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Abstract

:

The low melting temperature In-48Sn alloy is a promising candidate for flexible devices. However, the joint strength of the In-48Sn alloy on the Cu substrate was low due to the rapid diffusion of Cu into the In-rich alloy. In this study, the effect of the addition of xCu (x = 2.0 and 8.0 wt.%) on wettability, interfacial reaction, and mechanical strength of the In-Sn-xCu/Cu joint is analyzed. The results demonstrate that both the In-48Sn and In-Sn-xCu alloys exhibit good wettability on the Cu substrate and that the contact angle increases with an increase in the Cu content. Furthermore, fine grains are observed in the alloy matrix of the In-Sn-xCu/Cu joint and the interfacial intermetallic compound (IMC) comprising the Cu-rich Cu6(In,Sn)5 near the Cu substrate and the Cu-deficient Cu(In,Sn)2 near the solder side. The In-Sn-2.0Cu/Cu joint with fine microstructure and a small amount of IMC in the alloy matrix shows the highest average shear strength of 16.5 MPa. Although the In-Sn-8.0Cu/Cu joint also exhibits fine grains, the presence of large number of voids and rough interfacial IMC layer causes the formation of additional stress concentration points, thereby reducing the average shear strength of the joint.
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1. Introduction


Electronic devices have become lighter, bendable, and stretchable owing to miniaturization and use of flexible substrates [1,2,3,4]. Reliability of solder joints is very important for the effective operation of electrical components as solder joints provide both electrical and mechanical integration between the components [5]. Tin–lead (Sn-Pb) alloy is the most widely used solder in electronic packaging because of its low cost, good wettability, acceptable electrical conductivity, and good mechanical properties [6]. In recent years, the Sn-Pb alloy has been replaced by Pb-free alloys, such as Sn-Au, Sn-Ag-Cu, Sn-Cu, Sn-Ag, Sn-Bi, and Sn-In, owing to the toxicity of Pb [7,8,9,10,11]. Most of the Pb-free alloys have higher melting temperatures (Tm) than the eutectic Sn-37Pb alloy (183 °C), e.g., Sn-3.5Ag (Tm = 221 °C), Sn-3.0Ag-0.5Cu (Tm = 217 °C), and Sn-9Zn (Tm = 198 °C), [7,12]. However, an alloy with a higher melting temperature exhibits a higher peak reflow temperature, which causes thermal damage and excessive warpage owing to the mismatch in coefficient of thermal expansion (CTE) between the electric component and the substrate. This affects the reliability of the solder joint. Therefore, studies on low-melting-temperature alloys and their joint reliabilities are necessary. According to JIS Z 3282:2017, the solidus temperature of low-meting-temperature alloys is less than 150 °C. Among the Pb-free alloys, Sn-58Bi (Tm = 138 °C), and In-48Sn (Tm = 118 °C), are the most promising candidates for low-temperature soldering applications [8,9,10,11]. However, the eutectic Sn-58Bi alloy with a reflow temperature of 180 °C [13,14] is not suitable for substrates (in flexible electronics) that require a low operating temperature (<180 °C), such as heat-stabilized polyethylene terephthalate and heat-stabilized polyethylene naphthalate [1,2,15]. The In-48Sn alloy with a low Tm (118 °C), high ductility, and good wettability [16,17,18,19] is a promising candidate for flexible electronic devices that use substrates with low melting temperatures [20,21]. However, in order to serve the function of joining electronic components to a printed wiring board circuit, solder alloys are used at high homologous temperatures (usually exceeding 0.5Tm of the alloy). At this temperature, diffusion processes are very active, creep strain will be induced in addition to the plastic deformation [22,23]. When expressed in Kelvins, the homologous temperature (Th) of the In-48Sn alloy at room temperature (T~25 °C~298 K) is approximately 0.76 (Th = T/Tm = 298 K/391 K = 0.76). As a result, the microstructure of solder alloys is unstable at normal operating, and storage temperatures for electronic equipment. These changes, in turn, influence the mechanical properties and in-service performance of a solder alloy, which lead to failure of components caused by long-term temperature load and/or multiple temperature cycling loads [24,25]. It has been reported that 52In-48Sn alloy has a lower isothermal fatigue resistance than 58Bi-42Sn alloy but withstands fatigue better than 43Sn-43Pb-14Bi alloy after 6000 cycles of thermal shock test [26]. The low mechanical strength and low creep resistance [17] limit applicability of In-48Sn alloy as a low-temperature solder. Therefore, several studies have focused on improving the mechanical properties of In-Sn bulk alloys by adding trace elements such as Zn, Bi, Ag, and Cu [10,20,27,28]. For instance, it has been indicated that Cu is conducive to improving the performance of Sn-Zn solder alloys [29,30]. Moreover, Jun Shen reported that Cu addition decreased melting point and refined microstructure, which resulted in an increase in both ultimate tensile strength and ductility of Sn-Bi-based alloy [31]. Development of Pb-free alloys using high Cu content (4–20 wt.%) has been carried out by several researchers [32,33,34,35,36]. Among them, Li Yang et al. [36] studied microstructure evolution and shear strength of solder joint using In-Sn-20Cu composite particles by transient liquid phase (TLP) bonding. They found that the maximum shear strength is 26.54 MPa when the bonding time is 15 min, bonding stress of 3 MPa, and the bonding temperature of 260 °C. The result revealed that although Cu addition can improve the strength of In-Sn-based solder joint, a high content of Cu led to the high bonding temperature which is not suitable for low melting temperature substrates in flexible electronics. Relatively few studies have investigated the effect of Cu on In-Sn alloy [37,38]. It has been reported that a low Cu content addition (0.35–1.5 wt.% Cu) remained melting temperature of In-Sn alloy, and a ternary Cu2In3Sn IMC was observed in the as-solidified alloy [37]. However, the effect of Cu on the mechanical properties of eutectic In-Sn alloy has not been mentioned. To date, very little research has been conducted on alloys with high Cu content for low-temperature applications. Therefore, in our previous study [20], we selected Cu as an additional element into the InSn alloy with the expectation that it will help in maintaining or reducing the melting temperature and improving the mechanical properties of this alloy. We found that the elongation of In-48Sn bulk alloy was enhanced by a factor of approximately 2.0 and the tensile strength was enhanced by a factor of approximately 1.5 with the addition of 2.0 and 8.0 wt.% Cu, respectively. It is noted that a higher elastic moduli solder alloys tend to transfer more thermal stresses from the substrate to the devices, which leads to fatigue failure in solder joint during operation. Therefore, joining materials with a lower elastic modulus are beneficial in making a more reliable joint between the device and substrate, especially for application in flexible electronics [39]. To better understand the properties of the new In-Sn-Cu alloys, further discussion about the elastic modulus of the alloys and specific research on the strength and microstructure of alloy joint are essential.



