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Abstract

:

The microstructural properties of a Pb-free solder joint significantly affect its mechanical behaviours. This paper details a systematic study of the effect of the annealing process on the microstructure and shear strength of a Zn-added Sn-0.7Cu solder joint. The results indicated that the IMC layer’s thickness at the solder/Cu interface increases with annealing time. The interfacial IMC layer of the Sn-0.7Cu solder joint gradually thickened with increasing annealing time and annealing temperature, while the interfacial IMC layer’s morphology changed from scallop-type to layer-type after the annealing process. However, the addition of 1.0 wt.% and 1.5 wt.% Zn in the Sn-0.7Cu effectively altered the interfacial IMC phase to Cu-Zn and suppressed the growth of Cu3Sn during the annealing process. The single-lap shear tests results confirmed that the addition of Zn decreased the shear strength of Sn-0.7Cu. The interfacial IMC of the Cu6Sn5 phase in Sn-0.7Cu changed to Cu-Zn due to the addition of Zn. The shear fractures in the annealed solder joint were ductile within the bulk solder instead of the interfacial IMC layer. Increased annealing time resulted in the increased presence of the Cu-Zn phase, which decreased the hardness and shear strength of the Sn-0.7Cu solder joint.






Keywords:


zinc; intermetallic compound; IMC thickness; annealing process












1. Introduction


The traditional Sn-Pb solder is prevalent in interconnections and electronic packaging. However, its toxicity and environmental impact are of grave concern. Subsequently, the use of Pb in electronic packaging has been forbidden by the European Union’s proposal for Directive on Waste from Electrical and Electronic Equipment (WEEE) and Directive of the Restriction of the Use of Certain Hazardous Substances (RoHS) since July 2006 [1]. Several iterations of Pb-free solders, such as Sn-Ag, Sn-Zn, Sn-Ag-Cu, and Sn-Cu solder systems, have been developed to pursue green technologies in electronics manufacturing. Sn-0.7Cu is one of the most common Pb-free solders used in electronic packaging due to its excellent mechanical properties, wettability, ubiquity, and low costs [2]. In the electronic packaging industry, reliability losses in many electronic systems are caused by the failure of solder joints instead of device malfunction [3], which shifted research focus onto solder joints’ reliability. Solder joint reliability studies commonly involve a crucial component: the interfacial intermetallic compounds (IMCs). During soldering, interfacial intermetallic layer(s) form at the solder/Cu interfaces when the solder wets the Cu pad on the PCB, which subsequently dictates the bonding strength and service reliability of the solder joints.



Generally, an electronic device, during its operation, is subject to high temperatures, which destabilises the IMCs in the device [4]. The IMC layer will continue to grow in the solid-state condition, which has long-term (negative) consequences on the solder joint’s performance. Thermal annealing influences the solder joint’s strength via changes in the IMCs’ thickness and the solders’ microstructure. The total thickness of the intermetallic layer may increase with increasing thermal annealing times and temperatures. It is surmised that microstructure growth can significantly influence the solder joints’ reliability, and knowledge of microstructural changes in solders and joints is essential if electronic devices’ operational life is to be increased. The IMC layer’s kinetic growth during thermal annealing needs to be understood to develop reliable Pb-free solder joints. During thermal annealing, the IMC layers experience gradual growth, which results in decreased ductility and defect-like voids forming at the interface(s), the latter of which could potentially cause the subsequent failure of the solder interconnections.



