

  metals-09-00791




metals-09-00791







Metals 2019, 9(7), 791; doi:10.3390/met9070791




Article



Comprehensive Properties of a Novel Quaternary Sn-Bi-Sb-Ag Solder: Wettability, Interfacial Structure and Mechanical Properties



Kaipeng Wang, Fengjiang Wang *[image: Orcid], Ying Huang and Kai Qi





School of Materials Science and Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, China









*



Correspondence: fjwang@just.edu.cn; Tel.: +86-511-8440-1184







Received: 25 June 2019 / Accepted: 15 July 2019 / Published: 17 July 2019



Abstract

:

Sn-58Bi eutectic solder is the most recommended low temperature Pb-free solder but is also limited from the interfacial embrittlement of Bi segregation. Since the quaternary Sn-38Bi-1.5Sb-0.7Ag solder provides a similar melting point as Sn-58Bi eutectic, this paper systematically investigated the properties of this solder from wettability, bulk tensile properties, interfacial microstructure in solder joints with a Cu substrate, interfacial evolution in joints during isothermal aging and the shear strength on ball solder joints with effect of aging conditions. The results were also compared with Sn-58Bi solder. The wettability of solder alloys was evaluated with wetting balance testing, and the quaternary Sn-38Bi-1.5Sb-0.7Ag solder had a better wettability than Sn-58Bi solder on the wetting time. Tensile tests on bulk solder alloys indicated that the quaternary Sn-38Bi-1.5Sb-0.7Ag solder had a higher tensile strength and similar elongation compared with Sn-58Bi solder due to the finely distributed SnSb and Ag3Sn intermetallics in the solder matrix. The tensile strength of solder decreased with a decrease in the strain rate and with an increase in temperature, while the elongation of solder was independent of the temperature and strain rate. When soldering with a Cu substrate, a thin Cu6Sn5 intermetallic compound (IMC) is produced at the interface in the solder joint. Measurement on IMC thickness showed that the quaternary Sn-38Bi-1.5Sb-0.7Ag had a lower IMC growth rate during the following isothermal aging. Ball shear test on solder joints illustrated that the quaternary Sn-38Bi-1.5Sb-0.7Ag solder joints had higher shear strength than Sn-58Bi solder joints. Compared with the serious deterioration on shear strength of Sn-58Bi joints from isothermal aging, the quaternary Sn-38Bi-1.5Sb-0.7Ag solder joints presented a superior high temperature stability. Therefore, the quaternary Sn-38Bi-1.5Sb-0.7Ag solder provides better performances and the possibility to replace Sn-58Bi solder to realize low temperature soldering.
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1. Introduction


The increasing functionality and trend towards miniaturization of personal electronic devices has driven the need for smaller and thinner components, which inversely exerts a considerable challenge to the electronic assembly industry. To realize the assembling between components and the printed circuit board (PCB), Sn-based solder is the most used interconnected material. In recent years, with the implementation of RoHS (Restriction of Hazardous Substances) legislation, Sn-based Pb-free solder has gradually replaced the traditional Sn-Pb solder. Among all the developed Pb-free solders, Sn-Ag-Cu series have the most application because they provide superior mechanical performances, wettability and reliability [1,2]. However, the higher temperature required for Sn-Ag-Cu Pb-free assembling, usually above 245 °C, promotes thermal warpage on a PCB and thinner components [3]. Therefore, the development of low temperature solder provides a lower processing temperature, and therefore reduces the thermal damage caused from using high-temperature solders. Currently, the developed low-temperature solders are mainly selected from the Sn-Bi, Sn-In or Sn-Zn series [4]; but Sn-Bi solder provides the most potential due to its low cost and better comprehensive properties [5].



