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Temperature-induced solder joint fatigue is a main reliability concern for aerospace and military industries whose electronic equipment used in the field is required to remain functional under harsh loadings. Due to the RoHS directive which eventually will prevent lead from being utilized in electronic systems, there is a need for a better understanding of lead-free thermomechanical behavior when subjected to temperature variations. As solder joints mechanical properties are dependent of their microstructural characteristics, developing accurate solder joint fatigue models means to correctly capture the microstructural changes that undergo the solder alloy during thermal cycling. This study reports the Sn3.0Ag0.5Cu (SAC305) solder joints microstructural evolution during damaging temperature cycles. Electron BackScatter Diffraction (EBSD) analysis was conducted to assess the SAC305 microstructure corresponding to a specific damage level. Investigated microstructural features included the β-Sn grain size and crystallographic orientation, as well as the grain boundary misorientation and Ag 3 Sn intermetallic compound (IMC) size. As-reflowed and damaged components were also mechanically characterized using nanoindentation technique. The microstructural analysis of SAC305 solder joints prior to thermal cycling showed a highly textured microstructure characteristic of hexa-cyclic twinning with two β-Sn morphologies consisting of preferentially orientated macrograins known as Kara's beach ball, along with smaller interlaced grains. The main observation is that recrystallization systematically occurred in SAC305 solder joints during thermal cycling, creating a high population of misoriented grain boundaries leading to intergranular crack initiation and propagation in the high strain regions. The recrystallization process is accompanied with a progressive loss of crystallographic texture and twinning structure. Ag 3 Sn IMCs coalescence is another strong indicator of SAC305 solder damage since the bigger and more spaced the IMCs are the less dislocation pinning can prevent recrystallization from occurring.