The Sn-Zn solder system has been vigorously researched in the development of a low-cost Pb-free solder alloy. As shown in phase diagram (Figure 1), the Sn phase has tie-lines with the Cu6Sn5, Cu-Zn and Cu5Zn8 phase, respectively. As the Zn composition increases, the reaction product changes from single phase Cu6Sn5 to two phase, Cu6Sn5 + Cu-Zn, a single phase Cu-Zn, a two phase Cu-Zn + Cu5Zn8 and then to single phase Cu5Zn8 [5]. Recent works have reported that Zn’s addition into Sn-3.0Ag-0.5Cu solder influences the microstructure, enhancing the mechanical strength, and decreasing the resulting solder joints’ melting temperature [6]. The addition of Zn also influenced the IMC’s growth rate, decreased the melting temperature, and improved the microstructure of the Sn-3.0Ag-0.5Cu solder, as per Siahaan et al. [7]. The effects of introducing low amounts of Zn into Sn-3.0Ag-0.5Cu BGA solder joints on Cu pads were studied by Sousa et al. [8], who concluded that the presence of small amounts of Zn had a significantly beneficial effect on the interfacial IMC. The effect of the addition of higher amounts of Zn into Sn-0.7Cu Pb-free solder on wettability was explored by Wang et al. [9], and it was reported that the microstructure of Sn-Cu solder was refined via the addition of Zn by inducing the change of the interfacial IMC layer from Cu-Sn to Cu-Zn [10]. The formation of Cu-Zn is beneficial in suppressing the growth of IMC interface. Therefore, in order to look for an IMC depressed at high temperature application. This Cu-Zn intermetallic materials system is interesting to explore.



In the context of the interfacial reliability of solder joints during storage and field service, the interfacial IMC thickness is expected to influence the joints’ strength and subsequent mechanical properties. The formation and growth of interfacial IMCs during soldering and thermal annealing has been widely studied. This paper details the investigation into the evolution of IMCs at Sn-0.7Cu-xZn/Cu as-reflowed and annealed under high temperatures. The joints’ reliability after annealing and the formation and growth of the interfacial IMC layers are linked to the subsequent solder joints’ shear strength. The activation energy of Sn-0.7Cu-xZn was elucidated, and sheared fractography was also analysed.




2. Materials and Methods


In this work, the Sn-0.7Cu solder alloy was synthesised with different added Zn concentrations (0 wt.%, 0.5 wt.%, 1.0 wt.% and 1.5 wt.%). The Sn-0.7Cu solder ingot was obtained from Nihon Superior, Esaka-Cho Suita, Japan, while the Zn ingot was purchased from Sigma-Aldrich (M) Sdn. Bhd. The solder alloy was prepared by suspending it for an hour in an electric-resistance furnace at 350 °C. Then, the molten solder was stirred using graphite rod and cast in stainless steel moulds coated with boron nitride, which was then cooled. The solder balls (diameter of 600 µm) were produced by using a 2.0-mm-diameter metal puncher and had been rolled into a sheet with a thickness of 30 µm, then mixed with rosin mildly activated (RMA) flux and melted using reflow oven at 250 °C. The solder balls were produced via surface tension and eventually passed through a series of sieves to ensure a uniformed solder size was obtained. The produced solder balls were dipped with flux and placed on a Cu-substrate PCB with an organic soldering preservative (OSP) surface finish and reflowed at 250 °C using the temperature profile shown in Figure 1. The soldered samples were then annealed at 120 °C, 150 °C, and 180 °C for 24 h, 120 h, and 240 h, respectively.



The cross-sectional microstructure at the interface(s) of the solder joints was imaged and analysed. The effect of the addition of Zn on Sn-0.7Cu on the thicknesses of Cu6Sn5 and Cu3Sn at three different temperatures were determined. The samples were imaged using an optical microscope and scanning electron microscope (SEM) to observe the microstructure changes and IMC layers’ growth kinetics. Five images were taken at three different areas to obtain the average thickness of the interfacial IMC layer across the joints. The interfacial IMC layer thickness measurements were conducted by dividing the IMC layer area by its length using the ImageJ analyser. The microhardness test involved using a Vickers microhardness test machine operated as per the ASTM B933-09 standard test method, with operating parameters of 10 s dwell time and a 1 kgf indenting load. Five points for each composition were tested, and the obtained values averaged to ensure the accuracy of the measurement. The strength of the solder joint post-annealing process was investigate using the shear test experiment. A 1 g amount of the solder alloy and flux were covered vertically and sandwiched with a Cu-substrate, then soldered as per the temperature profile shown in Figure 2. The shear tests were conducted using an Instron machine at a strain rate of 2 mm min−1. The specification of shear strength was based on the ASTM D1002, as per Figure 3. For each annealing condition, five samples were sheared, and the average shear strengths were calculated to ensure accuracy in measurement. The fractography for the fracture surface was also imaged using an SEM.




