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The shear fatigue performance and fracture behavior of microscale ball grid array (BGA) structure Cu/Sn-3.0Ag-0.5Cu/Cu solder joints with different heights (500 μm, 300 μm, and 100 μm) with increasing current density (from 6.0 × 103 to 1.1 × 104 A/cm2) were investigated systematically. The results reveal that the fatigue life of solder joints decreases with increasing current density, while increasing with decreasing the height of solder joints. The location of fatigue fracture shifts from solder matrix to the interface between solder and intermetallic compound (IMC) layer for those with heights of 500 μm and 300 μm with increasing current density, in which the interfacial fracture is triggered by current crowding at the groove of the IMC layer and driven by mismatch strain at the solder/IMC layer interface; while, the fatigue fracture all occurs in the solder matrix for solder joints with a height of 100 μm. Moreover, the fracture in solder matrix of solder joints with heights of 500 μm and 300 μm exhibits an arc-shape fracture path, while a linear path for those with a height of 100 μm. These fracture paths are consistent with the concentration distribution region of plastic strain energy in solder joints.
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1 INTRODUCTION
Solder joints provide mechanical support and electric interconnects between the chip and printed circuit board (PCB) in microelectronic devices, which has a critical impact on the functional performance and reliability of the entire device (Zhang et al., 2020; Bi et al., 2020; Wang et al., 2020). The reliability of solder joints largely depends on their service condition, and current stressing is one of the main service conditions of solder joints. Under current stressing, Joule heating will change the thermal condition, which causes the solder joints subjecting to shear strain due to differences in coefficient of thermal expansion (CTE) among each part in solder joint (Chen et al., 2022). With the fluctuation of power or temperature, the cyclic shear strain will be generated in solder joints, thus inducing shear fatigue, which is the main failure mode of the solder joints in service.
With the miniaturization of electronics, the size of solder joints decreases, resulting in an increase in the current density flowing in the solder joints. Previous studies have shown that current stressing has a significant impact on the fatigue life and fracture behavior of solder joints. In the fatigue and thermal cycling test of ball grid array (BGA) structure Cu/Sn-3.0Ag-0.5Cu/Cu solder joints, the lifetime of solder joints under current stressing with a current density of 1.154 × 103 A/cm2 was 60% lower than those without current stressing (Zhang et al., 2021). Similar phenomenon also appear in millimeter-scaled lap-type Cu/Sn-3.5Ag-0.5Cu/Cu (Long et al., 2019), Cu/Sn-3.8Ag-0.5Cu/Cu solder joints (Jiao et al., 2019), microscale Cu/Sn-58Bi/Cu solder joints (Zuo et al., 2013), flip-chip Cu/Sn-3.8Ag-0.7Cu/Cu (Zhu et al., 2017; Gao et al., 2013) and Cu pillar Sn (Ma et al., 2016) solder joints, and their lifetime continuously decreased with increasing current density. In addition, the location and mode of fatigue fracture of solder joints under current stressing have also changed. For the flip-chip Cu/Sn-3.8Ag-0.7Cu/Cu solder joints, fracture tends to occur in the solder matrix near the solder/intermetallic compound (IMC) layer on the PCB side at a current density of 1.2 × 104 A/cm2, while it tends to appear at solder/IMC layer interface at a current density of 1.5 × 104 A/cm2 (Zhu et al., 2017). Moreover, the three distinct fracture modes can be observed in Cu/Sn-3.0Ag-0.5Cu/Cu solder joints, that is, fracture occurs in solder matrix without marked changes in solder microstructure (mode I); fracture occurs in solder matrix with obvious changes in solder microstructure (mode II); fracture occurs both in solder matrix and at solder/IMC layer interface (mode III) (Karppinen et al., 2013). While, in fatigue test of Cu/Sn-3.0Ag-0.5Cu/Cu solder joints under electro-thermal-vibration coupled loads, the fracture location changes gradually from solder/IMC layer interface to solder matrix with