Recently, some researchers have analyzed the interfacial reactions between eutectic In-Sn alloys and different substrates, such as Cu and Ni/Cu [16], Au [40], Nb [41], and electroless Ni/immersion Au [19,42]. For example, the interfacial layer between the In-Sn-based alloy and the Cu substrate consists of two compounds, namely, the Cu-rich Cu2(In,Sn) near the Cu side and the In-rich Cu2In3Sn near the alloy side [17,43]. Chuang et al. [18] reported that during the soldering of the In-49Sn/Cu joint at temperatures of 150–400 °C, a planar ε-Cu3(In,Sn) layer and an elongated scalloped η-Cu6(In,Sn)5 structure are formed at the Cu substrate side and the alloy side of the In-49Sn/Cu interface, respectively. Although the In-Sn eutectic alloy exhibited a good contact angle with an equilibrium value of 25°, the joint strength of the In-Sn alloy on the Cu substrate was low because of the rapid diffusion of Cu into the In-rich alloy during the reflow process [17,18]. Furthermore, Sommadossi et al. found that η-Cu6(Sn,In)5 intermetallic compounds (IMCs) are formed on the Cu side and Cu2(In,Sn) IMCs are formed at the Cu/In-48Sn/Cu interface after diffusion soldering at temperatures 200–400 °C and a low pressure between 0.5 and 5 MPa [44]. The results of previous works imply that the interfacial reactions between the In-Sn alloy and the Cu substrate are complicated, and the diffusion of Cu from the substrate into the alloy matrix could affect the composition and thickness of the interface layer. However, the relationships between the microstructure evolutions of solder seam, interfacial reactions, and the mechanical changes in the In-Sn/Cu joints with the addition of trace elements such as Cu are still not completely understood. Moreover, in soldering process, the wettability is the ability of a molten solder to flow or spread over a solid substrate, which is of prime importance for the formation of a proper metallurgical bond [6]. The wetting phenomena together with the dissolution of the substrate in the molten solder and by complex surface reactions leads to the formation of IMC layers. As a result, it leads to significant changes in the microstructure and composition of the interfaces and the solder itself, thereby ultimately affecting both the wetting behavior and the mechanical properties of the solder joint [45]. Therefore, in this study, we analyzed the effect of Cu addition on the wettability, microstructure evolution, interfacial reactions, shear strength of the In-Sn-xCu/Cu joints (x = 2.0 and 8.0 wt.%), and the elastic modulus of In-Sn-xCu alloys was also discussed.