3. Results and Discussion


3.1. Microstructure Analysis


Figure 4 shows the microstructure of the β-Sn and eutectic of Sn-0.7Cu solder joint with and without the addition of 1.5 wt.% Zn after being annealed at 180 °C at various times. It can be seen that the Sn-0.7Cu solder bulk contains a β-Sn and eutectic Cu6Sn5 at 0 h. However, after the annealing process (long time), the hollowed Cu6Sn5 primary IMC was formed, and the β-Sn refined. Tian et al. [11] reported a similar phenomenon, where the hollowed Cu6Sn5 primary IMC was formed after annealing Sn-3.0Ag-0.5Cu for an extended time. The observation detailed above can be attributed to the local differences in the dissolution rates along the polycrystalline Cu-pad’s surface, where there were areas where not all of the Cu atoms participated in the interfacial reactions [12]. However, with the addition of 1.5 wt.% Zn into Sn-0.7Cu solder alloy, it is a mixture of Cu6Sn5 and Cu-Zn. even after the annealing process. There are also no sizeable primary IMC crystals being formed after the annealing process.



The area fraction of the β-Sn and eutectic phases microstructures were calculated before and after annealing at 24 h, 120 h, and 240 h. The area fraction is quantified in Figure 5a, where it can be seen that the eutectic Cu6Sn5 decreased with a longer annealing process. The area of the eutectic Cu6Sn5 in Sn-0.7Cu is 391.33 μm2 and 808.67 μm2 for β-Sn. After being annealed for 240 h, the eutectic decreased to 180 μm2 while β-Sn increased to 1020 μm2, as shown in Figure 5a. With the addition of 0.5 wt.% Zn and 1.0 wt.% Zn, the eutectic Cu6Sn5 decreased with the longer annealing process. However, with the addition of 1.5 wt.% Zn, the area fraction of the eutectic Cu6Sn5 and β-Sn phase of solder alloy remained similar after the annealing time increased to 240 h, as is evident in Figure 5d.



Generally, the area fraction of the eutectic Cu6Sn5 phase decreases with the addition of Zn. The addition of Zn into Sn-0.7Cu solders can decrease the area fraction of the eutectic Cu6Sn5 phase, confirming that Zn’s addition into Sn-0.7Cu is effective for decreasing the coarsening of IMC particles and stabilising the microstructure during thermal annealing [13]. It can also be seen that there is little change in the area fraction of the eutectic Cu6Sn5 and β-Sn phase after annealing, as per Figure 5c,d. The eutectic phases of Sn-0.7Cu are Cu6Sn5 and β-Sn, while in the Sn-0.7Cu-1.5Zn solder, it is a mixture of Cu6Sn5 and Cu-Zn. The presence of the Cu-Zn phase was also reported by Wang et al. [6], who observed that the addition of 1.0 wt.% Zn into Sn-3.0Ag-0.5Cu solder could induce the IMC phase transformation from Cu6Sn5 to Cu-Zn. In conclusion, the size, distribution, and area fraction of the Zn precipitates are very similar in both conditions.



The cross-sectional microstructures of Sn-0.7Cu and Sn-0.7Cu-1.5Zn solder joints annealed at 180 °C for 240 h are shown in Figure 6. Two interfacial IMC layers, which are Cu6Sn5 and Cu3Sn, were detected in the Sn-0.7Cu/Cu solder joints annealed at 180 °C. However, only one of the interfacial IMC layers in the Sn-0.7Cu-1.5Zn/Cu solder joint was Cu-Zn. The thickness of the interfacial IMC layer increased with increasing annealing time. Relative to the interfacial microstructure of the solder joints of Sn-0.7Cu-1.5Zn, the small crack was detected within the interfacial IMC layer of the solder joints at Sn-0.7Cu. This also shown that the addition of Zn decreases the crack formation at the interfacial IMC layer. This phenomenon can be explained by the fact that it is more probable for cracks to occur in a thicker IMC layer formed by higher annealing temperatures due to the IMC’s inherently brittle nature. Some voids were formed at the interface of both the Cu3Sn and Cu6Sn5/Cu3Sn.



