the average level of temperature occurring during the service of the real devices. This aging imposed on the specimens simulates the aging of real devices in a natural accelerated way. It makes it possible to study the microstructural effects on the mechanical properties.

The shear creep tests were carried out on a micro-tensile test system [START_REF] Tao | A design of a new miniature device for solder joints' mechanical properties evaluation[END_REF]. The shear applied stress levels for creep tests were taken as increasing proportions of the Ultimate Tensile Stress (UTS) of the solder joints measured in earlier studies [START_REF] Tao | Effect of Ni and Sb additions and testing conditions on the mechanical properties and micrsotructures of lead-free solder joints[END_REF][START_REF] Tao | A design of a new miniature device for solder joints' mechanical properties evaluation[END_REF][START_REF] Tao | Creep behavior of Innolot solder alloy using small lap-shear specimens[END_REF]. The list of all shear creep tests conducted in this study are shown in Table 1. The tensile loading was quickly applied to the specimen to the designed stress level and then, stress was held during the whole creep test. The creep tests were performed at three temperatures, room (25 0 C), 75 0 C, and 125 0 C, representing homologous temperature of 0.61, 0.71, and 0.81 (T/Tm), respectively. At each test temperature, applied shear stresses ranging from 5.89 MPa to 25.25 MPa were used. During the deformation process, the dynamic strain and time data were recorded.

In order to reduce the experimental errors attached to the measurements and to get the most reliable results, at least three samples were examined under each condition to get averaged values for properties. Figure 2 shows an actual lap-shear joint specimen used for this study. Figure 5 shows a set of typical creep curves at various temperatures for same stress level of 11.875 MPa, indicating that higher temperatures induce more intense creep deformation in solder alloys. Creep deformation is diffusion controlled, and so a higher temperature will lead to a higher diffusion rate and a higher creep rate. It is obviously apparent that both the creep strain rate and rupture time are sensitive to the applied stress and the temperature. Furthermore, Figure 6 shows the steady-state shear creep rate which is plotted in for various aging times. It can be seen that the increase in the steady-state creep rate is extremely large (several orders of magnitude) during the first 30 days, so the resistance to creep deformation dramatically declines during this quite short aging period. Thereafter, the creep rate remains remarkably constant, even over periods as long as a year. In addition, reduction of the shear modulus G of InnoLot/Cu solder joints after reflowing and isothermal aging at 100 0 C is shown in Figure 7, where the shear modulus of the solder joints is seen to decrease with increasing aging time after isothermal aging processing.

Results and Discussion

Viscoplastic creep curves

Microstructural investigations

Bulk and as-reflowed joint microstructures

After the reflow process, all reflowed samples were checked and measured under optical microscope and SEM for ensuring the right dimensions and observing the microstructure of the joints, respectively. Now, the structures of bulk and as-reflowed InnoLot solder joint are evaluated by using SEM analyses as indicates in Figure 8. In the case of bulk specimen, it can be found that the microstructure of the InnoLot solder is composed by Sn βmatrix phase (including Bi particles in white color), and IMC grains (see Fig. 8a). Since there is a small amount of supplemented Sb, Ni, and Bi elements in SAC387-3Bi-1.5Sb-0.15Ni, the two IMCs were found in this solder alloy are Ag3(Sn,Sb) and (Cu,Ni)6Sn5. The particles are sparsely distributed within the eutectic regions [START_REF] Tao | Effect of Ni and Sb additions and testing conditions on the mechanical properties and micrsotructures of lead-free solder joints[END_REF][START_REF] Tao | A design of a new miniature device for solder joints' mechanical properties evaluation[END_REF]. The advantages of these addition atoms on the mechanical properties as well as the microstructure have been investigated in early studies [START_REF] Tao | Effect of Ni and Sb additions and testing conditions on the mechanical properties and micrsotructures of lead-free solder joints[END_REF][START_REF] Tao | A design of a new miniature device for solder joints' mechanical properties evaluation[END_REF][START_REF] Le | Finite element analysis of the effect of process-induced voids on the fatigue lifetime of a lead-free solder joint under thermal cycling[END_REF][START_REF] Le | Modelling of intergranular thermal fatigue cracking of a lead-free solder joint in a power electronic module[END_REF]. For solder joint specimens as shown in Fig. 8b, due to the atomic interdiffusion between the molten solder and the Cu substrates at the interfaces, specific IMC particles are formed during the reflowing process. Indeed, a (Cu,Ni)6Sn5 layer is formed in the early stage of the soldering process. Then from the bulk solder, the layer grows by consuming the Sn, Cu, and Ni atoms to forming some long dendrites. When the dendrites become too long, they move away from the IMC interfacial layer for forming some intermetallic phases that diffuse inside the bulk solder joint. Also, a Cu-rich intermetallic planar layer, (Cu,Ni)3Sn, is formed at the interface between the Cu substrate and the IMC layer. Figure 10 shows a diagram of the failure patterns of the InnoLot solder joints according to the level of temperature (room temperature and 125 0 C in our case). For the test at room temperature, it can be understood that the fragile rupture path occurs within the IMC layer.