2. Materials and Methods


2.1. Alloys and Fabrication of Alloy Joints


Commercial eutectic In-48Sn alloy and 2.0 or 8.0 wt.% Cu (99.9%, Nilaco Corporation, Tokyo, Japan) were melted in an electric furnace (HPM-ON, AS ONE, Osaka, Japan) under N2 atmosphere at 700 °C for 5 h. The molten metal was then poured into a steel mold and cooled naturally in air (20 °C) to form bars of a new In-Sn-Cu (ISC) alloy. The characteristics of the new ISC alloys are reported in our previous study [20], and the compositions of the alloys are shown in Table 1. The eutectic In-48Sn (IS48), In-Sn-2.0Cu (ISC482), and In-Sn-8.0Cu (ISC488) alloy bars were then rolled into 100 ± 10 μm thick foils using a rolling machine and punched into 6 mm-diameter alloy disks. Oxygen-free copper disks with diameters of 5 and 10 mm were used as upper and bottom substrates, respectively. Before making the joints, the copper disks were polished with #2000 SiC grit paper and a 1.0 µm diamond paste (DP-spray P, Struers, Cleveland, OH, USA). Subsequently, the alloy foils and the copper disks were cleaned with HCl (4 vol.%) and ethanol. Both sides of the alloy foils were coated with a drop of flux (IEC60068-69, SMIC, Tokyo, Japan), and the alloy foils were placed between the two copper disks to make the joint samples. The samples were then placed in a furnace (SK-5000 SMT-Scope, Sanyoseiko, Yamanashi, Japan) with a heating profile as shown in Figure 1. The joints were preheated at 110 °C for 60 s and reflowed at 160 °C for 90 s in N2 atmosphere; the concentration of oxygen in the furnace was maintained below 1000 ppm.




2.2. Characterization


A color 3D laser scanning microscope (VK-9700, Keyence, Osaka, Japan) was used to measure the contact angles of the alloys on the Cu substrate. The shear strength of the joint was determined at room temperature (20 °C) using a shear test machine (STR-1000, Rhesca, Tokyo, Japan) operated at a crosshead rate of 1 mm/min; the shear strength was calculated by dividing the maximum shear force at the failure site by the area of the alloy joint, and the average shear strength was calculated on 15 shear test results for each alloy joint. To identify the IMC at the interfacial layer between the alloy and the Cu substrate, firstly the shear-fractured samples were sectioned, mounted, ground with SiC grit papers (#150, 400, 800, 1200, and 2000), and finely polished using a 1.0 µm alumina suspension (Buehler, IL, USA). Then, the chemical composition of the IMC layers obtained using point analysis function of a field-emission electron probe microanalyzer (FE-EPMA; JXA-8530F JEOL, Tokyo, Japan). After that, to identify the crystal structural of IMC layer, the top Cu disc of the shear samples, after the shear test of the Cu/IS48/Cu and the Cu/ISC488/Cu joints, was used as an XRD sample. The fracture surfaces of the XRD samples were polished using a 1.0 µm alumina suspension until the IMC layer was detected near the substrate side. Subsequently, the samples were taken for X-ray diffraction (XRD; Ultima IV, Rigaku, Tokyo, Japan) examination in the 2θ range of 25–80° at a scan rate of 1°/min. A scanning electron microscope (SEM; SU-70, Hitachi, Osaka, Japan) equipped with energy dispersive X-ray spectroscopy (EDS) was used to study the microstructure, interfacial layer of the solder joints, and top view of the shear-fractured samples. After that, SEM and EPMA were used to study the crack propagation and the elemental distributions of the solder matrix and the interfacial layer of the solder joints after the shear test. The thicknesses of the IMC layers (observed in the EPMA map of Cu) were calculated using Image J software (National Institutes of Health, Bethesda, MD, USA). We referred to the tensile test results in the previous study [20] to plot the stress–strain graph. From this graph, we calculate the elastic modulus of IS48, ISC482, and ISC488 alloys.