Voids were found to have formed in the Sn-0.7Cu-1.5Zn after being annealed for 240 h, which were determined to be Kirkendall voids formed in the Sn-based solder. It is known that Kirkendall voids form due to unbalanced diffusion at interfaces [14]. These voids might weaken the solder joints’ mechanical properties by decreasing the joining interface area.



Figure 6c,d shows the EDX spot points at the interfacial IMC of the Sn-0.7Cu after annealing at 180 °C for 240 h. 001 spotted points were located near the bulk solder, while 002 was spotted near the Cu substrate. It can be seen that point 001 is the Cu6Sn5 IMC layer, while the 002 spot is the Cu3Sn IMC layer. Figure 6e,f show the EDX spot point 003 and 004 showing the Sn-0.7Cu-1.5Zn containing the mainly Cu-Zn IMC layer. No Cu3Sn IMC layers were detectable.




3.2. Interfacial IMC and Activation Energy


Figure 7, Figure 8, Figure 9 and Figure 10 show the Sn-0.7Cu solder alloy’s interfacial microstructure growths with different Zn additions (0 wt.%, 0.5 wt.%, 1.0 wt.% and 1.5 wt.%) joint samples after being annealed at 180 °C. The interfacial layer commonly consists of two parallel layers: Cu6Sn5 and Cu3Sn. The former was formed during soldering and grew via the inter-diffusion of Cu and Sn and reactions with each other, while the latter forms and grow via reactions between the Cu substrate and the Cu6Sn5 IMC layer [15]. For the Sn-0.7Cu solder joint, it can be seen that the interfacial IMC layers are mainly composed of Cu6Sn5 with a round scallop-type morphology and that the Cu3Sn layers are too thin to be objectively observed. After the reflow process, the interfacial Cu6Sn5 layer appears in the solder joints in the scallop-like morphology and gradually changed to planar-like morphology after the annealing process. The IMC layer thickness increases significantly, and the Cu3Sn phase form when annealing longer, as per Figure 7b–d. Figure 8, Figure 9 and Figure 10 show the interfacial microstructure evolution of the Sn-0.7Cu with the addition of 0.5 wt, 1.0 wt.%, and 1.5 wt.% Zn. The morphology of the IMC formed in each sample (addition of Zn) seemed similar. However, after the annealing process, no Cu3Sn phase is detected, as seen in Figure 9 and Figure 10.



The interfacial IMC thicknesses for each solder is increases with the annealing time [16]. The relationship between the interfacial IMC thickness and annealing time with the addition of different amounts of Zn into Sn-0.7Cu is plotted and shown in Figure 11. The interfacial IMC can be divided into two types in the Sn-0.7Cu/Cu: the Cu6Sn5 phase that would grow first at the interface during soldering, and the Cu3Sn phase that grows after the diffusion process in the solder joint [17]. In solid-state annealing, the solubility and diffusivity of Cu in Sn are much lower than those in the molten solder; hence, the rate of IMC growth is much slower, which is even more pronounced when the IMC layer becomes a diffusion barrier [15]. The growth rate for different phases differs based on its respective service conditions. Chen et al. [17] pointed out that the growth rate of Cu6Sn5 is lower than that of Cu3Sn under isothermal annealing conditions. Additionally, the excessive growth of the IMC layer can degrade the solder joints’ reliability. Shen et al. [18] posited that the IMC layer increases with annealing time due to solid-state diffusion between Cu atoms from the Cu-pad and Sn from the bulk solder.