The Sn-Bi binary solder system can reach the low eutectic temperature at 138 °C with a composition of Sn-58Bi, which provides the ideal processing temperature. However, there still exists some serious concerns on the application of Sn-58Bi eutectic solder, such as the interfacial embrittlement in solder joints [6,7,8,9], poorer drop reliability [10], the deterioration on joint strength after aging service [11], etc. All these problems are mainly attributed to the inherent embrittlement of Bi atoms. To improve the properties of Sn-Bi solder, many researchers have tried to decrease Bi content or incorporate additional alloying elements. In the case of decreasing Bi content in Sn-Bi solder, Shen et al. [12,13,14] investigated the creep and tensile properties of Sn-Bi solder with different Bi content and the interfacial reactions between solder and Cu. One of the most promising Sn-Bi solder with low Bi content is Sn-35Bi-1Ag alloy because it possesses a comparable melting point as Sn-Pb eutectic solder. The microstructure and tensile properties of solder, wetting kinetics of solder on Cu, interfacial reaction in solder joints and thermal cycling reliability were then studied [15,16,17,18]. However, Sn-35Bi-1Ag solder still exhibited lower tensile and ductility [19].



On the other hand, to improve the properties of Sn-Bi solder, many researchers tried to incorporate the alloying elements into Sn-58Bi eutectic solder. Mokhtari and Nishikawa [20] found that trace additions of Ni or In was helpful in improving the shear properties of Sn-58Bi solder joints. Sakuyama et al. [21] compared the effect of a minor addition of Ag, Cu, Zn and Sb into Sn-58Bi solder, and the results showed that the addition of Sb had the best effect on microstructural refinement and improved ductility of solder. Zhang et al. [22] recommended that the optimum content of Sb addition into Sn-Bi solder was 1.5–2.0 wt.%. Based on the Sn-Bi-Ag ternary system [23], Yan et al. [24] developed a quaternary Sn-38Bi-0.7Ag-xSb (x = 0.5–2.5) system with the melting point ranging from 143 °C to 147 °C, and also recommended the solder with a 1.5Sb addition. Therefore, it seems the quaternary Sn-38Bi-1.5Sb-0.7Ag solder provides a lower melting temperature similar to Sn-58Bi solder while lower Bi content than Sn-58Bi solder, which inversely decreases the potentiality to produce interfacial embrittlement. However, there were less studies on this quaternary Sn-38Bi-1.5Sb-0.7Ag solder alloy. In this paper, we systematically investigated the properties of this quaternary solder from the wetting, bulk solder strength, growth behavior of intermetallic compounds (IMCs) in solder joints and shear strength of ball solder joints. To explore its potential application to replace Sn-58Bi solder, the results were also compared with Sn-58Bi eutectic solder.




2. Materials and Methods


Commercial Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder alloys were used in this paper. The wettability, microstructure and tensile testing were evaluated on the solder alloys.



Solder joints were prepared by reflowing solder balls on a PCB. The used PCB substrate was a FR-4 with underlying Cu pads. The thickness of the PCB, solder mask and underlying Cu pads was 1.6 mm, 35 μm and 20 μm, respectively. Cu pads on the PCB were defined through circular openings with diameter of 0.6 mm. Solder balls with a diameter of 0.7 mm were manufactured from bulk solder alloys. The solder balls covered with flux were then soldered on the PCB board with a peak temperature of 180 °C and a time of about 60 s. To investigate the effect of isothermal aging, ball solder joints were then aged at the temperature of 125 °C with aging times for 10, 20, 30 and 40 days, respectively. The interfacial structure and shear strength of the ball solder joints were studied.



Wettability—The wettability of solder was evaluated by the wetting balance test with standard of IPC-TM-650. A Cu sheet covered with soldering flux was dipped into the molten solder. The wetting balance curve on the relationship between the wetting force and dipped time was automatically recorded during the operation. Afterwards, zero crossing time and maximum wetting force were calculated from the wetting curve. Commonly, a shorter time or greater force represents a better wettability for solder. The detailed testing procedure can be referenced from [25,26]. The effect of different solder temperatures and type of soldering flux was considered in this paper. The solder temperatures were set at 160, 180 and 200 °C, respectively. Two different types of soldering fluxes, commercial halide-free alcohol-based rosin-free type (IF2005C, Interflux® Electronics NV, Gent, Belgium) and water-based VOC-free (Volatile Organic Compounds) type (PacIFic 2009MLF, Interflux® Electronics NV, Gent, Belgium) were used.