increasing temperature from 25°C to 100°C (Hu et al., 2005). In other words, there are three fracture modes, that is, fracture in solder matrix, mixed fracture in solder matrix and solder/IMC interface, and fracture in solder/IMC interface. In addition to current stressing, the solder joints with different sizes also exhibit different fatigue life and fracture behaviors. In the thermal cycle test of ceramic ball grid array (CBGA) components with different sizes (0.76 mm, 1.0 mm, and 1.3 mm), reducing the size of the solder joint is beneficial to reducing the stress and strain in the solder joint, and CBGA components with a size of 0.76 mm have the best thermal cycle reliability (Hu et al., 2005). Similar phenomena also occur in plastic ball grid array (PBGA) solder joints under board-level vibration conditions (Qi et al., 2011; She et al., 2019; Cui and Cheng, 2012) and BGA solder joints under board-level drop tests (Luan et al., 2005). However, in the random vibration fatigue tests of micro-scale chip scale package (CSP) solder joints and in the thermal cycling tests of quad flat package (QFP) solder joints, a contrary conclusion has been obtained, that is, the stress and strain in the solder joint increase with decreasing size of solder joints (Han et al., 2019; Fu and Wang, 2016). Moreover, the fatigue fracture of solder joints is also affected by joint size. In the shear fatigue test of BGA structure Cu/Sn-3.0Ag-0.5Cu/Cu solder joints, although both solder joints with a height of 300 μm and 500 μm fracture in the solder matrix, fracture location of smaller solder joints is closer to the solder/ICM layer interface (Qin et al., 2014b). However, the influence of size on the fatigue performance and fracture behavior of solder joints under current stressing is rarely investigated. The evolution mechanism of fatigue life and fracture behavior of solder joints with different sizes under current stressing needs further systematic and in-depth exploration.
In this study, the shear fatigue and fracture behavior of BGA structure Cu/Sn-3.0Ag-0.5Cu/Cu solder joints under current stressing were investigated. Considering that the height of solder joint, an important size parameter, has a significant impact on the mechanical properties and fracture behavior of solder joints (Wang et al., 2008), the study focuses on discussing the influence of change in height of solder joints on their fatigue performance to reveal the size effect of fatigue behavior. Moreover, the stress and strain state in solder joint was analyzed by the finite element (FE) method.
2 EXPERIMENTAL PROCEDURE AND SIMULATION METHOD
2.1 Experimental procedure
In the study, the BGA structure Cu/Sn-3.0Ag-0.5Cu/Cu joints with different heights were fabricated and used. A bismaleimide triazine (BT) epoxy-based substrate with a surface finish of copper-organic solderability preservatives (Cu-OSP) was chosen for the fabrication. The opening diameter of the pad was 320 μm. During the fabrication, the height of solder joint (the distance between the upper and lower substrates) was controlled by using Cu wires with a diameter of 500 μm, 300 μm and 100 μm, respectively. The height of solder joint (h) corresponding to the diameter of solder ball (Dball) was: h = 500 μm, Dball = 650 μm; h = 300 μm, Dball = 500 μm; h = 100 μm, Dball = 300 μm. The fabrication procedure of the solder joint was the same with previous work (Wang et al., 2022c). The cross-sectional morphology and related dimensions of the prepared solder joints are shown in Figure 1; Table 1, respectively.
[image: Figure 1]FIGURE 1 | Cross-section morphology of solder joints with different heights: (A) h = 500 μm; (B) h = 300 μm; (C) h = 100 μm.
TABLE 1 | Size parameters of solder joints with different heights (unit: μm).
[image: Table 1]The shear fatigue test was carried out using a dynamic mechanical analyzer (DMA Q800). A fixed gauge length of 18 mm was used when mounting the solder joints sample in the clamp of the DMA, to minimize the effect of substrate length on the shear fatigue behavior of solder joints. Before shear fatigue test, the direct current (DC) was applied to the solder joint for 3 min by a constant current power supply (ANS1560D) to achieve an equilibrium state in temperature.