In the Sn-0.7Cu-xZn/Cu, the addition of 1.0 wt.% and 1.5 wt.% Zn in Sn-0.7Cu effectively changed the interfacial IMC phase Cu-Zn and suppressed the growth of Cu3Sn during thermal annealing. It has been reported that the mixture of Cu6Sn5 and Cu-Zn could form in the interfacial IMC. However, in our study, we could not see the Cu6Sn5 intermetallic, this is maybe because Cu6Sn5 phase is too thin to be observed. Additionally, based on the thermodynamic calculation, the addition of Zn into the Sn–0.7Cu solder alloy transforms the IMC phase from Cu6Sn5 into Cu-Zn when the additive Zn concentration exceeds 0.35 and 0.8 wt.% in Sn–Bi and Sn–0.7Cu solders, respectively. Wang et al. [9] also inferred that Cu6Sn5 is the first IMC formed between Sn-Cu-Zn and Cu, as the Zn content is <0.88%. However, at Zn content >0.88%, the first IMC formed during wetting reaction will be Cu-Zn. The results shown in Figure 8 indicates that the first IMC of Sn-0.7Cu-1.5Zn on Cu-substrate during wetting reaction should be the Cu-Zn phase instead of Cu6Sn5. Yu et al. posited that the diffusivity of Sn in the Cu-Sn alloy could be described by DSn = 1.90 × 10−10 cm2 s−1 and the diffusivity of Zn in the Cu–Zn alloy could be described by DZn = 2.70 × 10−10 cm2 s−1 at 300 °C [19], which goes to show that at 300 °C (molten state), the diffusivity of DZn > DSn, explaining the formation of Cu-Zn phase instead of the Cu6Sn5 compound during the soldering process. The Gibbs free energy of Cu-Zn formation is much lower than that of the Cu6Sn5 and Cu3Sn phases, making it structurally stabler. The Gibbs free energy of the Cu-Zn formation is ΔG = −12.34 kJ/mol, which is much lower than that of the Cu3Sn (ΔG = −7.78 kJ/mol) and Cu6Sn5 (ΔG = −7.42 kJ/mol) [20]. Therefore, instead of Cu6Sn5 and Cu3Sn, the Cu-Zn intermetallic phase was formed due to the large magnitude of its Gibbs’ free energy.



According to Hamada et al. [20], a minor addition of Zn can suppress the growth of IMC in the Sn-Ag-Cu solder joint, while Zeng et al. reported that the presence of small amounts of Ni and Zn (0.15 wt.%) could suppress the growth of Cu3Sn in the interfacial layer, resulting in a more stable interfacial layer of Cu6Sn5 inhibiting the polymorphic phase transformation of Cu6Sn5 [21]. They also reported that Zn, as an individual addition, suppressed the growth of Cu3Sn in a similar manner to Ni when Zn’s concentration reached 0.4 wt.%. It has recently been reported that dissolving Zn into Cu6Sn5 helps suppress the growth of IMCs during annealing, which results in a more stable interfacial IMC layer [22].



During device operations, the soldered joint is subject to solid-state annealing conditions. The existing IMC in the solid joint will continue to grow via solid-state diffusion under such thermal conditions. Figure 12a–d show the relationship between the IMCs’ layer thickness and the annealing time of Sn-0.7Cu-xZn at various annealing temperatures. Usually, the isothermal growth kinetics of the intermetallic layer can be expressed using an empirical power law:


  X   =     Dt    



(1)




where X is the full thickness of the IMC at time t, while D and t indicate the respective constant the growth rate and annealing time, respectively. The straight-line slope is    D    and the growth rate can be determined from a linear regression analysis of X vs.    t   .



