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Abstract

:

Many electronic products are subjected to heat for long periods, depending on their operations. Thus, it is expected that the physical and mechanical properties of electronic elements, including the soldering joints, will be affected. In this study, the impact of thermal aging time and temperature on the microstructure and mechanical properties of 96.5Sn–3.0Ag–0.5Cu (SAC305) was investigated. The samples used were SAC305 solder balls attached to copper pads. The research began by examining the microstructure of the aged samples at 150 °C for 100 and 1000 h. Then, this was compared to the microstructure of the same samples without thermal aging. Then, five groups of 10 samples were prepared from a shear stress–shear stain experiment. The first group was as produced, the second group was aged for 2 h, the third group was aged for 10 h, the fourth group was aged for 100 h, and the fifth group was aged for 1000 h. All groups were aged at a temperature of 150 °C. An Instron testing machine was used to plot a shear stress–shear stain curve until the ball was completely sheared off the pad. The mechanical properties, including the ultimate shear strength, the ultimate energy used to shear the ball, and the total energy used to shear the ball at all thermal aging times were then estimated. The results of this study indicated the formation of a layer of Cu6Sn5 over the copper pad, which thickened with thermal aging time. Furthermore, the ultimate and total shear strengths decreased with thermal aging time. The same procedure was repeated to assess the ultimate shear strength at 100 °C. The decrease in ultimate shear strength was more severe with increasing thermal aging temperature.
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1. Introduction


Solder joint reliability is a critical concern because they provide mechanical support and electrical and thermal connections between the various components in microelectronic packages. Before fabricating solder joints, various factors must be addressed during the soldering process. Solder paste selection, temperature difficulties, reflow profiles, and component size variations are all considered.



Electronic packaging is essential in the electronic manufacturing industry because it provides both electronic and mechanical connections, as well as protection for electronic components [1]. Electronic devices are gradually becoming more miniaturized and multifunctional as the electronics industry rapidly develops [2]. As a result, to meet people’s needs, the electronic packaging industry is moving toward denser, more efficient, and more integrated products.



As electronics continue to get smaller and more complex, maximum mechanical and thermal loads must not exceed the solder joints’ thermal resistance. In addition, lead-free solder materials are currently required because traditional tin–lead soldering cannot meet the environmental and health requirements of the electronics industry [3]. Therefore, a very large number of studies have been performed to develop lead-free alloys [4,5,6,7].



One of the major challenges arising from packaging materials and process modifications during the transition to lead-free materials is the reliability of lead-free solder joints. The abilities of packaging systems are used to keep the operation of the electronic components from degrading and, thus, to increase the reliability of the entire electronic package. Solder joints can also serve as an electrical connection between the board and the components, as well as a heat dissipation outlet in the package [8]. However, solder joints are the weakest and most likely to fail in electronic packages. Temperature [9], vibration [10], tin whisker [11], and electromigration [12] are only a few of the extrinsic causes of solder connection failure.



Sn–Ag–Cu alloys have been identified as the most promising lead-free solder candidate among many alloy systems due to their relatively low melting temperature, good mechanical qualities, and good compatibility with other components [13]. Sn–Ag–Cu alloys are commonly used as solder balls and pastes in the microelectronic packaging industry. However, no “drop-in” alternative is suited to all situations. SAC305 (96.5Sn–3.0Ag–0.5Cu) is described as one of the most commonly used alloys in solder joints [14].



Environmental exposures such as thermal aging and thermal cycling dramatically modify the SAC lead-free solder microstructure [15]. In consequence, SAC solder joints tend to fail. Previous studies showed a considerable reduction in the strength and modulus of elasticity and other mechanical properties due to thermal aging [16]. Lee et al. [17] reported a degradation in the ball shear strength of SAC alloys due to thermal aging. Furthermore, Zhang et al. [18] showed that the creep rate is also affected by thermal aging. Additionally, Lall et al. [19] concluded that thermal aging significantly affects the performance of SAC alloys given high strain rates.