The current density applied to the solder joint was 6.0 × 103 A/cm2, 7.0 × 103 A/cm2, 8.0 × 103 A/cm2, 9.0 × 103 A/cm2, 1.0 × 104 A/cm2, 1.1 × 104 A/cm2, respectively. After that, a cyclic shear load with displacement control mode was applied to the solder joint while keeping DC loading. The experimental schematic diagram is shown in Figure 2. The displacement amplitude of cyclic load applied to solder joints with a height of 500 μm, 300 μm, and 100 μm was ±25 μm, ±15 μm, and ±5 μm, respectively, which was equal to nominal shear strain amplitudes of 0.05 (γa = 0.05). The control waveform was a symmetrical trapezoidal wave with a dwell time of 3 s and a stress ratio of R = −1, as shown in Figure 3. The loading rate (or ramp rate in the symmetrical trapezoidal wave) was set as 3 μm/s. After test, the sample was characterized using a 3D measuring laser microscope (OLS4100) and a scanning electron microscope (SEM, Quanta 450, FEI) equipped with an energy-dispersive spectrometer (EDS).
[image: Figure 2]FIGURE 2 | Schematic diagram of the experiment.
[image: Figure 3]FIGURE 3 | The loading waveform of cyclic shear load.
2.2 FE method
To characterize the magnitude and distribution of stress, strain and plastic strain energy in the solder joints, FE simulation using ANSYS multi-physics software platform was conducted. The dimensions of the FE model of solder joints are determined according to the actual size of solder joint, which can be referred to Figure 1; Table 1. According to the EDS results shown in Section 3.2 of the results section, the interfacial IMC between Sn-3.0Ag-0.5Cu solder and Cu pad is Cu6Sn5. The physical parameters of Cu, Sn-3.0Ag-0.5Cu solder, Cu6Sn5, and substrate material (FR4) are given in Table 2. Moreover, Anand model is used as the material constitutive model to simulate the nonlinear material behavior of the viscoplastic Sn-3.0Ag-0.5Cu solder in FE simulation, and the parameters of the model are given in Table 3. The computational mesh model of solder joints with different heights is shown in Figure 4.
TABLE 2 | Materials properties for FE simulation (Wang et al., 2022b).
[image: Table 2]TABLE 3 | Parameters of Anand model of Sn-3.0Ag-0.5Cu (Wang et al., 2022a).
[image: Table 3][image: Figure 4]FIGURE 4 | Computational mesh model of solder joints with different heights.
3 RESULTS
3.1 Fatigue life of solder joints
The fatigue life of solder joints with different heights under current stressing is shown in Figure 5. Obviously, the fatigue life of solder joints increases monotonically with decreasing height of solder joint. Moreover, solder joints at all heights show a lower fatigue life under current stressing with a larger current density.
[image: Figure 5]FIGURE 5 | The fatigue life of solder joints with different heights under current stressing.
3.2 Fatigue fracture behavior of solder joints
The fracture surface morphologies of solder joints with a height of 500 μm under different current densities are shown in Figure 6. Without current stressing, the fatigue fracture occurs in the solder matrix, and the solder at the center of the fracture exhibits a prominent protrusion morphology, as shown in Figure 6A. This fracture morphology is similar to that of BGA structure solder joints reported in literature (Qin et al., 2014b). When solder joints under current stressing with a current density of 6.0 × 103 A/cm2, the fracture surface morphology is similar to that without current stressing. While, a local melting can be observed on fracture surface, as shown in Figure 6B. As the current density further increases to 1.0 × 104 A/cm2, besides local solder melting, some particles can be observed on the fracture surface, as shown in Figures 6C–J. When the current density reaches 1.1 × 104 A/cm2, the whole fracture surface of solder joints is covered with particles, as shown in Figures 6K, L. The EDS analysis results in Figures 6M, N indicate that these particles are Cu6Sn5. Accordingly, the fatigue fracture of solder joints began to occur at solder/IMC layer interface under current stressing with a current density of 7.0 × 103 A/cm2, while a whole interfacial fracture occurred under current stressing with a current density of 1.1 × 104 A/cm2. In other words, the fatigue fracture location of solder joints transfers gradually from the solder matrix to the solder/IMC layer interface with increasing current density.