3. Results and Discussion


3.1. Wettability


The contact angle (θ) is typically used as a measure of wettability of an alloy on a substrate. In the equilibrium state, the relationship between the solid–liquid (γsl), solid–vapor (γsv) and liquid–vapor (γlv) interfacial tensions is defined by Young’s equation [46]:


   cos θ  =    γ  sv   −  γ  sl      γ  lv      



(1)







As shown in Figure 2, the contact angles of the IS48, ISC482, and ISC488 alloys on the Cu substrate are 16, 25, and 37°, respectively; that is, the contact angle increases with increase in the Cu content. Researchers [47,48] have studied the viscosity of the element Cu in liquid Cu-In-Sn alloys and the surface tension of the same liquid alloy. Ali et al. reported that the viscosity values of liquid Cu-In-Sn alloys at 1073 K increase from approximately 0.001 Pa·s to 0.003 Pa·s when the Cu concentration increases from 20 to 80 at.%, respectively. The surface tension values of liquid Cu-In-Sn alloys at 1073 K increase from approximately 0.49 N/m to 0.53 N/m when the Cu content increases from 20 to 30 at.%, respectively. This result is due to the higher viscosity of liquid Cu (4.5560 mPa·s) than In (0.6995 mPa·s) and Sn (1.0878 mPa·s) [47]. Therefore, the addition of Cu leads to an increase in the surface tension of the ISC molten alloy (γlv), thereby reducing the value of cosθ (in Equation (1)); this explains the increase in the θ values of the ISC482 and ISC488 alloys relative to the IS48 alloy. However, the wettability of the ISC482 and ISC488 alloys with the Cu substrate is acceptable because the contact angles are lower than those of other low-melting-temperature alloys, such as In-31.6Bi-19.6Sn (θmax = 39°) [49] and 69.5Sn–30Bi-0.5Cu (θmax = 45°) [50].




3.2. Microstructure Evolution


During the reflow process, the IMC layer is formed at the interface because some reactions occur between the alloys and the Cu substrate. This IMC layer plays a crucial role in the manufacture and reliability of the solder joints [51]. Figure 3 shows the high-magnification view of the cross-sectional backscattered electrons (BSE) and EPMA images of the Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu alloy joints. The continuous layers of the IMCs indicate good bonding between the ISC alloys and the Cu disks (Figure 3b,f,j); this can be attributed to the good wettability of all the alloys. Two main phases, namely, β-In3Sn and γ-InSn4, are formed in the solder matrices of In-Sn-xCu/Cu joints. The β-(In,Sn) and the γ-(In,Sn) phases are formed through eutectic reactions during cooling from 115 to 113 °C, as discussed in our previous study [20]; these results are consistent with the phase constitutions in the In–Sn phase diagram [52] and other reported results [53]. The (Cu,In,Sn)-IMC formed in the ISC482 and ISC488 alloy matrices (Figure 3f–j) lead to finer microstructures compared to that of the IS48 alloy. The microstructural evolutions of the IS48, ISC482, and ISC488 alloy matrices after the reflow are consistent with the behaviors of bulk alloys after casting, as mentioned in our previous study [20]. The chemical compositions of the β-(In,Sn), γ-(In,Sn) phases and the IMC layers obtained using EPMA point analyses are summarized in Table 2. The results indicate the formation of two layers of IMCs at the interface between the ISC alloys and the Cu substrate: a Cu-rich Cu6(In,Sn)5 layer near the Cu substrate and a Cu-deficient Cu(In,Sn)2 layer near the alloy matrix.