Effect of temperature

For the test at the higher temperature, the fragile rupture starts in the IMC layer and is then accompanied by local ductile rupture within bulk solder. Both tests at room and 125 0 C have similar rupture initiation within the IMC layers, which is caused by the their brittleness and may be favored by the presence of Kirkendall voids in these IMC layers. For the rupture that happened inside the bulk solder joint, this seems to occur in the area where a microstructural transformation has occurred, which is explained as follows. The fine interdendritic Ag3(Sn,Sb) phases coalesce to make larger Ag3(Sn,Sb) globular phases. With increased temperature, a growth in the size of Sn βphase and further coarsening of the Ag3(Sn,Sb) particles are observed compared with those in the shear creep test at room temperature. It is also found that with increasing testing temperature, the number of cracks on the surface of the specimen increases. Thus, these factors lead to a loss of creep resistance in the InnoLot solder joint.

Effect of isothermal aging

In order to assess the effects of isothermal aging on the microstructure, samples of the InnoLot solder were aged at temperature of 100 0 C for different aging times as discussed above and some fracture specimens were examined by SEM as mentioned before. Figure 11 represents the SEM images after the shear creep tests with applied stress of 18.75MPa at 25 0 C for 0 day to 365 days aging at 100 0 C. It can be seen that the intermetallic phases under these conditions are dispersed among the Sn extended phase and neither dendrites nor interdendritic precipitations are observed. However, there are some differences between the analyzed samples. As known, the morphology and size of the various compounds are influenced by process parameters such as the imposed reflow parameters, but also the postreflow thermal aging [START_REF] Benabou | Microstructural effects of isothermal aging on a doped SAC solder alloy[END_REF]. In this study, when increasing aging time, the average grain size of the intermetallic phases increases while their roughness decreases. The global growth of the IMC, consisting mainly of the (Cu,Ni)6Sn5 phase, is known to have a direct impact on the failure mode in the solder joint by lowering its fracture toughness [START_REF] Kumar | Fracture of Sn-Ag-Cu solder joints on Cu substratees. II: Fracture mechanism map[END_REF]. Indeed, when the aging time is increased from 1 month to 2 months, the size of IMC phases is increased by a factor of three, ~1µm compared with ~3µm for the Ag3Sn phases. As for roughness of the IMC layer, it decreases from 078 m µ just after reflowed to 0.54 m µ and 0.51 µm for 1-and 2- month isothermal aging, respectively. While the overall IMC thickness is promoted by aging time, the roughness of (Cu,Ni)6Sn5 phase is reduced, making the IMC layer smoother overtime. Also, the (Cu,Ni)6Sn5 layer in the specimen aged for 1 year exhibits multiple voids, as well as big cavities at the interface with the Sn matrix (see Fig. 11c). It is postulated in this case that the strong growth of the (Cu,Ni)6Sn5 layer during extended aging periods consumes the low amount of Cu contained in the solder, resulting in such cavities. It is also known that the formation of the η-phase is accompanied by a significant volume contraction [START_REF] Yang | Void formation at the interface in Sn/Cu solder joints[END_REF], which may cause inner stresses and generate the large voids at the solder/(Cu,Ni)6Sn5 interface.