[image: Figure 6]FIGURE 6 | Fracture surface morphologies of solder joints (h = 500 μm) under different current densities: (A) 0 A/cm2; (B) 6.0 × 103 A/cm2; (C) 7.0 × 103 A/cm2; (D) enlarged view of area 1; (E) 8.0 × 103 A/cm2; (F) enlarged view of area 2; (G) 9.0 × 103 A/cm2; (H) enlarged view of area 3; (I) 1.0 × 104 A/cm2; (J) enlarged view of area 4; (K) 1.1 × 104 A/cm2; (L) enlarged view of area 5; (M) EDS results of point 1 to point 5; (N) atomic ratio of elements in point 1 to point 5.
The fracture surface morphologies of solder joints with a height of 300 μm under different current densities are shown in Figure 7. Without current stressing, the morphological characteristics of fracture surface of solder joints are similar to those of solder joints with a height of 500 μm, as shown in Figure 7A. When solder joints under current stressing with the current density increases from 6.0 × 103 to 8.0 × 103 A/cm2, local melting of solder occurs on the fracture surface while the morphological characteristics are similar to those without current stressing, as shown in Figures 7B–D. As the current density further increases to 9.0 × 103, 1.0 × 104 and 1.1 × 104 A/cm2, the exposed particles were observed on the fracture surface, as shown in Figures 7E–J. According to the EDS analysis results in Figures 7K, L, these particles are consistent with those observed in fracture surface of solder joints with a height of 500 μm, that is Cu6Sn5, which indicates that the fatigue fracture location of solder joints with a height of 300 μm also undergoes a transition from solder matrix to solder/IMC layer interface with increasing current density. However, it is worth noting that interfacial fracture occurs at a current density of 9.0 × 103 A/cm2 for solder joints with a height of 300 μm, which is higher than that (7.0 × 103 A/cm2) in solder joints with a height of 500 μm. Moreover, fracture surface of solder joints with a height of 300 μm does not exhibit a complete interfacial fracture at a current density of 1.1 × 104 A/cm2, which is different from that in solder joints with a height of 500 μm.
[image: Figure 7]FIGURE 7 | Fracture surface morphologies of solder joints (h = 300 μm) under different current densities: (A) 0 A/cm2; (B) 6.0 × 103 A/cm2; (C) 7.0 × 103 A/cm2; (D) 8.0 × 103 A/cm2; (E) 9.0 × 103 A/cm2; (F) enlarged view of area 1; (G) 1.0 × 104 A/cm2; (H) enlarged view of area 2; (I) 1.1 × 104 A/cm2; (J) enlarged view of area 3; (K) EDS results of point 1 to point 3; (L) atomic ratio of elements in point 1 to point 3.
The fracture surface morphologies of solder joints with a height of 100 μm under different current densities are shown in Figure 8. Without current stressing, the fatigue fracture occurs in the solder matrix, and exhibits a relatively flat morphology, as shown in Figure 8A, which is significantly different from the solder protrusion morphology observed in solder joints with a height of 500 μm or 300 μm. When solder joints under current stressing with a current density of 6.0 × 103 A/cm2, the morphological characteristics of fracture surface of solder joints are similar to those without current stressing, while the local melting of solder can be observed on fracture surface, as shown in Figure 8B. With the current density further increasing from 7.0×103 to 1.1 × 104 A/cm2, the fracture location of solder joints remains in solder matrix, as shown in Figures 8C–G.
[image: Figure 8]FIGURE 8 | Fracture surface morphologies of solder joints (h = 100 μm) under different current densities: (A) 0 A/cm2; (B) 6.0 × 103 A/cm2; (C) 7.0 × 103 A/cm2; (D) 8.0 × 103 A/cm2; (E) 9.0 × 103 A/cm2; (F) 1.0 × 104 A/cm2; (G) 1.1 × 104 A/cm2.