The total thicknesses of the IMC layers [Cu6(In,Sn)5 + Cu(In,Sn)2] for each interface, as calculated using the ImageJ software and high-magnification EMPA Cu maps, are shown in Figure 4. The error bars show the standard deviations within the measured values of 40 positions in the EPMA Cu maps of each alloy.



The total thickness of the IMC layer of IS48 is the highest, approximately 6.6 μm, followed by that of ISC488 (6.4 μm) and ISC482 (5.8 μm) (Figure 4d). The reduction in the thickness of the IMC layer at the interface between the ISC alloys and the Cu substrate when compared to that of the IS48 alloy can be attributed to the presence of Cu in the ISC alloy; it suppresses the diffusion of Cu from the substrate to the molten In–Sn alloy. During the reflow process, the Cu atoms from the substrate tend to diffuse into the liquid In–Sn alloy. Therefore, the Cu distributed in the Cu-free IS48 alloy matrix is detected after the reflow process (Figure 4a). At the early stage of soldering reactions, the Cu6(In,Sn)5 IMC is the dominant phase during the liquid/solid In-Sn(l)/Cu(s) reactions, which is consistent with the η-Cu6Sn5 phase formed during Sn/Cu interfacial reaction [18]. Subsequently, the Cu-deficient Cu(In,Sn)2 IMC is formed during the cooling process through solid–solid transformation from the Cu-rich IMC [20,37]. Furthermore, at the interface between the ISC alloys and the Cu substrate, a barrier layer of Cu-rich Cu6(In,Sn)5 IMC is quickly formed owing to the presence of 2 wt.% Cu in the ISC482 and 8 wt.% Cu in the ISC488 alloys, which prevents the diffusion of Cu from the substrate into the molten alloy [54]. Although the large amount of Cu in the ISC488 alloy leads to low amount of diffused Cu from the substrate into the liquid alloy, the higher amount of (Cu, In, Sn)-IMC present in the ISC488 alloy matrix near the interface tends to merge with the Cu(In,Sn)2 layer of the ISC488/Cu interfacial layer. Consequently, the ISC488/Cu interface exhibits higher total thickness and surface roughness compared to the ISC482/Cu interface (Figure 4d).



Figure 5 shows the XRD patterns of IS48/Cu and ISC488/Cu interfaces; the peaks at 2θ angles of 33.15, 36.85, 53.15, 56.40, 63.75 and 69.55° correspond to β-In3Sn (PDF card # 00-007-0345) and the peaks at 2θ angles of 32.35, 44.75, 57.40, 66.10, 67.38, 71.75 and 75.50° correspond to γ-InSn4 (PDF card # 00-007-0396) because the solder remained on the polished samples of IS48/Cu and ISC488/Cu interfaces, these peaks are consistent with the XRD result of IS48 and IS488 alloys as we reported in our previous study [20]. The peaks at 2θ angles of 43.45 and 50.31° originate from the Cu substrate (PDF card # 00-001-1241). The peaks at 29.98, and 34.19° correspond to η-Cu6Sn5 (PDF card # 01-076-2703). It is noted that Cu6(In,Sn)5 has a Cu6Sn5 crystal structure owing to the dissolution of In atoms in the Cu6Sn5 crystal lattice to form Cu6(In,Sn)5 IMC layer at the solder/Cu interface [55]. Moreover, the peaks at 26.24, 45.41, 33.43, and 68.93° correspond to τ-CuIn2 (PDF card # 01-080-3063). As Sn and In atoms have similar atomic radii, Sn atoms can substitute In atoms through solid-state diffusion during cooling after the reflow process [56,57]; hence, the IMC near the solder matrix should be represented as Cu(In,Sn)2 [57]. It can be noted that the XRD results are consistent with the estimated IMC from the EPMA results as mentioned in Table 2.