With regards to fracture patterns after isothermal aging, Figure 12 shows intergranular cracks after a shear creep test of a 2-month isothermal aged specimen. Fragile rupture near the IMC/solder interface occurs in tandem with ductile rupture along the Sn grain boundaries inside the bulk solder. Firstly, the IMC smoothens and becomes less scalloped with aging, which promotes to a certain extent IMC/solder interfacial de-cohesion rather than rupture inside the IMC grains as was the case with the as-reflowed specimen. Secondly, it appears that aging of the microstructure is accelerated in the most stressed regions of the joint where dynamic recrystallization occurs. In terms of crack propagation inside the bulk solder, crack propagates from the right side (yellow arrow) bifurcated into many cracks at the end of the red dotted arrow pointed area. On the other hand, cracking happens in the region near the interface, due to the presence of large voids at the interfaces. It can be explained by the fact that the energy needed for the crack to propagate through the IMCs is much higher than that needed for its propagation in the softer Sn-rich phase through the grain boundaries or at the interface with the IMC. Additionally, accumulation of deformation in the solder matrix occurs in the area close to the IMC layer and the crack. Likewise, the deformation may due to the grain boundary sliding. This creep deformation mechanism is very important in the solder alloy. Creep cavities are also detected in the highly deformed areas. The cavities reduce the load-bearing area, which inevitably accelerates the failure process.

For the case of the 1-year aged specimen as shown in Figure 13, the Sn grains grow and their boundaries become clearly visible, especially near the joining interface where the stresses are relatively important. Another close view of the interface between the IMC layer and the solder bulk (see Fig. 13b) reveals distinctly the presence of some Sn grains in this region of high stresses (with grain size around 2-3 µm). Even if the IMC layer is less rough with aging time, it still provides sites of strain concentration due not only to some remaining scallop tips but also to the elastoplastic misfit between the solder and the IMC materials.

After the crack develops into the bulk region, grains are present all along the edges of the rupture path. In this case, the stress concentration effect accompanying the advancing crack tip region is responsible for the dynamic recrystallization of the matrix. Conversely, the recrystallized microstructure offers the crack an easy path through the grain boundaries for its propagation. This implies that the two mechanisms (recrystallization and cracking) come together and support one another and that the microstructural evolution has a direct impact on the type of failure mode triggered in the solder joint with a brittle-to-ductile transition in the fracture behavior (from IMC interface decohesion to intergranular cracking). The ductile rupture is also manifested in substantial plastic deformation inside the non-recrystallized Sn phases prior to intergranular crack propagation. The isothermal aging conditions indeed cause the Sn phases to aggregate and extend, which is expected to remove barriers to dislocation movement, and thus to increase ductility of the solder material.

Conclusions

In this study, testing conditions, aging effects and creep behavior along with microstructure evolutions in novel lead-free InnoLot solder have been investigated. Based on the experimental results, the following major conclusions can be summarized:

(1) Both aging time and temperature increase interfacial IMC thickness significantly, the growth of the IMC layer during aging exhibited a diffusion-type relationship.

(2) Shear creep tests results reveal that as-reflowed solder joint has better shear creep strength than the aged solder joints. The shear creep strength of the aged solder joints decreases with increasing aging time. It leads to increasing of the IMC thickness and decreasing of the roughness.

(3) The shear creep tests at room and higher temperatures have similar rupture area within IMC layers and it is explained by the presence of Kirkendall voiding at the interfaces. However, at elevated temperatures, the fragile rupture was started in IMC layer and followed by local ductile rupture within the bulk solder material. This seems to occur in the area where microstructural transformation occurs.