According to the observation results of fracture surface of solder joints, the fatigue fracture behavior of solder joints with a height of 500 μm or 300 μm under current stressing is essentially different from that of solder joints with a height of 100 μm. In order to further figure out the difference, the fracture cross-section morphology of solder joints was analyzed, as shown in Figure 9. For the solder joints with a height of 500 μm without current stressing, the distance between the fracture location and the Cu pad is larger than thickness of solder mask, and the fracture path shows an arc-shape, as shown in Figure 9A, which is consistent with the solder protrusion morphology observed in Figure 6A. When the solder joints under current stressing with a current density of 6.0 × 103 A/cm2, the distance from the fracture location to the Cu pad decreases compared to those without current stressing, while fracture path still presents an arc-shape, as shown in Figure 9B. As current density further increases to 1.1 × 104 A/cm2, the fracture occurs in solder/IMC interface, indicating that the crack growth path is parallel to the substrate plane, as shown in Figure 9C. Moreover, it was observed that the fracture surface of solder joints was mainly composed of IMC grains and a small amount of solder at a current density of 1.1 × 104 A/cm2, which was due to the complete interfacial fracture occurred at this current density. The small amount of solder observed is caused by the molten solder covering the surface of IMC layer. When the height of solder joints decreases to 300 μm, the fracture path presents an arc-shape consistent with that of solder joints with a height of 500 μm without or under current stressing with a current density of 6.0 × 103 A/cm2, while the distance between the fracture location and the Cu pad decreases, as shown in Figures 9D, E. When solder joints under current stressing with a current density of 1.1 × 104 A/cm2, the exposed IMC grains can be observed near the solder mask, and fracture mainly occurs in the solder matrix, as shown in Figure 9F. Moreover, the distance between the fracture location and the Cu pad further decreases. As the height of solder joints further decreases to 100 μm, the distance from the fracture location to the Cu pad is almost equal to the thickness of the solder mask without current stressing, and the fracture surface exhibits a relatively flat fracture morphology, which indicates that the crack growth path is parallel to the substrate plane, as shown in Figure 9G. When solder joints under current stressing with a current density of 6.0 × 103 A/cm2, the fracture characteristics are similar to those without current stressing, while the distance from the fracture location to the Cu pad decreases, as shown in Figure 9H. As the current density increases to 1.1 × 104 A/cm2, the distance from the fracture location to the Cu pad is further reduced, while fracture still occurs in solder matrix, as shown in Figure 9I, which indicates that the increase of current density leads to the fracture location of solder joints transferring gradually to the near substrate interface.
[image: Figure 9]FIGURE 9 | Cross-section morphologies (near substrate side) of solder joints under current stressing: (A) h = 500 μm, j = 0 A/cm2; (B) h = 500 μm, j = 6.0 × 103 A/cm2; (C) h = 500 μm, j = 1.1 × 104 A/cm2; (D) h = 300 μm, j = 0 A/cm2; (E) h = 300 μm, j = 6.0 × 103 A/cm2; (F) h = 300 μm, j = 1.1 × 104 A/cm2; (G) h = 100 μm, j = 0 A/cm2; (H) h = 100 μm, j = 6.0 × 103 A/cm2; (I) h = 100 μm, j = 1.1 × 104 A/cm2.
Accordingly, there is a similar fracture behavior for the solder joints with a height of 500 μm and 300 μm, that is, the fracture location transitions gradually from the solder matrix to the solder/IMC interface with increasing current density, and the fracture path shows an arc-shape. For the solder joints with a height of 100 μm, the fracture occurs in the solder matrix and transitions gradually to the near substrate interface with increasing current density, and the fracture path is parallel to the substrate plane.