The growth activation energies can be attained from the growth kinetics curve. The following Arrhenius relationship is frequently used to calculate the activation energy for a layer growth:


     k  =  ko exp    (   − Q   RT   )    



(2)




where k is the inter-diffusion coefficient, k0 is the constant temperature-independent value, Q is the diffusion activation energy, R is the gas constant, and T is the absolute temperature value. The activation energy can be calculated by taking the natural logarithm of the plot shown in Figure 13, as per Equation (3).


     lnk  = ln ko −   (   − Q  R  )  1 T   



(3)







Figure 13 shows the Arrhenius plots for the IMC layer growth of the Sn-0.7Cu with Zn. The activation energy for the IMC growth during annealing is estimated to be 48.96 kJ mol−1 for Sn-0.7Cu, and the addition of 0.5 wt.% Zn into Sn-0.7Cu solder is estimated to increase the activation energy to 50.56 kJ mol−1. However, the addition of 1.0 wt.% and 1.5 wt.% resulted in much higher activation energy, which is 54.04 kJ mol−1 and 70.48 kJ mol−1, respectively. The thickness of the IMCs is correlated with activation energy. For solders with higher activation energies, their IMC thickness was lower than solders with lower activation energy, which can be attributed to the fact that IMC requires more energy to grow.



The lower activation energy in the lower temperature range means that the grain boundary diffusion controls growth, while the higher activation energy at a higher temperature range can be attributed to bulk diffusion via the IMC layer. Generally, solder alloys with high activation energies are expected to grow slower at low temperatures and faster at high temperatures, relative to the lower activation energy. Additionally, the addition of 1.0 wt.% and 1.5 wt.% Zn into Sn-0.7Cu changed the IMC from Cu6Sn5 into Cu-Zn, which is why the activation energy of Sn-0.7Cu-1.0Zn and Sn-0.7Cu-1.5Zn is higher than that of the Sn-0.7Cu solder alloy. In this work, Cu-Zn is formed because of the larger driving force compared to Cu6Sn5. Then, the diffusion process will occur during annealing, and we found greater diffusion of Cu in Cu-Zn compared to in Cu6Sn5 due to the higher activation energy of Cu-Zn phase. Wang et al. [23] reported that with the addition of 1.0 wt.% Zn, the interface IMC composition changed completely from Cu-Sn IMC to Cu-Zn IMC. Wang et al. [6] investigated the interfacial IMC formation between SAC305-1.0Zn solder alloy and Cu-substrate during soldering and isothermal annealing at 150 °C and 175 °C for 5–28 days and found that both Cu6Sn5 and Cu3Sn layers thickened with increasing annealing time. The Cu6Sn5 phase is typically formed above the solder’s melting point, while the Cu3Sn phase is generally produced during low-temperature thermal annealing (100 °C to 175 °C) via diffusion between Cu and Cu6Sn5 [24].




3.3. Mechanical Properties


Microhardness tests were conducted to elucidate changes in the mechanical properties induced by microstructural changes. Figure 14 shows the average microhardness after the annealing process at 180 °C. The result shows that the Sn-0.7Cu solder alloy decreased gradually with increasing annealing times. In the case of the Sn-0.7Cu containing 0.5 wt.% of Zn, the microhardness decreases after being annealed at 180 °C for 24 h. After an annealing time of 120 h, the solder containing 0.5 wt.% of Zn showed a slight decrease in its microhardness. Finally, when the annealing time increased to 240 h, the microhardness of Sn-0.7Cu-0.5Zn decreased after the annealing process. The same trend was observed with the addition of 1.0 wt.% and 1.5 wt.% Zn in the Sn-0.7Cu solder alloy.



The addition of Zn into Sn-0.7Cu solder alloy resulted in the phase Cu-Zn primary intermetallic (IMCs) forming after the reflow process, and when the annealing time increased, the Cu-Zn phase continues to grow. However, with addition of Zn, it did not significantly influence the microhardness of Sn-0.7Cu solder alloy. Though the addition of Zn did not affect the microhardness directly, the addition of 1.5 wt.% Zn can decrease the size of the β-Sn dendrites in the bulk solder, and increasing annealing time may change the existing area of the phase [25].