3.3. Elastic Modulus of Alloys


In our previous study [20], the average tensile strength of IS48, ISC482, and ISC488 are 10.8, 11.2, and 16.8 MPa, respectively. Figure 6 shows typical engineering stress–strain curves of IS48, ISC482, and ISC488 alloys, which consist of an elastic region and a plastic region. In the elastic region, the engineering stress is linear, with the engineering strain conforming to Hooke’s law as follows [58]:


  E = σ / ε  



(2)







Here, E is the elastic modulus, which can be determined from the slope of the elastic portion of the stress–strain curve, σ is the engineering stress, and ε is the engineering strain. We calculated that the elastic modulus of IS48, ISC482 and ISC488 alloys are 24.1, 25.1, and 26.9 GPa, respectively. The elastic modulus of IS48 is in agreement with the value reported by Kim [59]. All alloys exhibit a low elastic modulus compared to that of commercial SAC305 alloy (54.0 GPa) [36] and Sn-58Bi alloy (41.3 GPa) [60]. This is an advantage of IS48, ISC482, and ISC488 alloys to be able to apply in flexible electronic devices. Moreover, the tensile strength of ISC alloys increases with the increase in Cu content, which is expected that Cu addition can help improve the creep resistance and thermal failure resistance of the ISC alloys.




3.4. Shear Strength and Fracture Behavior of Solder Joint


The fine microstructures of the ISC482 and ISC488 alloy matrices and the thickness and roughness of the IMC layer significantly affect the alloy/Cu joint reliability. Figure 7 shows the shear strengths of Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu joints; the error bar displays the standard deviations within 15 test results for each solder joint. The Cu/IS48/Cu joint exhibited an average shear strength of approximately 14.5 MPa, which is nearly equal to that of the Cu/ISC488/Cu joint (14.3 MPa) and approximately 14% lower than that of the Cu/ISC482/Cu joint (16.5 MPa).



Figure 8a–c shows the SEM images of typical cross-sectional fractured samples. Crack propagation occurs in the alloy matrices of both the ISC alloy joints and along the alloy/IMC interfaces with formation of few non-wetting regions between the alloys and the substrates owing to the outgassing phenomenon during the reflow process Figure. 8d–f shows the EPMA maps of Cu obtained from locations (1), (2), and (3) marked in Figure 8a–c, respectively. The ISC482/Cu interface has a smoother IMC surface than the IS48/Cu interface, while the ISC488/Cu interface exhibits the roughest IMC surface among all the alloy/Cu interfaces. These results are consistent with those of Figure 4; the IS48/Cu interface showed the highest total thickness of IMC layer owing to the absence of Cu in the alloy matrix, and the IS482/Cu interface showed a lower total thickness of IMC layer and a highly smooth surface owing to the presence of 2 wt.% Cu in the alloy matrix [61]. It can be noted that the thickness and morphology of the intermetallic layer may be one of the factors affecting the shear strength of the solder joints. Another factor that cannot be ignored also has a significant influence on the shear strength—the void defect in the joint [62].



Figure 9 shows top view SEM images of the fractured samples of the Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu joints at the bottom disk side after shear testing. Figure 9b,c show that the void distribution in the shear fracture surfaces of ISC482/Cu and ISC488/Cu increases with an increase in the Cu content, and is higher than that of IS48/Cu. This phenomenon can be attributed to the high viscosity of Cu leading to an increase in surface tension of ISC alloys in the liquid state as mentioned in the previous section. The percentage of voids and non-wetting areas on the shear fracture surface samples was measured using ImageJ software. Four SEM images of the fractured samples for each alloy joint were used for this measurement; the smallest area was calculated as 0.01 mm2, and the results are summarized in Figure 10. The results indicate that the percentage of non-wetting (3.5%) and voids (15.7%) are largest on the fracture surfaces of ISC488/Cu because ISC488/Cu exhibits the lowest wettability on the Cu substrate, as discussed previously. The next largest values are for the Cu/ISC482/Cu joint (2.5% and 8.2%, respectively), and Cu/ISC482/Cu joint (0.97% and 7.3%, respectively). As a result, the void defect [62] and non-wetting regions may be the main reasons for the reduced shear strength of Cu/ISC488/Cu joints.