The microstructure evolution during the thermal cycling of Sn–Ag-based solder interconnects was examined by Chen et al. [20]. They observed the recrystallization and the segregation of Ag3Sn intermetallic compound particles in those regions. Scanning electron microscopy (SEM) and optical microscopy (OM) were utilized to observe the influence of mechanical and thermal loadings on SAC alloys by Matin et al. [21]. The study discovered voids and microcracks in the eutectic regions. Propagated damage caused by the grain boundaries of thermal loads was also noticed.



Hu et al. [22] studied the effect of thermal aging on the microstructure of SAC305 and its shear strength. However, the shape of the solder used was flat, not spherical. The flat shape does not the mimic ball-shaped solder joints used in real applications. Therefore, the shear strength, in particular, is far from the true application results. Power et al. [23] and Lall et al. [24] applied a thermal aging experiment for a long period of time, estimated in days, and examined the microstructure. Power et al. [23] applied thermal aging at 125 °C for 30 and 56 days, while Lall et al. [24] conducted a similar experiment but at a relatively low temperature of 100 °C for a longer period of 100 days. Long periods bring the material to a stable state in the microstructure, which does not show gradual variation during the thermal aging process. Al Athamneh [25] and Chowdhury et al. [26] studied the effect of heat aging on the fatigue life of SAC305. They designed fatigue cycling experiments for this purpose. Zhao et al. [27] applied thermal aging and then thermal cycling on the same samples, and they subsequently analyzed the microstructure. Hasnine et al. [28] investigated the effect of aging on the hardness of SAC305.



Although several researchers have investigated the microstructure of SAC305 after long-term thermal aging, the investigation of short-term thermal aging (less than 40 h) has not yet been covered. For example, the authors of [22] started to investigate the microstructure at 48 h. Furthermore, mechanical properties, such as stress–strain behavior, ultimate shear strength, and toughness (or energy expended), have not been addressed in previous research. Therefore, the research in this paper was designed to cover this unstudied area, as detailed in the next section.




2. Experimental Procedure


The experiment was conducted in three phases, sample preparation, thermal aging, and mechanical property quantification. The phases are explained in the three subsections below. In applications, shear stress may be applied to solder joints due to thermal expansion of the component connected to the solder joints.



2.1. Sample Preparation


In the present work, SAC305 solder alloys have been used as the test material. Solder balls 0.75 mm in diameter were placed directly onto 0.55 mm diameter copper pads on ideal printed circuit boards (PCB). Then, the boards were placed at a temperature of 245 °C for 45 s to remelt the balls, thus soldering the copper pads. Each test board contained 120 squares, each square was 10 mm × 10 mm in dimension, and each square included nine solder joints (spheres). The test board and solder joints are shown in Figure 1. Moreover, the cross-section of a solder joint is shown in Figure 2.




2.2. Thermal Aging


After 10 boards were prepared by soldering each copper pad with a solder sphere, the boards were ready for a thermal aging experiment. Two boards were left as they were, and eight were subjected to thermal aging for different aging times and at different aging temperatures, as explained in Table 1.




2.3. Shear Strength Test


Ball shear testing was utilized to perform the shear strength test. Although high shear strength alone is not sufficient to ensure the reasonable reliability of solder joints, low shear strength indicates weak solder joints. In our work, an Instron 5948 Micro-Mechanical testing system was used to perform shear strength tests on the aforementioned solder joints. The testing system had a customized fixture. Using a preloaded ball screw drive system, the system achieved an axial displacement resolution of 20 nm. The shear force was measured with a universal 50 N load cell. The shear testing process followed the JESD22-B117 standard for shear testing. The test schematic in shown in Figure 3. On the back side of the PCB, strong glue was applied evenly, and the PCB was glued to a metal workpiece. The shear direction was constantly applied from top to bottom until the solder joint was completely sheared off the Cu pad. According to previous studies, shear strength is affected by two parameters: shear stain rate and shear height. As a result, the shear strain rate and height were chosen to be 0.05 mm and 0.01 s−1, respectively. Furthermore, the test was applied to each solder joint at room temperature. The Instron system was used to draw the shear stress–shear strain curves for the specimens aged at 150 °C. The curves were analyzed to determine other mechanical properties. For specimens aged at 100 °C, the ultimate tensile strength was estimated. The peak value of the shear force divided by the cross-sectional area of the solder joint attachment to the pad was used to calculate the ultimate shear strength.