Introduction

Electronic equipment for aerospace and military applications can encounter a wide range of environmental stresses mainly due to thermomechanical loadings (temperature variations) [START_REF] Steinberg | Vibration Analysis for Electronic Equipment[END_REF]. With the RoHS directive preventing the use of lead (Pb), lead-free solder joint fatigue in severe temperature environments has been widely studied amongst the electronic industry and academics [START_REF] Lee | Solder joint fatigue model: review and applicability chip scale packages[END_REF]. While most studies focus on a macroscopic scale approach when assessing thermomechanical behavior of solder joints, few investigations have been conducted on the effect of thermal cycling on the microstructural evolution of SAC305 solder alloy and the resulting mechanical properties. The microstructure of SAC305 solder interconnects after reflow consists in a network of β-Sn dendrites surrounded by a β-Sn matrix with secondary nanoscale particles of Ag 3 Sn (eutectic region). Another IMC phase can appear and depends on the surface finish. For SAC305 solders assembled on pure copper, Cu 6 Sn 5 will be formed while (Cu,Ni) 6 Sn 5 IMCs develop on ENIG finished pads [START_REF] Choubey | Microstructural Changes Under Isothermal Aging and Their Influence on Thermal Fatigue Reliability for Tin-lead and Lead-free Solder Joints, Including Microstructural Changes Under Isothermal Aging in Mixed Solder Joints[END_REF]. Large primary IMCs can also be formed before the Sn phase during solidification (plate-like shape for Ag 3 Sn and rod-like for Cu 6 Sn 5 ). The β-Sn dendrites orientation is strongly correlated with the crystallographic orientations. As-solidified SAC solder joints generally consist of highly anisotropic β-Sn grains whose size is the same order of magnitude as the joint itself [START_REF] Mukherjee | Multiscale Modeling of the Anisotropic Transient Creep Response of Heterogeneous SAC Single Crystal[END_REF][START_REF] Barbini | Reliability of Lead-Free LGAs and BGAs: Effects of Solder Joint Size, Cyclic Strain and Microstructure[END_REF]. Arfaei et al. studied the influence of solder alloy, volume and pad finishes on the Sn-Ag-Cu solders microstructure and their related thermomechanical properties. Their investigation showed that two principal β-Sn grain morphologies were observed after reflow. These morphologies consist of large macrograins and smaller interlaced grains. They also performed Knoop hardness tests and found out that interlaced grains depicted a higher hardness than the macrograins morphology [START_REF] Arfaei | Improving the Thermomechanical Behavior of Lead Free Solder Joints by Controlling the Microstructure[END_REF]. Lehman et al. suggested that the macrograins morphology forms from a single point nucleation and is the result of the rapid solidification causing recalescence and therefore inhibiting further β-Sn grain nucleation. Their work showed that the macrograin and interlaced morphologies respectively result from {101} and {301} cyclic twins [START_REF] Lehman | Cyclic twin nucleation in tin-based solder alloys[END_REF].This initial microstructure evolves as thermomechanical damage accumulates in solder joints. Recrystallization is a well-known microstructural change occurring in SAC305 solder interconnects during thermal cycling [START_REF] Holderlann | Dynamic recrystallization of Sn3.0Ag0.5Cu Pb-free solder alloy[END_REF]. As it seems to be the main damaging process involved during thermomechanical fatigue of SAC solder joints, every step leading to the creation of recrystallized grains, and eventually solder crack, need to be thoroughly understood. Research works have been conducted on the effects of the microstructure of as-soldered solder joints on their thermomechanical fatigue behavior. Bieler et al. studied the influence of β-Sn grains orientation on SAC solder joints thermomechanical response. They reported that a worstcase orientation, where the [001] axis of the β-Sn unit cell is parallel to the substrate, generates a maximum CTE-mismatch, therefore leading to earlier failures. Their findings showed that these randomly distributed orientations seem to be responsible for the usual scattering observed with SAC solder joints [START_REF] Bieler | Influence of Sn grain size and orientation on the thermomechanical response and reliability of Pb-free solder joints[END_REF]. The same author further investigated the effect of crystal orientations and temperature cycling on the mechanical response of SAC solder interconnects. In-situ synchrotron X-ray measurements conducted on low-stress Plastic Ball Grid Array (PBGA) components showed that recrystallization process and IMCs coarsening occurring during thermal fatigue tests are unique to each solder joint, making lifetime estimation complex [START_REF] Bieler | The role of elastic and plastic anisotropy of Sn in recrystallization and damage evolution during thermal cycling in SAC305 solder joints[END_REF]. This work suggests that there is a correlation between the evolution of the initial microstructure (i.e. β-Sn grains orientations and IMCs distribution) after reflow and recrystallization. Several authors have therefore focused their research on the evolution of these microstructural features during thermal cycling. Coyle et al. conducted thermal cycles on PBGA and resistor components to assess the influence of the as-soldered microstructure on the thermomechanical fatigue durability. By controlling the cooling rate, the number of solder reflows, and isothermal aging, they could indeed form different Ag 3 Sn IMC particles sizes and spacing. According to this study, conducting temperature cycles with longer dwell times allow to get rid off the initial microstructure dependency [START_REF] Coyle | Phenomenological study of the effect of microstructural evolution on the thermal fatigue resistance of Pb-free solder joints[END_REF]. Terashima et al. performed thermal cycles along with Grain Boundary Character Distribution (GBSD) imaging and found a correlation between the higher number of SAC305 Common Site Lattice (CSL) boundaries and its better thermal fatigue lifetime compared to SAC105 solder joints [START_REF] Terashima | Improvement of thermal fatigue properties of Sn-Ag-Cu lead-free solder interconnects on Casio's wafer-level packages on morphology and grain boundary character[END_REF]. Yin et al. conducted thermomechanical fatigue tests on SAC305 solder balls and proposed a damage accumulation model based on the evolution of microstructural features. This study showed that recrystallization occurs between 25% and 50% of the characteristic life, the remaining time being controlled by crack propagation in the recrystallized area [START_REF] Yin | Recrystallization and precipitate coarsening in Pb-free solder joints during thermomechanical fatigue[END_REF]. The evolving microstructure (Ag3Sn coarsening and formation of recrystallized β-Sn grains) during thermal cycling infers an evolution of solder interconnections mechanical properties. A work conducted by Kanda et al. established a link between the microstructure evolution and the resulting mechanical properties since it focused on the determination of the SAC305 cyclic strain-hardening exponent as a function of the Ag 3 Sn particles size and temperature. Their results showed that the exponent was proportional to the reciprocal square root of the average radius of the IMCs, and the effect of temperature on the exponent could be described by the Arrhenius function [START_REF] Kanda | Effect of strain-enhanced microstructural coarsening on the cyclic strain-hardening exponent of Sn-Ag-Cu joints[END_REF]. Sahaym et al. studied the microstructural coarsening of Ag 3 Sn IMCs in SAC305 and SAC105 solder joints during thermal cycling tests. The authors stated that strain-assisted dissolution and reprecipitation of Ag 3 Sn particles is accompanied with β-Sn recrystallization when an inelastic strain threshold is reached [START_REF] Sahaym | Recrystallization and Ag 3 Sn particle redistribution during thermomechanical treatment of bulk Sn-Ag-Cu solder alloys[END_REF]. Sakai et al. stated that strain hardened metals heated above T H = 0.5 can be subjected to recrystallization [START_REF] Sakai | Dynamic and post-dynamic recrystallization under hot, cold and severe plastic deformation conditions[END_REF]. SAC305 alloy begins to become liquid at its solidus temperature equal to 217 °C, meaning that at 20 °C and 125 °C, its homologous temperature is respectively close to T H ≈ 0.6 and T H ≈ 0.8. In this homologous temperatures range, the time-dependent material response, that is to say viscoplastic behavior of SAC305 solder alloy, is significant and it is therefore likely to observe recrystallization after thermal cycling between -55 °C and 125 °C. The literature survey shows the complexity of the phenomena leading to failure of lead-free electronic assemblies subjected to thermal cycling loading.