The shear tests were conducted to elucidate the mechanical properties of the solder joints. The samples were annealed at 180 °C for 24 h, 120 h, and 240 h. The shear strengths of the joints after thermal annealing are shown in Figure 15. Generally, the shear strength of the Sn-0.7Cu alloy decreases with extended annealing times. When a small amount of Zn was added, the shear strength of Sn-0.7Cu-0.5Zn solder alloy slightly decreased relative to that of the Sn-0.7Cu alloy. However, after annealing for 24 h, the solder containing 0.5 wt.% Zn showed a slightly improved shear strength. Then, after increasing the annealing time to 120 h and 240 h, the shear strengths of the solder alloys with Zn additions of 0.5 wt.%, 1.0 wt.%, and 1.5 wt.% slightly decreased. The decreased shear strengths due to Zn’s addition can be attributed to the formation of the Cu-Zn phase after the reflow process. Usually, the Sn-0.7Cu-xZn react with the Cu substrate and forms the Cu-Zn interfacial IMC, and it is expected that the phase Cu-Zn primary intermetallic decrease the strength, as per Ng et al. [26]. As pointed out previously, the microstructures of the Sn-0.7Cu-xZn were more stable than those of the Sn-0.7Cu solders during thermal annealing. The IMC particles’ substantial growth was also significantly suppressed due to Zn’s addition to the Sn-0.7Cu solders. These stable mechanical properties in the Zn-doped solders during thermal annealing can be attributed to the Cu-Zn phase. The decrease in strength of the Sn-0.7Cu alloy after annealing attributed to the fact that annealing coarsens the Cu6Sn5 IMC, which decreases their ability to block dislocation movements, and that the β-Sn phase coarsens/grows during annealing, which reduces the overall strength of the alloy.




3.4. Shear Fracture Surface Morphology


The sheared samples’ fractography was imaged using SEM to further elucidate the shear behaviours of Sn-0.7Cu solder joints under Zn’s influence. Figure 16 shows the shear fracture morphology of Sn-0.7Cu-xZn alloys (0 wt.%, 0.5 wt.%, 1.0 wt.%, and 1.5 wt.%) before and after the annealing process at 180 °C. A ductile shear mode is evident on the fracture surface when annealed at 0 h, as per Figure 16a. However, after the sample was annealed for 240 h, its microstructure transforms into a mixture of brittle fracture modes, with a small dimpled and cleaved pattern, as shown in Figure 16b.



In the case of the Sn-0.7Cu-0.5Zn solder joint, after being annealed for 240 h, a dimple can be seen, which is a featureless fracture typical of the failure mode. Usually, a brittle fracture will occur in the shear samples when annealed at 180 °C. It is shown that the ductile fracture occurred in the bulk solder region, while a mixture and brittle fractures occurred in the region near the solder/intermetallic interface (Cu6Sn5 phase). Therefore, the strength adjacent to the solder/IMC interface is weak, decreasing shear strength with annealing time. Numerous studies indicate that excessive growth of IMC might promote brittle behaviour thus weakening the solder joint strength, and hence affect the long term solder joint reliability [27,28]. In the case of the Sn-0.7Cu-1.0Zn and Sn-0.7Cu-1.5Zn alloys, the brittle regions on the fracture surface can be attributed to the presence of particles and are directly correlated with the presence of primary Cu-Zn IMCs in the microstructure of the Sn-0.7Cu alloy, containing 1.0 wt.% and 1.5 wt.% of Zn before annealing, as can be seen in Figure 16e,g. When the annealing time increased to 240 h, more Cu-Zn phase can be found, and the fracture mode becomes more brittle, as shown in Figure 16f,h.





4. Conclusions


This study elucidated the effect of isothermal annealing on the primary and interfacial IMCs of Sn-0.7Cu solder with the addition of Zn. The mechanical properties have also been elucidated post-annealing for the Sn-0.7Cu-xZn solder alloys. The conclusions garnered from this work are listed below:




	
The addition of Zn into Sn-0.7Cu decreases the area fraction of the eutectic Cu6Sn5 as it is reflowed and continued decreasing as it undergoes further annealing process. However, the addition of 1.0 wt.% and 1.5 wt.% of Zn maintained the area eutectic of Cu6Sn5 even after completing the annealing process.