3. Result and Discussion


In this section, results are presented and discussed in terms of microstructure and mechanical properties.



3.1. Effect of Aging on Microstructure


In order to evaluate the thermal aging effects on microstructure, many scanning electronic microscope (SEM) images were taken. The images were organized, filtered, and analyzed. Figure 4 shows the microstructure of SAC305 as prepared, and it is clear that two phases existed, Ag3Sn and β-Sn. There were large spots of β-Sn phase that were completely free of the Ag3Sn. The approximate shape of each spot was oval, and their long diameters typically ranged from 10–20 µm. Because the solder joint shearing experience depends on the diffusion strength between the solder joint and the copper pad, it is important to study the microstructure of this region. Figure 5 shows the area where the joint connected between the copper pad and SAC 305 solder. In this figure, two layers of Cu6Sn5 and Cu3Sn are shown formed over the copper pad. Cu6Sn5 and Cu3Sn are intermetallic compounds (IMCs). After applying thermal aging at a temperature of 150 °C for a period of 100 h, many changes were observed. Figure 6 shows that Ag3Sn was more distributed, and the regular oval spots almost disappeared. However, small regions of β-Sn can still be observed. In Figure 7, more Cu6Sn5 developed and grew to form a large layer adjacent to the copper pad. As the thermal aging duration increased to 1000 h, the previous differences continued to expand. Ag3Sn was further distributed, as shown in Figure 8. Furthermore, the layer of Cu6Sn5 grew additionally, as shown in Figure 9. An interphase crack could form due to material shrinkage during solidification, as shown in Figure 7. Moreover, cracks could form on the phases formed on the surface for the same reason, as shown in Figure 9. Figure 10 shows the energy-dispersive X-ray spectroscopy analysis of the SAC305/copper interface



The IMC thickness was measured after 0, 100, and 1000 h of thermal aging at 150 °C, as shown in Table 2. A thickness of 2 μm was observed without any exposure to thermal aging. This was due to the interaction between copper and molten SAC305. However, the thickness increased with the application of thermal aging, reaching about 6 μm with low variance as shown by images analysis. At 1000 h of aging, the variance in the IMC became really large, and the thickness varied from 6 to 10 μm. Generally, IMC seemingly grows according to a parabolic law. This result was confirmed by a previous study [22]. Although the study in [22] was conducted on a different solder geometry, flat solder on a copper pad, the results are close to those we obtained.




3.2. Effect of Thermal Aging on the Mechanical Properties of SAC 305


As mentioned above, five out of 10 boards were subjected to thermal aging at 150 °C for 0, 2, 10, 100, and 1000 h to help evaluate the mechanical properties of SAC 305 after thermal aging. A shear stress–shear stain diagram was constructed, as shown in Figure 11. In order to minimize error, 10 random solder joints from each board were tested, and the average curve was constructed. The first look at this figure provides a few observations: (1) ultimate shear strength declined with thermal aging, (2) the modulus of elasticity decreased with thermal aging, as shown in Table 3, and (3) toughness decreased with aging. After an analysis of this curve for different aging times, three mechanical properties were extracted, as shown in Table 4: the ultimate shear strength (USS), the total energy exerted to shear off the solder joint, and the ultimate energy to shear off the solder joint.