Bulk tensile properties—Solder was re-melted and casted with a graphite crucible mold. To study the tensile properties of bulk solder, a dumbbell shape specimen with a gauge length of 6 mm, width of 2 mm and thickness of 2 mm was used. The test temperature ranged from 25–85 °C and the loading rate ranged from 20–60 mm/min.



Interfacial observation in solder joints—The ball solder joint was cross-sectioned and polished to a 0.05 μm surface finish with colloidal silica solution. The interfacial structure in solder joint was then observed with scanning electron microscopy (SEM) (JSM-6480, JEOL, Tokyo, Japan), and the phase composition was detected with energy dispersive spectrometer (EDS) (JEOL, Tokyo, Japan). The thickness of IMC layer was calculated from SEM images.



Shear strength on solder joints—Ball shear test was performed on the solder joint with standard of JEDEC (Solid State Technology Association) JESD22-B117A-2006. It was finished at a crosshead speed of 0.1 mm/s and a shear height of 20 μm. For each condition, the shear force was averaged from tests on 20 solder balls. The fracture morphology was observed using SEM, and the elemental analysis was performed using EDS.




3. Results and Discussion


3.1. Wettability


Wettability is very important for a solder alloy because it will influence the solderability between solder and PCB or electronic components. The most used method to evaluate the wettability of solder is the wetting balance test. During the test, a Cu plate is vertically dipped with the proper speed and depth into solder remaining at a constant temperature, and the wetting force contributes from the interaction between the surface tension and buoyancy [27]. Figure 1 shows the typical wetting curve from the wetting balance test reflecting the wetting force as a function of the immersed time.



During the wetting process, the wetting balance is commonly dominated by the surface tensions among the flux, molten solder and Cu sheet with the Young–Dupre equation [28]:


cosθ=(γSF−γSL)/γLF



(1)




where θ is the instantaneous contact angle, γLF, γSF and γSL are the surface tensions between flux and liquid solder, between solid Cu and flux and between solid Cu and liquid solder, respectively. Moreover, the wetting force (F) during wetting balance test is expressed as follows [28]:


F=γLF×cosθ×L−ρVg



(2)




where L is the liquid meniscus perimeter around the immersed Cu sheet, ρ is the density of molten solder, V is the volume of the immersed Cu sheet in molten solder, and g is the acceleration of gravity. The two terms in Equation (2) represent the meniscus force and buoyancy force, respectively.



There are two important parameters to evaluate the wettability of solder: wetting start time and maximum wetting force. The wetting start time is also named as zero cross time which is defined by the period for the measured wetting force to be returned to a zero value. It reflects the time from non-wetting to wetting of molten solder on Cu under the effect of soldering flux. While, the maximum wetting force is produced when the immersion depth of the Cu sheet is stabilized in molten solder and the meniscus force reaches the maximum. Commonly, the shorter the wetting start time or the higher the maximum wetting force, the higher wettability of solder.



The wetting start time and maximum wetting force are plotted in Figure 2, in which SBSA and SB represent Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder, respectively. Three temperatures of 160, 180 and 200 °C were selected to study the effect of solder temperature, and the halide-free alcohol-based flux and water-based flux were used to investigate the effect of the type of soldering flux. In Figure 2a, it can be found there is a shorter wetting time for Sn-38Bi-1.5Sb-0.7Ag solder compared with Sn-58Bi solder, which is independent of the soldering flux and solder temperature. Moreover, with solder temperature increasing, the wetting time decreases for these two solders. In the case of the effect of type of soldering flux, it can be found that alcohol-based flux presents a far shorter time during the wetting test. Regarding the wetting force, Sn-38Bi-1.5Sb-0.7Ag solder is a little higher than Sn-58Bi solder, while the solder temperature and soldering flux have no obvious effect on the force, as shown in Figure 2b.