4 DISCUSSION
4.1 The influence mechanism of current stressing and height on fatigue life of solder joints
4.1.1 Influence mechanism of current stressing
The fatigue failure process of solder joints can be divided into two stages: fatigue crack initiation and fatigue crack propagation. Therefore, the ultimate fatigue life (N) of solder joints is the sum of the life before crack initiation (Ni) and life for crack propagation (Np), which can be expressed as:
[image: image]
in Equation 1, the life before crack initiation (Ni) is the number of cycles corresponding to accumulated plastic strain in solder joint reaching the critical value (pD). Based on continuum damage mechanics theory, Ni can be expressed as (Lemaitre and Desmorat, 2005):
[image: image]
where εpa is the plastic strain amplitude. During the fatigue crack propagation process, the crack propagation rate of BGA structure Cu/Sn-3.0Ag-0.5Cu/Cu solder joints can be expressed as (Qin et al., 2014a):
[image: image]
where vp is the crack propagation rate, AD is the area of fatigue crack propagation, ρ is the linear correlation coefficient, K is the material cyclic strength coefficient, Rv is the stress triaxiality function, E is the elastic modulus, S is the internal state-variable, s0 is the initial value of S, n is the strain rate sensitivity of saturation value. According to Equation 3, the life for crack propagation (Np) can be expressed as:
[image: image]
where A0 is the characteristic area, which refers to the area of fatigue crack propagation when failure or complete fracture. Considering that the parameters such as the K, Rv, E, S, and ρ are related to the material and structure of solder joint, therefore, the fatigue life of the solder joint mainly depends on the plastic deformation during the fatigue process and the characteristic area at complete fracture according to Equations 2, 4. Based on the unified constitutive model, the plastic strain rate ([image: image]) of solder can be expressed as (Chen et al., 2017):
[image: image]
where A is the pre-exponential factor, m is the strain rate sensitivity, Q is the activation energy, R is the universal gas constant, T is the working absolute temperature, and ξ is the material constant. When solder joint is subjected to current stressing, Equation 5 can be rewritten as:
[image: image]
where β is a constant, and j is the current density. For the BGA structure Cu/Sn-3.0Ag-0.5Cu/Cu solder joints, the temperature (T) in solder joint is related to the current density as follows (Wang et al., 2022c):
[image: image]
where ρR is the resistivity of the Sn-3.0Ag-0.5Cu solder, As is the cross-sectional area of the solder joint, H is the height of the solder joint, t is the current stressing time, h is the heat transfer coefficient, Sq is the surface of heating transfer, C is the specific heat, M is the mass of solder matrix and Ta is the ambient temperature. According to Equations 5, 6, when solder joints under current stressing, the activation energy Q decreases to (Q-βj2). At the same time, the temperature T in solder joint increases according to Equation 7, which induces a larger plastic deformation rate in the solder joint, thus resulting in a larger plastic deformation (Fu et al., 2016). According to Equations 2, 4, larger plastic deformation will lead to a lower Ni and Np, that is a lower fatigue life N. Therefore, the fatigue life of solder joints under current stressing is lower than that without current stressing, and further decreases with increasing current density.
4.1.2 Influence mechanism of height of solder joints
Based on the current experimental conditions, changes in solder joint height will cause a change in volume and shape of solder joint, resulting in different stress triaxiality (Jayabalan et al., 2019). The stress triaxiality function (Rv) can be expressed as (Qin et al., 2014a):
[image: image]
where v is the Poisson’s ratio, and Rσ is the stress triaxiality. For the BGA structure Cu/Sn-3.0Ag- 0.5Cu/Cu solder joints under shear load, the Rσ increases with increasing height (Qin et al., 2014b). Combining Equations 4, 8, an increase in Rσ leads to an increase in Rv, resulting in a decrease in fatigue propagation life Np. Moreover, the stress and strain of solder joints with different heights with/without current stressing were obtained through experimental measurements, and saturation hysteresis loops were plotted as shown in Figure 10. Obviously, the area of saturation hysteresis loops of solder joints with 500 µm height is the largest with/without current stressing, and decreases with decreasing height of the solder joint. It means that the solder joints with a larger height suffer greater damage, and thus have a lower fatigue life.
[image: Figure 10]FIGURE 10 | The stress-strain curves (third cycle loading) of solder joints with different heights under current stressing: (A) j = 0 A/cm2; (B) j = 6.0 × 103 A/cm2.