Shear stress expresses the force applied to the cross-sectional area of the material, which is parallel to the force applied to the element; shear stress differs from normal stress. It is possible to imagine the effect of shear stress on different materials, such as a saw that cuts a piece of iron. In the current case, the shear stress was applied to a solder joint. Ultimate shear strength is the maximum force divided by the cross-sectional area required to perform the shearing of the solder joint. With longer thermal aging, USS decreases. In order to assess the percentage decrease in USS with increased thermal aging, the drop percentage was calculated by dividing the difference between the current USS and original USS (i.e., 48.58 MPa) by the original USS. The drop was rapid initially and then tapered off. For example, the USS at an aging time of 10 h was 47.24 MPa, down from 48.58 MPa at an aging time of 0 h. This drop is equivalent to 1.34 MPa. However, the decrease in USS between aging times of 100 h and 10 h was 1.13 MPa (i.e., USS of 46 MPa at an aging time of 100 h subtracted from USS of 47.24 MPa at an aging time of 10 h). In other words, the USS decrease between the aging times of 10 and 100 was less than the USS decrease between the aging times of 0 and 10. The same phenomenon can be observed if we take the aging times of 0, 100, and 1000 h and make the same comparison. The USS decrease between the aging times of 100 and 1000 was less than the USS decrease between the aging times of 0 and 100. The drop percentage in USS is presented in column 5 of Table 4. The reflow temperature and time during ball preparation affect the USS, especially if no aging occurs. For example, we applied the reflow process at 245 °C for 45 s, while ref. [22] applied the reflow process at 250 °C for 1 min, and they obtained slightly lower results ours.



The ability to absorb energy without shearing a solder joint under the application of shear stress is called shear toughness. The shear toughness can be derived from the shear stress curve, specifically the area under the curve. The toughness obviously decreased with aging time. Considering the known volume of a solder joint, the total energy (TE) exerted to shear off the solder joint is presented in the third column of Table 4. A very sharp drop in TE was noted in the first 2 h of thermal aging; then, the drop became very slow. The sixth column of Table 4 represents the percentage drop in TE.



Table 1 shows the extracted parameters, namely, the ultimate shear strength, total energy exerted to shear off the solder joint, ultimate energy to shear off the solder joint, percentage change in ultimate shear strength with aging hours, percentage change in total energy required to shear off the solder joint, and percentage change in ultimate shear strength to shear off the solder joint. The last mechanical property is the ultimate energy (UE) required to shear off the solder joint, as presented in the second column of Table 4. This is the amount of energy required to reach USS and then make the failure (i.e., shearing the solder joint) possible. On the stress–shear stain curve, the UE is the area under the curve until the USS point multiplied by the volume of the solder joint. The UE decreases from the beginning of the aging time to a point of inflection, where it begins to increase. The maximum observed UE was 30.97 µJ at an aging time of 10 h. The exact aging time was not estimated at the point of inflection, but it should be between 2 to 100 h. However, approximating this value requires a great deal of effort. It is expected that the reason for the increase and then decrease in UE is that the strain at USS decreased and then increased with aging time. The percentage drop in UE is presented in the seventh column of Table 4. The negative sign means that UE was greater than it was initially.



For the boards aged at 100 °C, USS was estimated for 10 solder joints, and the average was considered. Figure 12 shows the effect of aging temperature on USS. It is clear that the drop in USS was higher at higher temperatures.





4. Conclusions


The impact of thermal aging time and temperature on the microstructure and mechanical properties of 96.5Sn–3.0Ag–0.5Cu (SAC305) was investigated. After experimenting, several notes and conclusions could be extracted. Two phases, Ag3Sn and β-Sn inside the lattice, and a third phase, Cu6Sn5 over the copper pad, were formed as SAC305 was produced. With thermal aging, the Ag3Sn phase was more distributed, and the Cu6Sn5 phase formed a thicker layer over the copper pad. Ultimate shear strength declined with thermal aging, the modulus of elasticity increased with thermal aging, and toughness decreased with aging. Furthermore, USS decreased with aging time. However, the decrease was rapid at the beginning and then slowed down. Total energy decreased with aging time. However, a very sharp drop in TE was noted in the first 2 h of thermal aging; then, the drop became very slow. Ultimate energy decreased from the beginning of the aging time to the point of inflection, where it began to increase. Lastly, the drop in USS was clearly higher at higher temperatures.