Figure 11 shows that although all the alloy joints exhibit ductile behavior with many dimples on the fracture surface, the fractured surface of IS48/Cu has fewer voids and no IMC. Few large fragments of (Cu, In, Sn)-IMC are observed near the voids on the fractured surface of ISC488/Cu (Figure 11i), which indicates stress concentration of voids. This confirms the low shear strength of the ISC488/Cu joint. Conversely, few small fragments of (Cu, In, Sn)-IMC are found on the fractured surface of ISC482/Cu (Figure 11f), and the number and size of the voids are smaller when compared to those observed on the fractured surface of ISC488/Cu. Hence, the ISC482/Cu joint exhibited higher shear strength compared to the other alloy joints.



It has been reported that the tensile strength of bulk materials such as low carbon steel and stainless steel [63] or irradiated materials [64] has linear relationships with shear strength. As previous discussion, crack propagation occurs in the alloy matrices of all alloy joints; therefore, the strength of the alloy matrices should be the main determinant of the shear strength of the joints. It means that there should be a certain relationship between the shear strength of the joint and the tensile strength of the alloy. We calculated that the shear strength of Cu/IS48 and Cu/ISC482 joints is approximately 1.34 and 1.47 times the tensile strength of alloy IS48 and alloy ISC482, respectively. While the shear strength of the Cu/ISC488 joint is approximately 0.85 times the tensile strength of ISC488 alloy. It is well known that the shear strength of solder joints is adversely affected by the intermetallic layer and the percentage of void defects in the joint [62,65,66]. Therefore, although ISC488 alloy has the highest tensile strength among the alloys studied, the highest percentage of void in the joint leads to a decrease in shear strength of Cu/ISC488/Cu joint. Due to many factors affecting the strength of the joint, from the tensile test results of the three alloys and the shear test results of the three corresponding joints in this study, we did not find a general relationship between the shear strength of the joint and the tensile strength of the alloy. Figure 12 shows the schematic of the crack propagation and void distribution in Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu alloy joints. The fine microstructure with a small amount of (Cu, In, Sn)-IMC in the ISC482 alloy matrix (Figure 3e–g and Figure 12b) and the thin interfacial IMC layer enhance the reliability of the Cu/ISC482/Cu joint. Large β and γ grains (Figure 3a–d) and the absence of (Cu, In, Sn)-IMC layer in the IS48 alloy matrix (Figure 12a) [20] result in lower shear strength of the Cu/IS48/Cu joint compared to that of the Cu/ISC482/Cu joint. The Cu/ISC488/Cu joint exhibits finer grains (Figure 3i–l); however, it also shows the highest number of voids (Figure 10 and Figure 12c) and the roughest interfacial IMC layer among all the alloy joints (Figure 8f). These act as additional stress concentration points [67] causing a reduction in the shear strength of the Cu/ISC488/Cu joint, as shown in Figure 7.





4. Conclusions


The effects of 2.0 and 8.0 wt.% Cu addition on the wettability, microstructure evolution, and shear strength of In-Sn-xCu/Cu joints were analyzed and compared with that of In-48Sn/Cu joint. The addition of Cu increased the contact angle of the In-Sn-xCu alloys on the Cu substrate owing to the higher viscosity of liquid Cu than that of In and Sn. All ISC alloys exhibited acceptable wettability, as indicated by the formation of continuous Cu6(In,Sn)5 + Cu(In,Sn)2 IMC layer at the In-Sn-xCu/Cu interface. Both Cu/IS482/Cu and Cu/ISC488/Cu joints exhibited a comparable and better shear strength than Cu/IS48/Cu joint, and all alloys have a low elastic modulus. As a result, the new ISC482 and ISC488 alloys are good candidates to replace IS48 alloy in flexible electronic applications, where low-temperature solder is required. Further studies on joint reliability, creep resistance and fatigue failure resistance of alloy will provide a complete overview of ISC482 and ISC488 alloys.
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Figure 1. Heating profile of the reflow process. 
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Figure 2. Contact angles of IS48, ISC482, and ISC488 alloys on Cu substrate, and the relationship between the solid–liquid (γsl), solid–vapor (γsv) and liquid–vapor (γlv) interfacial tensions and contact angle (θ). 
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Figure 3. The high-magnification view of the cross-sectional BSE and EPMA images of the: (a–d) Cu/IS48/Cu joint, (e–h) Cu/ISC482/Cu joint, and (i–l) Cu/ISC488/Cu joint; and the locations (1–12) of the EPMA points listed in Table 2. Where β and γ correspond to In3Sn and InSn4 phases, respectively. The plus symbols represent the locations of the analysis points. 
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Figure 4. (a–c) Typical EMPA Cu maps images, and (d) total thickness of the IMC layer in Cu/IS48/Cu, Cu/ISC482/Cu, and Cu/ISC488/Cu joints. 
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Figure 5. XRD patterns of the (a) IS48/Cu and (b) ISC488/Cu alloys. 
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Figure 6. Typical stress–strain curves of IS48, ISC482 and ISC488 alloys. 