Therefore, Sn-38Bi-1.5Sb-0.7Ag solder presents better wettability from the wetting time and wetting force than Sn-58Bi solder, which may be attributed to the lower Bi content and Ag addition because the Bi element was more inclined to oxidize while Ag proved to be helpful in increasing the wettability of solder [26,27]. The variation of solder temperature or soldering flux will be helpful in deciding the optimal parameters for soldering. In this paper, the elevated temperature promoted the wettability of solder especially from the wetting time because it helped to decrease the surface tension of molten solder and improve the deoxidized capability of soldering flux. Soldering flux also has an obvious effect on the wettability of solder, and the results in Figure 2 show that alcohol-based flux presented a very good wetting time compared with water-based rosin-free flux for Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solders. The activators in the flux were dissolved easier in the alcohol solvent than in the water, and the evaporation rate of the alcohol solvent was also higher than that of water. Correspondingly, the reaction between acid activators in the alcohol-based flux and oxide film of solder or Cu occurred in a shorter period, which induced a better wetting start time.




3.2. Interfacial Evolution in Solder Joints


During soldering condition, solder alloy will react with the metallic pad in the PCB to produce an IMC layer at the interface, which ensures the metallurgical bonding in solder joints. Afterwards, its thickness will increase with the aging condition, which will deteriorate the reliability of solder joints. Therefore, it is necessary to investigate the formation and evolution of interfacial IMC layers in Sn-38Bi-1.5Sb-0.7Ag solder joints. In this paper, the metallic pad in the PCB is the most commonly used Cu pad.



Figure 3 shows the macroscopic microstructure of the ball solder joint and magnified interfacial structure in the joint for Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solders. The dark region is Sn-rich phases and the white region is Bi phases. In Sn-38Bi-1.5Sb-0.7Ag solder joint, large amounts of primary Sn-rich phases were produced, while Bi elements accumulated together to produce coarsened phases, as shown in Figure 3a. To obtain the distribution of Sb and Ag addition in solder, EDS was detected with the results shown in Figure 3c. Ag reacted with Sn to produce Ag3Sn IMC particles, which were distributed in the solder matrix. According to the Sn-Sb phase diagram, Sb reacts with Sn to produce SnSb intermediate phases, which was also confirmed with the Sn-Bi-Sb system by Zhang et al. [22]. In this paper, Sb element was detected in primary Sn-rich phases from the EDS result, and therefore, SnSb phases possibly existed with Sn-rich phases. At the interface of the Sn-38Bi-1.5Sb-0.7Ag solder joint, a thin IMC layer with a thickness of about 1–2 μm was produced between solder and Cu pad, and its composition is confirmed as Cu6Sn5 phase in Figure 3c. Cu6Sn5 IMC was obtained from the reaction between Sn atoms from solder and Cu atoms from substrate, and it seems that Sb and Ag did not enroll in this reaction. In Sn-58Bi solder joints, as seen from Figure 3b, the microstructure of solder matrix belongs to a typical eutectic structure which is composed of Sn-rich and Bi phases with fine distribution. They also produced a thin IMC layer at the interface with a thickness of about 1 μm. Its composition is also Cu6Sn5 from our previous result on X-ray diffraction (XRD) analysis [9].