This paper aims to provide a better understanding of the SAC305 microstructure evolution during thermomechanical fatigue tests by assessing every step leading to the fatigue crack and correlating the microstructural changes with a thermomechanical damage level. This correlation is performed through the use of a large spectrum of techniques allowing the investigation of the material and mechanical characteristics of SAC305 interconnections. Solder damage is expressed with the creation of recrystallized β-Sn grains through recovery and recrystallization processes. These microstructural modifications come along strain-enhanced Ag 3 Sn coarsening which appear to be directly linked to the recrystallization kinetics. Eight industry-representative assemblies consisting in several surface-mount technology components (SMT) including two daisy-chained 900 I/O Wafer Level Packages (WLP900) and two chip resistor (R2512) assembled on a flame retardant (FR-4) multi-layered (8 copper ground planes) printed circuit board (PCB) were designed. Thermal cycling tests were conducted between -55 °C and 125 °C, with a 10 °C•min -1 ramp rate and 15 min dwells, until failure of the sixteen WLP900 and R2512 packages to determine the corresponding number of cycles to failure for a 50% failure rate (N 50% ) using Weibull distribution. Cross-sections were performed on additional test coupons whose electrical continuity was not monitored but were taken out of the thermal chamber at different times throughout thermal cycling duration. An in-depth EBSD analysis was then performed to assess the evolution of selected microstructural features. First, an investigation of the as-soldered specimen was conducted to identify common characteristics and thus to determine the "finger-print" of non-damaged solder joints. Damaged solder interconnects were then considered to study the evolution of these main initial microstructural features and their consequences on the occurrence of recrystallization. A comparison based on nano-indentation hardness measurements was made between an as-reflowed solder joint and a damaged one. Every failed components exhibited solder intergranular cracks in the high strain regions where recrystallization took place along with Ag 3 Sn coarsening.

Thermomechanical fatigue tests and approach

Test vehicles and setup

Eight test vehicles consisting of several usual SMT components assembled with SAC305 solder alloy are considered to reflect real assemblies used in the field. Amongst the mounted packages, two specific components are considered for this paper: a Ball Grid Array-like WLP900 distributed by Topline® and a chip R2512 component manufactured by KOA® Speer Electronics. The conformal coating opening diameter for the WLP900 component is 0.4 mm and the pitch between each solder ball is 0.25 mm. Concerning the R2512 resistor, the pad length and width are respectively equal to 3.2 and 0.4 mm. According to their solder joints geometry, their size and their material properties, temperature-induced stress in each package solder joints is very different and they therefore cover a large spectrum of number of cycles to failure. It is worth noting that the WLP is a technology where the package is the same size as the die. Two of each component are assembled per board for a total of sixteen, allowing the statistical analysis of SAC305 solder joints durability. Eight detachable test coupons including each of the selected packages are also designed for the microstructure investigation. The substrate is a 220 × 220 mm, 1.6 mm thick multi-layered (ground copper planes) FR-4 printed circuit board. The board has Electroless Nickel Immersion Gold (ENIG) surface finish on non-solder mask defined (NSMD) pads. It is important to note that the test vehicle considered in this study is representative of real SAC305 assemblies manufactured in the industry. Fig. 1 describes the test assemblies with its corresponding detachable test coupons along with the reflow profile.

Solder joints geometry is an important factor to take into account as it has an influence on the stress/strain distribution within the interconnection. Solder mechanical response is indeed not homogeneous within the interconnection and the microstructure is also likely to change heterogeneously during the thermomechanical loading. There is therefore a gradient of properties and microstructural features according to the localization within the solder joint. Choosing the WLP900 and R2512 components for the study of the SAC305 microstructure evolution is driven by the fact that they yield different solder joint geometries often met for many different packages.

The test vehicles and coupons are subjected to a military temperature cycles profile following the JEDEC Standard JESD22-A104D test specification [START_REF]Temperature Cycling[END_REF]:

• Temperature excursion: -55 °C to 125 °C • Ramp rate: 10 °C•min -1 • Dwell time: 15 min
The Coefficient of Thermal Expansion (CTE) mismatch between the constitutive materials of the PCB and the components drives the generation of temperature-induced shear strains within solder joints eventually leading to crack initiation and propagation causing component failure. Test boards are placed in a thermal chamber and connected to a data logger system allowing the continuous measurement of the electrical continuity. Except for the test coupons whose components resistance is checked out with a multimeter after removal from the thermal chamber, the daisy-chain resistance of each component is monitored throughout the thermal cycling test at the middle of each dwell time at low and high temperature in order to detect the number of cycles to failure (Fig. 2). The failure criterion is based on the 20% increase in resistance for five consecutive scans according to the IPC-9701A standard [START_REF]IPC-9701A, Performance Test Methods and Qualification Requirements for Surface Mount Solder Attachments[END_REF]. Thermal cycling test is conducted until a maximum number of temperature cycles is reached. According to previous simulations and return on experience, this maximum number of temperature cycles is assumed to cause the failure of most of the WLP900 and R2512 components. This threshold value is set to 3200 cycles. A temperature probe (PT100 resistance) is also placed at the center of each board to allow the determination of the actual thermal cycle the assemblies are subjected to. Given the multi-layered PCB structure with copper ground planes, the overall thermal conductivity of the board is high enough to ensure temperature profiles relatively close to the input thermal chamber temperature.