	
Zn’s minor addition significantly suppressed the growth of the interfacial IMC after the reflow and annealing process.



	
The interfacial IMC layer of the as-reflowed Sn-0.7Cu was determined to be Cu6Sn5, and with the addition of 1.0 wt.% of Zn, changed to the Cu-Zn phase as-reflowed and after the annealing process.



	
The activation energy for the intermetallic layers’ growth was determined to be 48.96 kJ mol−1 and 70.48 kJ mol−1 for the Sn-0.7Cu system and Sn-0.7Cu-1.5Zn systems, respectively.



	
The addition of Zn increases the hardness of Sn-0.7Cu but will decrease the hardness after the annealing process. The shear strength of the Sn-0.7Cu alloys decreases with addition of Zn and continue to decrease after annealing process due to the increased presence of the Cu-Zn phase, leading to increased brittleness.
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Figure 1. Ternary phase diagram of Sn-Cu-Zn [5]. 
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Figure 2. Solder reflow temperature profile for solder joint fabrication. 
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Figure 3. Illustration of the shear test of solder joints. 
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Figure 4. Microstructure of primary IMC after annealing at 180 °C. Sn-0.7Cu at (a) 0 h, (b) 24 h, (c) 120 h, (d) 240 h and Sn-0.7Cu-1.5Zn at (e) 0 h, (f) 24, h (g) 120 h, (h) 240 h. 
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Figure 5. Area fraction of (a) Sn-0.7Cu, (b) Sn-0.7Cu-0.5Zn, (c) Sn-0.7Cu-1.0Zn and (d) Sn-0.7Cu-1.5Zn at various annealing time. 
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Figure 6. EDX point analysis at interfacial IMC of (a) Sn-0.7Cu alloys and (b) Sn-0.7Cu-1.5Zn alloy after annealing at 180 °C for 240 h. (c): Cu6Sn5 (d): Cu3Sn (e) Cu-Zn (f) Cu-Zn. 
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Figure 7. Microstructure of Interfacial IMC of Sn-0.7Cu after annealing at (a) 0 h, (b) 24 h, (c) 120 h and (d) 240 h at 180 °C. 
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Figure 8. Microstructure of Interfacial IMC of Sn-0.7Cu-0.5Zn after annealing at (a) 0 h, (b) 24 h, (c) 120 h and (d) 240 h at 180 °C. 
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Figure 9. Microstructure of Interfacial IMC of Sn-0.7Cu-1.0Zn after annealing at (a) 0 h, (b) 24 h, (c) 120 h and (d) 240 h at 180 °C. 
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Figure 10. Microstructure of Interfacial IMC of Sn-0.7Cu-1.5Zn after annealing at (a) 0 h, (b) 24 h, (c) 120 h and (d) 240 h at 180 °C. 
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Figure 11. Effect of annealing on IMC thickness occurred at the interface of (a) Sn-0.7Cu, (b) Sn-0.7Cu-0.5Zn, (c) Sn-0.7Cu-1.0Zn, and (d) Sn-0.7Cu-1.5Zn. 
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Figure 12. Relationship between interfacial IMC layer thickness with annealing time for (a) Sn-0.7Cu, (b) Sn-0.7Cu-0.5Zn, (c) Sn-0.7Cu-1.0Zn, and (d) Sn-0.7Cu-1.5Zn. 
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Figure 13. Arrhenius plots of ln k vs. 1/T for the IMC growth kinetics for Sn-0.7Cu-xZn. 
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Figure 14. Average hardness after thermal annealing at 180 °C. 
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Figure 15. Shear strength after thermal annealing at 180 °C. 
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Figure 16. Fractographies of (a,b) Sn-0.7Cu, (c,d) Sn-0.7Cu-0.5Zn, (e,f) Sn-0.7Cu-1.0Zn and, (g,h) Sn-0.7Cu-1.5Zn. 
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