Figure 4 shows the effect of isothermal aging on the solder joints at aging temperature of 125 °C with aging time ranging from 10 to 40 days. In Sn-58Bi solder joints, as shown in Figure 4b, with a prolonged aging time, the macroscopic observation shows that Sn-rich and Bi phases obviously coarsened, and interfacial evolution shows that the Cu6Sn5 IMC layer grew rapidly as the thickness increased from the initial 1 μm in soldering condition to about 9 μm after 40 days of aging. However, in Sn-38Bi-1.5Sb-0.7Ag ball solder joints shown in Figure 4a, high temperature aging promoted the uniform distribution of Sn-rich and Bi phases in the solder matrix but did not induce the obvious coarsening on them. The thickness of the IMC layer at the interface of Sn-38Bi-1.5Sb-0.7Ag/Cu also increased with thermal aging. However, after 40 days aging, the thickness of the IMC layer was about 7 μm, which was thinner than that in Sn-58Bi solder joint. Therefore, in contrast to Sn-58Bi solder joint, Sn-38Bi-1.5Sb-0.7Ag solder alloy could form stable grains in solder joint and effectively retard the interfacial IMC growth during isothermal aging.



It is well known that the growth of an IMC layer at the interface induced from aging usually follows the parabolic law equation:


d=Kt



(3)




where d is the IMC thickness, K is the growth rate constant and t is the aging time. Therefore, the relationship between IMC thickness and square root of aging days in Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder joints is plotted in Figure 5, which suggests that the growth of the IMC layer at the interface was diffusion-controlled during isothermal aging. Meanwhile, Sn-38Bi-1.5Sb-0.7Ag solder joint presented a lower growth rate for interfacial IMC compared with Sn-58Bi solder joint. The depressing effect of Ag and Sb addition on IMC growth might be explained by the heterogeneous nucleation theory because Ag or Sb was easier to react with Sn to produce Ag3Sn or SnSb particles due to their higher affinity to Sn, which became the heterogeneous nucleation sites of Cu6Sn5 IMC and inhibited the IMC growth [29].




3.3. Tensile Properties of Bulk Solder Alloy


Tensile testing was implemented on bulk solder alloy to decide the mechanical properties of Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi eutectic solders, and the resulting tensile strength and elongation with consideration of the loading rate and the ambient temperature are plotted in Figure 6. Regarding tensile strength, as shown in Figure 6a, Sn-38Bi-1.5Sb-0.7Ag solder always presents a higher strength than Sn-58Bi eutectic solder independent of temperature and loading rate. An increase in temperature can obviously decrease the tensile strength of solder, but an increase of the loading rate plays an ignorable effect on tensile strength. Regarding elongation of Sn-38Bi-1.5Sb-0.7Ag solder, as shown in Figure 6b, it increases with the temperature at the lower loading rate or increases with the loading rate at a lower temperature. Compared with Sn-Ag-Cu solder, this novel quaternary solder also presents a superior mechanical performance because it shows a similar elongation and a higher tensile strength [30]. However, for Sn-58Bi solder, elongation was not affected by the loading rate but increased with the temperature; particularly the elongation of Sn-58Bi reached about 150% when the temperature reached 85 °C. Figure 7 shows the corresponding relationship between the tensile curves and fracture morphologies for Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solders tested at the loading rate of 20 mm/min. At room temperature, the tensile curves presented typical brittle characteristics without obvious plastic deformation, and the intergranular fractures were observed in the fracture morphologies. With an increase in temperature, plastic deformation occurred in the tensile curves for Sn-38Bi-1.5Sb-0.7Ag solder at 55 °C and 85 °C and for Sn-58Bi solder at 85 °C. Accordingly, many dimples were observed in these fractures, which represent the ductile fractures.



The microstructure of Sn-38Bi-1.5Sb-0.7Ag solder was mainly composed of β-Sn and Bi-rich phases with uniformly distributed Ag3Sn and SnSb intermediate phases which improved the mechanical properties of solder. Furthermore, it is well known that Bi possesses the superplastic effect [31], and therefore Sn-58Bi solder shows a superior elongation value at the temperature of 85 °C due to its higher Bi content in solder.