Test procedure and matrix

The overall approach to assess the effect of thermal cycling on SAC305 microstructure first consists in conducting the temperature cycles test until failure of each considered component in order to get their associated number of cycles to failure (N 50% ). Cross-sections are • β-Sn grain size,

• β-Sn grain crystallographic orientation,

• Grain boundary misorientation,

• Ag 3 Sn IMC particles size.

The EBSD analysis was conducted using a Nordlys II S camera and micrograph cartographies were performed with a 0.10 μm pitch. The EBSD images were then post-processed using AZtec software from Oxford Instruments. Nanoindentation tests were also performed in order to mechanically characterize the SAC305 microstructure after reflow and for a damaged solder joint. The nanoindentation tests were performed using a MTS Nano Indenter®XP. A Berkovich pyramidal nano-indenter was used at a penetration rate of 0.05 s -1 during the loading phase. The load was then kept constant during 10 s when the indenter reached a depth of 500 nm. The unloading was finally set at a rate of 0.05 s -1 . The corresponding hardness was measured for at least 20 indents in order to have statistical results. Fig. 3 describes the approach used in this work to study the microstructural evolution of SAC305 solder joints during thermal cycling.

Each test coupon is gradually collected from the thermal chamber throughout the thermal cycling test and the number of corresponding cycles (n out ) are arbitrary chosen (though regularly spaced). The thermal cycling test is conducted until 3200 cycles. Table 1 summarizes the successive collection of each test coupon during temperature cycles, Fig. 3. SAC305 microstructural evolution investigation approach. then performed on the selected components from the test coupons taken out of the thermal chamber at different times during temperature cycling (100, 200, 300, 500, 1000, 1500 and 2000 cycles). The metallographic investigation is then conducted using white/polarized light microscopy and Scanning Electron Microscopy (SEM) observations along with EBSD analysis in these specific areas. Four main microstructural features are considered in this study:
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A damage level of 0 corresponds to an as-reflowed test coupon which has not been subjected to any thermomechanical cyclic loading. The microscopic observations followed by EBSD analysis of each crosssection will provide a "snapshot" of the instantaneous evolving microstructure corresponding to a specific damage level in the solder joint.

Results and discussion

Thermal cycles test

Temperature cycling is conducted until 3200 cycles. The raw electrical continuity measurements from the data acquisition system are analyzed to obtain the lifetime of each WLP900 and R2512 component assembled on the test vehicles. This set of lifetimes is then computed to get the corresponding number of cycles to failure for a 50% failure rate. A two-parameter Weibull distribution is thus used to model the number of cycles to failure (Eq. ( 2)).
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where F(t) is the cumulative failure distribution function or failure rate, η the characteristic life (number of cycles to failure for 63.2% of failed specimens) and β the shape parameter. Fig. 4 presents the Weibull plots corresponding to the WLP900 and R2512 populations. The associated number of cycles to failure for a 50% failure rate can then be determined. Under the specific experimental conditions, the R2512 durability is 26.8 times more important than the WLP900 durability. Some R2512 components did not fail before the end of the thermal cycling test. This was taken into account by using right-truncated data with Minitab software. The test coupons 1 and 2 for WLP900 along with 1, 5, 6, 7, and 8 for R2512 are selected for cross-sectioning and EBSD analysis (bold characters in Table 2). Between 100 and 200 cycles, every WLP900 components have already failed and therefore only the as-soldered and one failed components are considered. The damage level can then be correlated to a damaged zone within the solder joints.

Failure analysis

Solder joints damage is electrically expressed with an increase of the daisy-chain resistance. This increase is due to the initiation and propagation of a crack through the solder joint. The regions of high deformations are correlated with the failure sites. For the WLP900 assembly, the crack is located in the solder bulk on the component side (Fig. 5). The crack initiates at the solder neck and propagates along the direction parallel to the solder and component interface. The solder neck is a geometrical singularity due to the WLP900 SMD (Solder Mask Defined) pads which generates a high stress concentration zone from which a crack can nucleate. Concerning the R2512 assembly, the high strain region is localized underneath the component where the crack initiates and propagates to the solder fillet along the component edge (Fig. 6). When switching from white to polarized light on the optical microscope, β-Sn grains can be revealed due to their birefringence. While undamaged regions keep their as-reflowed macrograins morphology, the high strain zone exhibits recrystallized smaller grains.