(4) When specimens are exposed to isothermal aging, the creep is much faster than nonaged specimens. After 30 days, the steady-state shear creep rate was stable.

Additionally, the aged microstructures exhibit a brittle-to-ductile transition with occurrence of intergranular fracture due to the dynamic recrystallization inside the solder matrix. It appears that the mechanical factor is of first-order importance in the formation of the new grain structure of the solder. 
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Figure 3

 3 Figure 3 presents the typical creep strain-time curve of the InnoLot solder joint at 25 0 C under applied shear stress of 25.25 MPa. It can be seen that the creep curve consists of three stages: firstly, a short primary creep stage, followed by a long steady-state stage and finally a tertiary creep stage characterized by an accelerating creep strain rate that leads to rupture of the joint. Attention was focused on the secondary stage since it dominates the creep rupture life of the solder. The secondary regime is the longest in duration and thus represents most of the solder lifetime. Based on the creep curve, the secondary creep strain rate can be determined for different time periods by taking the derivative of the creep strain with creep time. The minimum rate was taken as the creep strain rate for the secondary stage.

Figure 4

 4 Figure 4 shows the typical set of creep curves of the InnoLot solder joints at temperature of 25 0 C for different applied stress levels. It can be seen that the creep deformation increases with increasing stress levels. Higher stresses will accelerate the movement of dislocations, which includes dislocation gliding and climb. Higher stresses will also induce greater grain boundary sliding. Dislocation gliding and grain boundary sliding are the major creep mechanisms for creep deformation.

Figure 9

 9 Figure9shows the SEM cross-sectional images at different positions of the joint specimen after shear creep tests at room temperature (25 0 C) and 125 0 C under the applied shear stress of 18.75 MPa. Compared with the microstructures before shear creep testing (see Fig.8b), the Ag3(Sn,Sb) phase has become interdendritic and coarser. In addition, the
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 1 Fig. 1. Reflow process for the InnoLot solder joints: (a) recommended reflow, (b) applied reflow profiles.
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 2 Fig. 2. Actual lap-shear solder joint specimen.
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 34 Fig. 3. A typical creep curve of the InnoLot solder joint at 25 0 C and applied stress of 25.25 MPa. Fig. 4. The typical set of creep curves of the InnoLot solder joints at temperature of 25 0 C for different applied stress levels.
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 5 Fig. 5. The typical set of creep curves at various temperatures for the same stress level of 11.875 MPa.
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 6 Fig. 6. The steady-state shear creep strain rate with respect to aging time.
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 7 Fig. 7. The shear modulus of the InnoLot/Cu solder joints with respect to aging time.
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 8 Fig. 8. SEM cross-section images of bulk (a), and as-reflowed InnoLot joint specimen (b).
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 9 Fig. 9. Cross sectional micrographs of the interfacial IMC layers and inside bulk solder subjected to creep tests under 18.75 MPa at 25 0 C and 125 0 C: inside the bulk solder joint (a1, a2), and at the lower IMC layer (b1, b2).
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 10 Fig. 10. The failure modes of solder joints at low and high temperatures: (a) 25 0 C, (b) 125 0 C.

Fig. 11 .

 11 Fig. 11. The microstructure after aging of InnoLot solder joint for a temperature at 100 0 C after (a) as-reflowed, (b) 30, and (c) 365 days.
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 12 Fig. 12. The SEM images after the shear creep test with applied stress of 18.75MPa at 25 0 C and aging at 100 0 C for 2 months.

Fig. 13 .

 13 Fig. 13. The SEM images after the shear creep test with applied stress of 18.75MPa at 25 0 C and aging at 100 0 C for 1 year.
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	Solder Material	Applied stress (MPa)	5.89 11.875 18.75 25.25
		Room temperature	
	InnoLot	75 0 C	
		125 0 C	
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