3.4. Mechanical Properties of Solder Joints


Mechanical properties of solder joints were evaluated with the ball shear test. Figure 8a shows an example of shear curves for Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder joints with soldering condition and 40 days aging condition, respectively. From the shear curves, we can obtain the maximum shear force, fracture initiation energy and fracture propagation energy. The transition point from initial energy to propagation energy was decided by the maximum strength [32]. Comparison on the shear force between Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder joints after aging is plotted in Figure 8b. During soldering condition, the Sn-38Bi-1.5Sb-0.7Ag solder joint had the average shear strength of approximately 19.5 N, which was higher than Sn-58Bi as-soldered joint. After 40 days aging, the average shear strength of Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder joints was about 20 N and 15 N, respectively. Therefore, annealing at a higher temperature would not affect Sn-38Bi-1.5Sb-0.7Ag solder joint, but obviously deteriorated the mechanical performance of Sn-58Bi solder joint. Figure 8c shows the total shear energy, fracture initiation energy and fracture propagation energy of the solder joint samples at 0, 10, 20, 30 and 40 days of aging. Total shear energy was defined as the combination of fracture initiation and fracture propagation energy. Sn-38Bi-1.5Sb-0.7Ag resulted in a higher shear energy value compared to Sn-58Bi. It was observed that with an increased aging time, the total shear energy of Sn-38Bi-1.5Sb-0.7Ag joint increased firstly and then decreased, while Sn-58Bi joint always displayed a decrease in shear energy value after aging. On the other hand, by distinguishing the fracture initiation and propagation energy, the relative energy required for a solder joint fracture to initiate and propagate could be determined. As shown in Figure 8c, fracture initiation energy of solder joints had a similar trend to the total shear energy. For Sn-38Bi-1.5Sb-0.7Ag as-soldered joint, approximately 2.00 mJ is required to initiate a solder joint fracture. It increases after aging time of 20 days to approximately 2.34 mJ, and then decreases after aging time of 40 days to approximately 2.05 mJ. From the fracture propagation energy, Sn-58Bi as-soldered joint resulted in a higher value compared to Sn-38Bi-1.5Sb-0.7Ag solder joints, but no obvious change in fracture propagation energy in Sn-58Bi solder joints after aging occurred. However, for Sn-38Bi-1.5Sb-0.7Ag, fracture propagation energy of solder joints had a similar trend to the total fracture initiation energy.



In fact, the shear energy also reflects the ductile or brittle facture during ball shear tests, which is related with the strength of bulk solder and the strength of interfacial adhesive strength. Figure 9 shows the SEM images on fracture morphologies of Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder joints with as-soldered, 20 days aging and 40 days aging conditions. Sn-38Bi-1.5Sb-0.7Ag solder joints exhibited ductile characteristics with fracture mainly occurring in solder matrix while Sn-58Bi solder joints were fractured in the solder matrix in as-soldered state but were fractured at the interface after aging. From the fracture morphologies, there usually exists four different failure modes: ductile (100% in solder matrix), quasi-ductile (>50% area with bulk solder), quasi-brittle (>50% area with exposed interfacial layer) and brittle (100% area with exposed interfacial layer) [32,33]. Figure 10 shows a typical brittle fracture mode on the elemental mapping of Sn-58Bi solder joint after aging for 40 days, in which the fracture surface was mainly composed of Cu and Sn atoms. Figure 8d shows the fracture mode distribution of the solder joint collected from SEM images on 20 samples. On as-reflowed solder joints, it is observed that Sn-38Bi-1.5Sb-0.7Ag solder joints had half of the quasi-brittle fracture, while 100% of samples experienced ductile failure in Sn-58Bi solder joints. During aging condition, most of the Sn-38Bi-1.5Sb-0.7Ag solder joints experienced ductile fracture and a small percentage of quasi-ductile failure was observed. However, a small percentage of brittle and quasi-brittle failure was observed in Sn-58Bi solder joints after aging for 10 days, while the majority of the fracture modes were relatively brittle with aging time increasing.