This FEM analysis coupled with metallographic observations showed that regardless of the component type and solder shape, cracking occurs in the high strain regions and is accompanied with a recrystallization process where smaller grains are formed. In some rare cases, recrystallization was not observed near the crack path of failed components. It is however important to realize that polarized light is not an accurate observation mean and therefore, the absence of apparent smaller grains does not mean that recrystallization did not occur. Polarized light microscopy observations can nevertheless be a first step to analyze the microstructure of SAC305 solder joints and verify whether obvious recrystallization occurred. It is accordingly a simple and quick way to discriminate cross-sections that might not provide interesting information with a costly EBSD analysis.

As-reflowed SAC305 solder joints microstructure

This section aims to investigate the SAC305 solder joints initial microstructure observed after reflow. Fig. 7 presents the initial microstructure and the associated β-Sn grain morphology for an as-solidified SAC305 solder ball. Unlike the macrograins morphology which is systematically observed after reflow, interlaced grains are not always formed and if so, they are often localized at the interface between the solder and the copper pad on component or PCB side. Given the directional dependence of β-Sn mechanical properties (Young modulus and CTE), the macrograins morphology therefore confers a strong anisotropic behavior to the SAC305 solder joints [START_REF] Yang | Modeling thermal fatigue in anisotropic Sn-Ag-Cu/ Cu solder joints[END_REF]. It is interesting to notice that there is no dendritic structure where the interlaced morphology is observed. It is rather filled with a homogeneous high density Ag 3 Sn IMC particles distribution contrary to the rest of the ball whose dendritic structure yields a heterogeneous and lower Ag 3 Sn density. This observation is consistent with the study conducted by Arfaei et al. on SAC305 solder joints [START_REF] Arfaei | Improving the Thermomechanical Behavior of Lead Free Solder Joints by Controlling the Microstructure[END_REF]. Precipitation-strengthening is therefore enhanced in the interlaced regions. The Ag 3 Sn repartition, coupled with the different macrograins crystallographic orientations, creates a mechanical property gradient within the solder interconnects which makes the SAC305 durability assessment more complex. This initial microstructure is strongly affected by thermal excursions and temperature-with the measured electrical resistance and the associated removal number of cycles.

The WLP900 is a 15 × 15 mm component while the R2512 length and width are respectively 6.3 mm and 3.2 mm. Several studies showed that the package size is one of the main factors influencing the assembly thermomechanical durability [START_REF] Lau | The role of DNP (distance to neutral point) on solder joint reliability of area array assemblies[END_REF]. For a fixed ΔCTE between the board and the component, the bigger a component is, the shorter its lifetime will be. It is therefore easily understandable why WLP900 components failed earlier than the R2512 chip resistors. Another preponderant factor to take into account is the CTE of each component. According to the components constitutive materials (Si for the WLP900 and Al 2 O 3 for the R2512), the WLP900 has a CTE equal to 2.6 ppm•K -1 whereas the R2512 chip resistor has a CTE of 5.2 × 10 -6 K -1 . For the considered multi-layered PCB, which has a CTE equal to 15 × 10 -6 K -1 , the CTE mismatch between the substrate and the assembled component is therefore more important for the WLP900 assembly than the R2512 assembly. The lower solder volume in the case of the WLP900 component is another factor inducing earlier failures as it provides less strength for the solder joints. It is also worth noting that the time for the crack to propagate is longer for the R2512 chip as the fracture area for this component is approximately 40 times bigger than the fracture area of the WLP900 component (R2512: A crack ≈ 1.95 mm 2 , WLP900: A crack ≈ 0.05 mm 2 ). Finally, the thermal inertia due to the constitutive materials of each component also influences the time to failure. WLP900 is made of silicon whose thermal conductivity is about 12 times more important than the thermal conductivity of alumina which is constitutive of the R2512 chip

(λ Si ≈ 148 W•m -1 •K -1 , λ Al2O3 ≈ 12 W•m -1 •K -1
). It is therefore likely that the temperature excursion, that is to say the damaging level, will be more important for the WLP900. The WLP900 solder balls will therefore be subjected to a quicker damaging process than the R2512 solder joint.

After 3200 cycles, the Weibull distribution is used to compute the measured lifetimes and determine N 50% for the WLP900 and R2512 components. The corresponding solder damage level (D solder ) can be defined as the ratio between the number of cycles until the test coupon is taken out of the thermal chamber (n out ) and the number of cycles to failure for a 50% failure rate (N 50% ): induced viscoplastic strains which modify the internal structure of each joint.

After identifying the cross-sections depicting these microstructural features, an EBSD analysis has been conducted on an as-reflowed WLP900 solder ball to quantify the selected metallurgical aspects. from the undamaged test coupons. To sum up, as-reflowed SAC305 solder joints present a highly crystallographic-textured microstructure consisting in three major twin orientations which cyclically repeat about 60°around the [100] axis. These results have been reported by several authors [START_REF] Lehman | Cyclic twin nucleation in tin-based solder alloys[END_REF][START_REF] Mueler | The twinning phenomenon in SnAgCu solder balls[END_REF].