4.2 Fatigue fracture mechanism of solder joints
Previous studies have shown that the fracture behavior of BGA structure solder joints under current stressing is related to the current density distribution, stress and strain state in the solder joints (Wang et al., 2022b; Wang et al., 2022c). The change in solder joint height will cause changes in current density, stress and strain distribution in solder joint, leading to changes in path and mode of fracture of solder joint. Firstly, the current density distribution in solder joints with different heights was calculated through finite element simulation. It was found that the severe current crowding occurs at the electron flow entrance and exit corners of solder joints, and the current density at the crowding area increases with increasing height of solder joints, as shown in Figure 11. Due to current crowding effect, a significant strain mismatch occurs at the solder/IMC layer interface, and increases with increasing height of solder joint, as shown in Figure 12. The strain mismatch at solder/IMC layer provides a driving force for the occurrence of interfacial fracture of solder joints. Therefore, interfacial fracture is prone to occur in solder joints with larger heights under current stressing. Secondly, through simulation of the stress distribution in solder joints, it was found that the stress concentration region gradually transfers from solder matrix to the substrate with increasing height of solder joints, and occurs at the solder/IMC layer interface when height reaches 500 μm, as shown in Figure 13. It indicates that the fracture location of solder joints with larger heights is more likely to occur at the solder/IMC interface layer.
[image: Figure 11]FIGURE 11 | (A) Current density at IMC groove under a current density of 1.1 × 104 A/cm2; (B) statistics of the maximum current density at IMC grooves with different applied current densities.
[image: Figure 12]FIGURE 12 | The maximum equivalent strain at solder/IMC layer interface of solder joints with different heights.
[image: Figure 13]FIGURE 13 | Von Mises stress distribution of solder joints with different heights under a current density of 6.0 × 103 A/cm2.
In addition to interfacial fracture, the change in height of solder joints also affects the fracture behavior that occurs in the solder matrix. According to the observation of the fracture path (see Figure 9), the fracture of solder joints with different heights in the solder matrix presents two types, as shown in Figure 14. Type I, the crack propagates along the path parallel to the cyclic shear loading direction until fractured completely, as shown in Figure 14A. Type II, the crack propagates into the solder matrix and presents an arc-shape path, as shown in Figure 14B. Due to the viscoplastic characteristics of Sn-3.0Ag-0.5Cu solder, the plastic strain energy can be considered as the energy stored in the solder, which can provide a driving force for the generation and accumulation of damage, crack initiation and propagation (Zappalorto and Lazzarin, 2011). Therefore, the cracks in the solder matrix usually propagate along the region where the plastic strain energy distribution is concentrated. The distribution of plastic strain energy in solder joints with different heights is shown in Figure 15. For the solder joints with a height of 100 μm, the plastic strain energy is concentrated at the edge of solder, where is in contact with the solder mask. While, for the solder joint with a height of 300 μm and 500 μm, the plastic strain energy is concentrated in the solder matrix, and the concentration region presents an arc-shape. Accordingly, the former mainly exhibits type I fracture, while the latter mainly exhibits type II fracture.
[image: Figure 14]FIGURE 14 | Two types of fatigue fracture occurring in solder matrix: (A) fracture along the loading direction (substrate); (B) arc-shape fracture.
[image: Figure 15]FIGURE 15 | The plastic strain energy density distribution of solder joints with different heights under current stressing: (A) h = 500 μm, j = 0 A/cm2; (B) h = 300 μm, j = 0 A/cm2; (C) h = 100 μm, j = 0 A/cm2; (D) h = 500 μm, j = 6.0 × 103 A/cm2; (E) h = 300 μm, j = 6.0 × 103 A/cm2; (F) h = 100 μm, j = 6.0 × 103 A/cm2.
5 CONCLUSION
The shear fatigue and fracture behavior of microscale BGA structure Cu/Sn-3.0Ag-0.5Cu/Cu solder joints with different heights under current stressing were investigated. The conclusions can be summarized as follows:
(1) The shear fatigue life of solder joints decreases with increasing current density, while increases with decreasing height of solder joints.
(2) The fatigue fracture location of solder joints gradually transfers from solder matrix to solder/IMC layer interface with increasing current density and height of solder joints.
(3) The current crowding and strain mismatch at solder/IMC layer interface increases with increasing current density and height of solder joints, which are the driving forces for the initiation and propagation of interfacial cracks, respectively.
(4) The propagation path of fatigue cracks in the solder matrix was along the plastic strain energy concentration area, which gradually changed from an arc-shape to a line shape parallel to the loading direction with decreasing height of solder joints.
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