The fracture mode was mainly decided by the strength of bulk solder matrix and interfacial adhesive strength. If the solder strength was higher than IMC strength, the fracture would occur along the interfacial area to produce a quasi-brittle or brittle failure mode, or else, the fracture would occur in the solder matrix in a ductile or quasi-ductile mode. In Sn-38Bi-1.5Sb-0.7Ag solder joints, the solder strength was higher than the interfacial adhesive strength in Sn-38Bi-1.5Sb-0.7Ag as-soldered joint due to the existence of Ag3Sn and SnSb phases, and accordingly the quasi-brittle or brittle mode occurred with the fracture mainly propagating along the interface. After isothermal aging, the higher solder strength and thinner IMC layer during aging condition promoted a higher joint shear strength with fracture in the solder matrix. In Sn-58Bi solder joints, the over growth of interfacial IMC and the existence of interfacial Bi-rich layer seriously deteriorated the joint performance [34,35].





4. Conclusions


Since Sn-38Bi-1.5Sb-0.7Ag quaternary solder provides a similar melting point as Sn-58Bi, this paper aimed to explore the possibility of using it to replace the currently used eutectic Sn-58Bi solder. The wettability of solder, mechanical properties of bulk solder alloy, formation and the interfacial evolution in solder joints and mechanical properties of solder joints were compared between Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder. The main achievements can be listed as follows:




	(1)

	
Wetting balance tests illustrated that Sn-38Bi-1.5Sb-0.7Ag solder had a better wettability on the wetting time than Sn-58Bi solder.




	(2)

	
Compared with Sn-58Bi solder, Sn-38Bi-1.5Sb-0.7Ag bulk solder had a higher tensile strength and a similar elongation. The tensile strength increased while the elongation of solder decreased with testing temperature.




	(3)

	
In solder/Cu joints, the IMC growth rate in Sn-38Bi-1.5Sb-0.7Ag solder joints was slower than that in Sn-58Bi eutectic joints during isothermal aging.




	(4)

	
Ball shear tests illustrated that Sn-38Bi-1.5Sb-0.7Ag solder joints had a higher shear strength than Sn-58Bi solder joints after isothermal aging.
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Figure 1. Schematic diagram of a typical wetting curve reflects the function between force and time. 
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Figure 2. Comparison on the wettability of Sn-38Bi-1.5Sb-0.7Ag and Sn-58Bi solder: (a) wetting time and (b) wetting force. 
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Figure 3. Microstructural observation and compositional analysis in soldered joints for (a) Sn-38Bi-1.5Sb-0.7Ag solder, (b) Sn-58Bi solder and (c) energy dispersive spectrometer (EDS) results on marked phases in Sn-38Bi-1.5Sb-0.7Ag solder joint. 
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Figure 4. Microstructural evolution in solder joints during aging: (a) Sn-38Bi-1.5Sb-0.7Ag and (b) Sn-58Bi. 
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Figure 5. Relationship between the thickness of interfacial intermetallic compound (IMC) and aging duration. 
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Figure 6. Relationship between the tensile strength/the elongation and the loading rate/the ambient temperature. (a) the tensile strength; (b) the elongation. 
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Figure 7. Fracture analysis with the relationship between tensile curves and fracture morphologies: (a) Sn-38Bi-1.5Sb-0.7Ag and (b) Sn-58Bi. 
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Figure 8. (a) Shear force versus displacement curves with the definition of fracture energy, (b) shear strength, (c) fracture energy and (d) fracture mode distribution of ball shear tests on as-soldered and as-aged solder joints. 
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Figure 9. Fracture morphologies in (a) Sn-38Bi-1.5Sb-0.7Ag and (b) Sn-58Bi solder joints. 
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Figure 10. Illustration on a typical brittle fracture mode with the elemental mapping of Sn-58Bi joint after aging for 40 days. 
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