Figure 6. Typical stress–strain curves of IS48, ISC482 and ISC488 alloys.



[image: Metals 12 00033 g006]







[image: Metals 12 00033 g007 550] 





Figure 7. Shear strengths of the alloy joints. 
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Figure 8. SEM images of typical cross-sectional fractured samples of (a) Cu/IS48/Cu, (b) Cu/ISC482/Cu, and (c) Cu/ISC488/Cu joints. (d–f) EPMA Cu map images of typical locations (1, 2, and 3) at the interface of the fractured samples. 
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Figure 9. Top view SEM images of the fractured samples at the bottom disks after the shear test: (a) Cu/IS48, (b) Cu/ISC482, and (c) Cu/ISC488. 
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Figure 10. Percentage of void and non-wetting area on fracture surface of alloy joints. 
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Figure 11. SEM images of the fracture surface of shear test samples: (a–c) Cu/IS48/Cu, (d–f) Cu/ISC482/Cu, and (g–i) Cu/ISC488/Cu joints. 
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Figure 12. Schematics of crack propagation and void distribution in (a) Cu/IS48/Cu, (b) Cu/ISC482/Cu, and (c) Cu/ISC488/Cu joints. 
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Table 1. Chemical compositions of the IS48, ISC482, ISC488 alloys, and Cu substrate.
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	Element
	ISC482 (wt.%)
	ISC488 (wt.%)
	IS48 (wt.%)





	Sn
	47.720
	45.000
	48.200



	In
	Balance
	Balance
	Balance



	Cu
	1.530
	7.370
	0.003



	Ni
	0.001
	0.001
	0.001



	Bi
	–
	–
	0.02



	Pb
	0.001
	0.001
	0.001
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Table 2. Chemical composition of the marked points in Figure 3.
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Alloy Joint

	
Point

	
In (at.%)

	
Sn (at.%)

	
Cu (at.%)

	
Estimated IMC






	
Cu/IS48/Cu

	
1

	
52.72

	
15.92

	
31.36

	
τ-Cu(In,Sn)2




	
2

	
20.60

	
22.89

	
56.51

	
η-Cu6(In,Sn)5




	
3

	
75.75

	
24.20

	
0.05

	
β-In3Sn




	
4

	
24.53

	
75.40

	
0.07

	
γ-InSn4




	
Cu/ISC482/Cu

	
5

	
53.83

	
14.01

	
32.16

	
τ-Cu(In,Sn)2




	
6

	
20.39

	
22.72

	
56.89

	
η-Cu6(In,Sn)5




	
7

	
75.61

	
23.63

	
0.76

	
β-In3Sn




	
8

	
24.03

	
75.14

	
0.83

	
γ-InSn4




	
Cu/ISC488/Cu

	
9

	
54.93

	
14.12

	
30.95

	
τ-Cu(In,Sn)2




	
10

	
23.74

	
17.77

	
58.49

	
η-Cu6(In,Sn)5




	
11

	
73.98

	
25.09

	
0.93

	
β-In3Sn




	
12

	
24.94

	
74.19

	
0.87

	
γ-InSn4
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