Evolution of the β-Sn grains size and crystallographic orientation

The evolution of β-Sn grains size and the associated textured microstructure observed after reflow has been investigated throughout the temperature cycling test. The thermal cycles generate viscoplastic strains eventually leading to the formation of new smaller grains characteristic of the recrystallization process. Prior to recrystallization, a recovery process occurs. As the viscoplastic strains develop in the solder joints, the created dislocations annihilate and rearrange to form sub-grain boundaries (dislocation walls). These dislocation cells (subgrains) can then grow due to thermal-activated and strain-enhanced coalescence decreasing their surface energy, and rotate to create higher angle grain boundaries leading to recrystallized β-Sn grains. The created misoriented grains during recrystallization are highly misoriented from each other and high angle grain boundaries are generated, providing a privileged path for crack propagation. The closer to the solder crack, the higher the grain boundary angles (Fig. 9).

Thermomechanical fatigue is always associated with intergranular crack, likely due to a grain boundary sliding (GBS) process occurring under the action of shear stresses during thermal cycling. The following bullets summarize the different steps leading to the thermomechanical fatigue crack: As a result, as the thermal cycling is conducted, the major crystallographic orientations observed after reflow do no longer exist when solder damage is significant. SAC305 solder joints tend to lose their textured microstructure with the creation of highly misoriented recrystallized grains. Fig. 10 shows the SAC305 crystallographic orientation along with the corresponding pole figures for several R2512 solder joints for three different damage levels. The loss of crystallographic orientation is likely due to β-Sn grains rotations during recrystallization. Fig. 11 shows the β-Sn grains size distribution in the R2512 damage zone corresponding to damage level of 0.29, 0.58, 0.87 and 1.17 (for D solder = 1.17, the EBSD cartography depicting β-Sn grains size is given). These measurements have been conducted using the EBSD image analysis software embedded in the Oxford Instruments application (AZtec). Those four EBSD analysis have been performed on failed components (test coupons 7 and 8 as shown in Table 1) and on components with partial cracks (test coupons 5 and 6). It turns out that regardless of the damage level, the grain size distribution remains the same. This can mean that the recrystallization kinetics is that quick that β-Sn grains reach a threshold value from which no further evolution occurs. R2512 solder joints from the 8th test coupons nevertheless depict a higher population of large equivalent diameters. The fraction of grain size above 9 μm is indeed slightly higher than in the rest of the selected solder joints. This can be the result of the grain growth process occurring at high temperature and thermodynamically driven by the minimization of interfacial energy, where grain boundaries can move and consume neighboring smaller grain, eventually leading to an increase in β-Sn grain size.

It is also interesting to observe that a high proportion of small β-Sn grains (≈2 μm) is localized along the crack path (blue grains on the EBSD cartography). An interpretation that could be made regarding this observation is that these small β-Sn grains localized around the solder crack can result from a "local" recrystallization process due to the high stress concentration at the crack tip during propagation. Temperature and strain rate conditions allowing viscoplastic deformations to take place are still met and recrystallization can thus occur. Fig. 12 shows the different steps leading to the formation of these localized small β-Sn grains. First, a high stress concentration volume is generated at the crack tip, leading to the creation of dislocations. Then, these dislocations can move in this volume and rearrange to form β-Sn sub-grains (as it occurs during global recrystallization). These dislocation cells have low disorientation angles and further thermal cycling is required to rotate the sub-grains and eventually form smaller recrystallized β-Sn grains. The same process repeats itself throughout crack propagation. The schemes depicted in Fig. 12 present the microstructural evolution in a high strain area of a solder joints where "global" recrystallization already occurred. Future work including FEM analysis would be interesting to calculate the stress field at the crack tip and assess the volume impacted by the local recrystallization. 

Evolution of the hexa-cyclic twins

The following section aims to study how the hexa-cyclic twins evolve during thermal cycling. As explained before, the hexa-cyclic twinning is a microstructural characteristic that can be observed on every solder joint cross-section after reflow. One way to analyze the influence on thermal cycling on this parameter is to plot the misorientation angles distribution diagrams corresponding to different damage levels. Fig. 13 shows the EBSD twin boundaries analysis performed on R2512 solder joints, and their associated misorientation angles distribution. It turns out that hexa-cyclic twins tend to disappear as the solder damage increases. There is indeed a smaller population of twin boundaries around 60°and a larger proportion of high angle grain boundaries (angles > 15°), indicating that recrystallized grains are formed. An interesting consequence is that damaged solder joints never exhibits any interlaced grains in the high strain regions.