Author Contributions


Contribute to Methodology and Writing—original draft: K.H.; Contribute to Methodology and Writing—original draft: M.M.H.; Conceptualization, Writing—review & editing: S.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bani Hani, D.; Al-Athamneh, R.; Aljarrah, M.; Hamasha, S. Shear strength degradation modeling of lead-free solder joints at different isothermal aging conditions. J. Microelectron. Electron. Packag. 2021, 18, 137–144. [Google Scholar] [CrossRef]

	



Kim, D.W.; Kong, M.; Jeong, U. Interface design for stretchable electronic devices. Adv. Sci. 2021, 8, 2004170. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Wang, Z.; Li, X.; Hu, X.; Lei, M. Growth behavior of IMCs layer of the Sn–35Bi–1Ag on Cu, Ni–P/Cu and Ni–Co–P/Cu substrates during aging. J. Mater. Sci. Mater. Electron. 2019, 30, 1519–1530. [Google Scholar] [CrossRef]

	



Ma, H.; Suhling, J.C. A review of mechanical properties of lead-free solders for electronic packaging. J. Mater. Sci. 2009, 44, 1141–1158. [Google Scholar] [CrossRef]

	



Akkara, F.J.; Zhao, C.; Athamenh, R.; Su, S.; Abueed, M.; Hamasha, S.; Suhling, J.; Lall, P. Effect of solder sphere alloys and surface finishes on the reliability of lead-free solder joints in accelerated thermal cycling. In Proceedings of the 2018 17th IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), San Diego, CA, USA, 29 May–1 June 2018; pp. 1374–1380. [Google Scholar]

	



Fu, N.; Ahmed, S.; Suhling, J.C.; Lall, P. Visualization of microstructural evolution in lead free solders during isothermal aging using time-lapse imagery. In Proceedings of the 67th Electronic Components and Technology Conference, Orlando, FL, USA, 30 May–2 June 2017; pp. 429–440. [Google Scholar]

	



Zhang, L.; Han, J.G.; He, C.W.; Guo, Y.H. Reliability behavior of lead-free solder joints in electronic components. J. Mater. Sci. 2013, 24, 172–190. [Google Scholar] [CrossRef]

	



Lee, H.; Kim, C.; Heo, C.; Kim, C.; Lee, J.H.; Kim, Y. Effect of solder resist dissolution on the joint reliability of ENIG surface and Sn-Ag-Cu solder. Microelectron. Reliab. 2018, 87, 75–80. [Google Scholar] [CrossRef]

	



Zhu, Y.; Li, X.; Gao, R.; Wang, C. Effect of hold time on the mechanical fatigue failure behavior of lead-free solder joint under high temperature. J. Mater. Sci. 2014, 25, 3863–3869. [Google Scholar] [CrossRef]

	



Ding, Y.; Tian, R.; Wang, X.; Hang, C.; Yu, F.; Zhou, L.; Meng, X.; Tian, Y. Coupling effects of mechanical vibrations and thermal cycling on reliability of CCGA solder joints. Microelectron. Reliab. 2015, 55, 2396–2402. [Google Scholar] [CrossRef]

	



Tu, K.N.; Liu, Y. Recent advances on kinetic analysis of solder joint reactions in 3D IC packaging technology. Mater. Sci. Eng. R Rep. 2019, 136, 1–12. [Google Scholar] [CrossRef]

	