Evolution of the Ag 3 Sn IMC particles size

It is also worth noting that the solder damage is accompanied with a loss of dendritic structure. The damage region rather consists in a tinmatrix filled with dispersed coarsened Ag 3 Sn IMC particles. There is therefore a continuous, though heterogeneous softening within SAC305 solder joints throughout thermal cycles. The thermal-activated coarsening is also coupled with a strain-enhanced Ag 3 Sn coarsening process in the damaged part of the solder joint. Fig. 14 shows the increase in Ag 3 Sn IMCs size in R2512 solder joints during thermal cycles for five different damage levels. Ag 3 Sn particles size was measured with AZtec software using the equivalent diameter method. While non-damaged SAC305 microstructure exhibits an organized distribution of nano-metric Ag 3 Sn IMC particles in the inter-dendritic spaces, the high strain regions where cracking occurred, and where high angles grain boundaries are created, show that large IMCs have coalesced. This observation suggests that strain-enhanced Ag 3 Sn coalescence is controlled by grain boundary diffusion. As the coarsening of Ag 3 Sn particles takes place, the resistance to dislocation motion decreased. After reflow, nano-metric IMCs are finely dispersed and can indeed act as barriers to the viscoplastic strain-induced dislocations motion and inhibit SAC305 solder damage by dislocation pinning process. However, with the increasing size of Ag 3 Sn precipitates coupled with the lower density (more important spacing between particles), the dislocations are no longer blocked, the large IMCs can constitute good nucleation sites and recrystallization is thus promoted.

Moreover, Ag 3 Sn precipitates tend to move towards grain boundaries as coalescence takes place. This migration weakens the grain boundaries and is therefore another factor leading to intergranular crack. Fig. 15 shows a SEM picture of coarse Ag 3 Sn IMCs localized along the crack path after 1000 thermal cycles.

Thermomechanical damage causes changes in Ag 3 Sn IMC particles size and spacing, leading to a localized softening of the SAC305 solder joints. These softened regions do not withstand viscoplastic deformations as they did prior to strain-enhanced coarsening and are therefore likely to be subjected to recrystallization. The evolution of Ag 3 Sn precipitates can thus have a significant influence on the resulting SAC305 mechanical properties as it will be investigated in the next section.

Nanoindentation tests

The correlation between the observed microstructural evolutions and the resulting mechanical properties has been investigated through nanoindentation measurements. WLP900 solder balls have been considered since they provide a large surface to perform the indentation testing. The investigation mainly focused on the mechanical properties of SAC305 solder joints after reflow (0 damage level) and after cracking (damage level > 1). The nanoindentation tests have been conducted using a Berkovich pyramidal indenter and the SAC305 hardness was extracted from load-displacement curves. At least 20 measurements are considered in order to have statistical results regarding the obtained hardness. Fig. 16 presents the WLP900 solder balls selected for the mechanical characterization. A non-damaged solder joints depicting interlaced and macrograins morphologies is chosen to figure the difference between these two microstructural characteristics (Fig. 16 (a)). A totally cracked solder ball is then analyzed to assess the hardness of the recrystallized grains compared to the macrograins which are not subjected to large viscoplastic strains (Fig. 16 (c)). The bar diagram presenting the hardness in the as-reflowed WLP900 solder ball shows that the interlaced grains resistance to deformation is higher than the resistance of the macrograins from the center of the ball. The Ag 3 Sn IMC particles density in interlaced region is indeed more important than in the dendrite-structured macrograins. The created dislocations during indentation are therefore likely to be blocked by these IMCs and a higher hardness is obtained. This observation is also consistent with the study conducted by Arfaei macrograins hardness does not exhibit large differences according to the crystallographic orientation. Concerning the damaged WLP900 solder joint, the measured hardness in the recrystallized zone is lower than in the rest of the ball. The macrograins still exhibit a similar hardness value regardless of the crystallographic orientation, though it is a lower value than the one measured after reflow since the Ag 3 Sn have grown due to thermal-induced coarsening. It is also not surprising to find a lower hardness level in the damaged area as recrystallization generated stress-free grains whose residual stresses are even more relaxed after cracking. Measuring the hardness of SAC305 solder joints throughout thermal cycling can constitute a good indicator to assess solder damage. Viscoplastic strains generated during thermal cycling would indeed create strain-hardened sub-grains in the damage regions which would eventually get rid of the accumulated dislocations through the recrystallization process and therefore exhibit a lower hardness. Further measurements are needed to have a better understanding on the evolution of the mechanical properties in the high strain regions.

Conclusions

The global approach developed in this study is based on an in-depth microstructural investigation of the evolving SAC305 microstructure along with statistical thermomechanical fatigue results and mechanical characterization. According to observations performed on WLP900 and R2512 components, two consecutive processes are believed to occur during thermomechanical damage: recovery and recrystallization. Recovery process seems to act as a "pre-requisite" for recrystallization. The rearrangement of excess dislocations created by viscoplastic strains into low angle tilt boundaries (sub-grain boundaries with low angles misorientation) indeed causes polygonization to take place and forms sub-grains. These subgrains are then believed to be subjected to coalescence and rotation during recrystallization, creating high angle grain boundaries which constitute an energetically privileged path for crack initiation and propagation. The resulting component failure is indeed due to thermomechanical fatigue crack caused by grain boundary sliding process.

The main observations of this paper can be summarized as follow:

• Recrystallization phenomenon is observed in the most deformed region of the solder joint (creation of an equiaxed microstructure before cracking),

• Thermal and strain-enhanced Ag3Sn coalescence occurs and facil- itates recrystallization,

• There is a loss of crystallographic texture during temperature-in- duced damage,

• The interlaced morphology is never observed on damaged solder joints,

• There is an increase of high angle grain boundaries in the high strain regions promoting intergranular crack,

• The intergranular crack propagates by grain boundary sliding,

• Regardless of the damage level, the β-Sn grain size seems to remain constant after crack propagation,

• Smaller β-Sn grains (≈ 2 μm) are observed along the crack path,

• Interlaced morphology regions exhibit a higher Berkovich hardness likely due to the high density of Ag3Sn nano-particles,

• Recrystallized grains exhibit a lower hardness compared to the rest of the solder interconnect due to the stress release and the coarse Ag3Sn IMCs in these areas. 

Fig. 1 .Fig. 2 .

 12 Fig. 1. (a) Test vehicle with the associated test coupon. (b) Corresponding reflow profile.

  Fig. 8 (a) shows the initial solder joint microstructure obtained after reflow of a WLP900 component. The macrograins and interlaced morphologies are observed and it is interesting to see that regardless of the β-grains morphology, the crystallographic orientations are the same. According to the pole figure (Fig. 8 (b)), the un-damaged SAC305 solder joint microstructure is highly textured as the Multiple of Uniform density is ≫1 (MUD = 75.83). There are indeed three privileged orientations as it is depicted with the three colors on the EBSD Inverse Pole Figure (IPF) cartography (yellow, green and red). Fig. 8 (c) shows that the solder ball exhibits twin boundaries with near 60°misorientation about the β-Sn [100] or [010] axis (there is a 90°rotation invariance around the [001] axis due to the β-Sn primitive cell structure). As a consequence, the diagram of misorientation angles presents a high population of grain boundaries around 60°(Fig.8 (d)). This observation is consistent with hexa-cyclic twinning and has been made for every cross-section

Fig. 4 .

 4 Fig. 4. Weibull distributions for the WLP900 and R2512 components.
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 567 Fig. 5. (a) Observation of the thermomechanical fatigue crack localized in the solder bulk on the component side. (b) Polarized light observation of the recrystallization near the crack path.

1 )Fig. 8 .Fig. 9 .

 189 Fig. 8. (a) As-reflowed WLP900 solder ball crystallographic orientations. (b) Associated pole figure. (c) Twin boundaries. (d) Misorientation angles distribution.

Fig. 10 .

 10 Fig. 10. Evolution of the SAC305 solder joints crystallographic texture after several thermal cycles: EBSD maps and the associated pole figures for damage levels equal to (a) 0, (b) 0.29, and (c) 1.17.

Fig. 11 .

 11 Fig.11. β-Sn grains size distribution. The high proportion of small grains (2 μm) is localized near the crack path (blue grains on the EBSD cartography for D solder = 1.17).

Fig. 12 .

 12 Fig. 12. Local recrystallization process leading to the creation of small and highly disoriented β-Sn grains along the crack path.

  et al., Chen et al. and Xu et al. on SAC305 solder joints [6,22,23]. It is also noteworthy that the SAC305

Fig. 13 .

 13 Fig.[START_REF] Yin | Recrystallization and precipitate coarsening in Pb-free solder joints during thermomechanical fatigue[END_REF]. Evolution of misorientation angles during thermal cycling test. Twin boundaries tend to disappear as it can be noticed with the yellow (D solder = 0.29) and red curves (D solder = 1.17) which do not exhibit a high peak around 60°. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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 141516 Fig. 14. Ag 3 Sn particles identification for a damage level of (a) 0, (b) 0.58, and (c) 1.17. (d) Evolution of Ag 3 Sn precipitates (colored in red on the EBSD cartography) during thermal cycling test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

  

  

  

  

Table 1

 1 Test coupons resistance and corresponding elapsed time removal (n out ).

	Test coupon	Resistance (Ω)		n out
		WLP900	R2512	
	1	15.3	90.9	0
	2	O.L a	90.9	100
	3	O.L	90.9	200
	4	O.L	90.9	300
	5	O.L	90.9	500
	6	O.L	90.9	1000
	7	O.L	O.L	1500
	8	O.L	O.L	2000
	a O.L = Open Loop (infinite resistance) → a total crack has propagated through the
	solder joint.			

Table 2

 2 Calculated damage in WLP900 and R2512 solder joints for each test coupon (red: total crack/green: no or partial crack).

	Test coupon	WLP900	Dsolder	R2512
	1	0		0
	2	1.56		0.06
	3	3.13		0.12
	4	4.69		0.17
	5	7.81		0.29
	6	15.63		0.58
	7	23.44		0.87
	8	31.25		1.17
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