Zuo, Y.; Bieler, T.R.; Zhou, Q.; Ma, L.; Guo, F. Electromigration and thermomechanical fatigue behavior of Sn0.3Ag0.7Cu solder joints. J. Electron. Mater. 2018, 47, 1881–1895. [Google Scholar] [CrossRef]

	



Liu, M.L.; Ahmad, A.M. Interfacial reaction of Sn-Ag-Cu lead-free solder alloy on Cu: A review. Adv. Mater. Sci. Eng. 2013, 2013, 123697. [Google Scholar] [CrossRef]

	



Li, S.; Liu, Y.; Zhang, H.; Cai, H.; Sun, F.; Zhang, G. Microstructure and hardness of SAC305 and SAC305-0.3 Ni solder on Cu, high temperature treated Cu, and graphene-coated Cu substrates. Results Phys. 2018, 11, 617–622. [Google Scholar] [CrossRef]

	



Li, X.; Li, F.; Guo, F.; Shi, Y. Effect of isothermal aging and thermal cycling on interfacial IMC growth and fracture behavior of SnAgCu/Cu Joints. J. Electron. Mater. 2010, 40, 51–56. [Google Scholar] [CrossRef]

	



Ahmed, S.; Hasnine, M.; Suhling, J.C.; Lall, P. Mechanical characterization of SAC solder joints at high temperature using nanoindentation. In Proceedings of the 67th IEEE Electronic Components and Technology Conference, Orlando, FL, USA, 30 May–2 June 2017; pp. 1128–1135. [Google Scholar]

	



Lee, C.B.; Jung, S.B.; Shin, Y.E.; Chang, C.C. Effect of isothermal aging on ball shear strength in BGA joints with Sn-3.5Ag-0.75Cu solder. Mater. Trans. 2002, 43, 1858–1863. [Google Scholar] [CrossRef]

	



Zhang, J.; Hai, Z.; Thirugnanasambandam, S.; Evans, J.L.; Bozack, M.J.; Sesek, R.; Zhang, Y.; Suhling, J.C. Correlation of aging effects on creep rate and reliability in lead free solder joints. SMTA J. 2012, 25, 19–28. [Google Scholar]

	



Lall, P.; Shantaram, S.; Suhling, J.; Locker, D. Effect of aging on the high strain rate mechanical properties of SAC105 and SAC305 leadfree alloys. In Proceedings of the 63rd IEEE Electronic Components and Technology Conference, Las Vegas, NV, USA, 28–31 May 2013; pp. 1277–1293. [Google Scholar]

	



Chen, H.; Han, J.; Li, J.; Li, M. Inhomogeneous deformation and microstructure evolution of Sn-Ag-based solder interconnects during thermal cycling and shear testing. Microelectron. Reliab. 2012, 52, 1112–1120. [Google Scholar] [CrossRef]

	



Matin, M.A.; Vellinga, W.P.; Geers, M.G.D. Microstructure evolution in a Pb-free solder alloy during mechanical fatigue. Mater. Sci. Eng. A 2006, 431, 166–174. [Google Scholar] [CrossRef]

	



Hu, X.; Xu, T.; Keer, L.M.; Li, Y.; Jiang, X. Microstructure evolution and shear fracture behavior of aged Sn3Ag0.5Cu/Cu solder joints. Mater. Sci. Eng. A 2016, 673, 167–177. [Google Scholar] [CrossRef]

	



Powers, M.; Pan, J.; Silk, J.; Hyland, P. Effect of gold content on the microstructural evolution of SAC305 solder joints under isothermal aging. J. Electron. Mater. 2012, 41, 224–231. [Google Scholar] [CrossRef]

	



Lall, P.; Mehta, V.; Suhling, J.; Blecker, K. Effect of 100 °C Aging for Periods of up to 120-days on High Strain Rate Properties of SAC305 Alloys. In Proceedings of the 2020 19th IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), Orlando, FL, USA, 21–23 July 2020; pp. 1051–1064. [Google Scholar]

	



Al Athamneh, R. Fatigue behavior of SAC-Bi and SAC305 solder joints with aging. IEEE Trans. Compon. Packag. Manuf. Technol. 2019, 10, 611–620. [Google Scholar] [CrossRef]

	



Chowdhury, M.M.R.; Hoque, M.A.; Suhling, J.C.; Lall, P. Effects of Aging on the Damage Accumulation in SAC305 Lead Free Solders Subjected to Cyclic Loading. In Proceedings of the 2019 18th IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), Las Vegas, NV, USA, 28–31 May 2019; pp. 724–733. [Google Scholar]

	



Zhao, C.; Shen, C.; Hai, Z.; Zhang, J.; Bozack, M.J.; Evans, J.L. Long term aging effects on the reliability of lead free solder joints in ball grid array packages with various pitch sizes and ball alignments. In Proceedings of the 2015 SMTA International, Rosemont, IL, USA, 27 September–1 October 2015. [Google Scholar]

	



Hasnine, M.; Suhling, J.C.; Bozack, M.J. Effects of high temperature aging on the microstructural evolution and mechanical behavior of SAC305 solder joints using synchrotron X-ray microdiffraction and nanoindentation. J. Mater. Sci. Mater. Electron. 2017, 28, 13496–13506. [Google Scholar] [CrossRef]








[image: Materials 15 02816 g001 550] 





Figure 1. Test vehicle design. 
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Figure 2. Cross-section of a solder joint after soldering to a copper plate. 
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Figure 3. Shear testing schematic. 
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Figure 4. Microstructure of SAC305 as prepared (no aging). 
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Figure 5. Microstructure of SAC305 fused to a copper pad as prepared (no aging). 
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Figure 6. Microstructure of SAC305 thermally aged at 150 °C for 100 h. 
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Figure 7. Microstructure of SAC305 fused to a copper pad then thermally aged at 150 °C for 100 h. 
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Figure 8. Microstructure of SAC305 thermally aged at 150 °C for 1000 h. 






Figure 8. Microstructure of SAC305 thermally aged at 150 °C for 1000 h.



[image: Materials 15 02816 g008]







[image: Materials 15 02816 g009 550] 





Figure 9. Microstructure of SAC305 fused to a copper pad and then thermally aged at 150 °C for 1000 h. 
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Figure 10. EDAX analysis at select locations on the SAC305/copper interface. 
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Figure 11. Shear stress–shear strain diagram for samples thermally aged at 150 °C. 
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Figure 12. Comparison of USS thermally aged at 100 and 150 °C. 
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Table 1. Combinations of thermal aging time and temperature.
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	0 h
	2 h
	10 h
	100 h
	1000 h





	150 °C
	1 board
	1 board
	1 board
	1 board
	1 board



	100 °C
	1 board
	1 board
	1 board
	1 board
	1 board
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Table 2. IMC thickness at various thermal aging temperatures.
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	Thickness (µm)
	Aging Time (h)





	2
	0



	6
	100



	6–10
	1000
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Table 3. Modules of elasticity vs. thermal aging time.
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	Modulus of Elasticity (MPa)
	Aging Time





	476
	0



	309
	100



	278
	1000
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Table 4. Extracted mechanical properties of aged and nonaged SAC 305.
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	Aging Time
	USS (MPa)
	Total Energy (µJ)
	Ultimate Energy
	Drop % USS
	Increasing % TE
	Increasing % UE





	(h)
	
	
	(µJ)
	
	
	



	0
	48.58
	39.5
	23.49
	-
	-
	-



	2
	48.4
	53.25
	27.44
	0.38%
	41.65%
	16.86%



	10
	47.24
	55.92
	30.97
	2.75%
	41.57%
	31.86%



	100
	46.34
	56.87
	28.68
	4.60%
	44.00%
	22.10%



	1000
	44.2
	58.37
	22.79
	9.01%
	47.78%
	−2.97%
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