[bookmark: _Toc511400635][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Thermal Fatigue Life of Ball Grid Array (BGA) Solder Joints Made From Different Alloy Compositions	
Joshua A. Depiver1, a, Sabuj Mallik1, b and Emeka H. Amalu2, c
1School of Mechanical Engineering & the Built Environment, College of Engineering & Technology
University of Derby, Markeaton Street, Derby, DE22 3AW, United Kingdom
2Department of Engineering, School of Computing, Engineering and Digital Technologies, Teesside University, Middlesbrough, Tees Valley, TS1 3BA, United Kingdom
aj.depiver@derby.ac.uk*, bs.mallik@derby.ac.uk, cE.Amalu@tees.ac.uk

Abstract
As temperature cycling drives fatigue failure of solder joints in electronic modules, characterisation of the thermal fatigue response of different solder alloy formulations in BGA solder joints functioning in mission-critical systems has become crucial. Four different lead-free and one eutectic lead-based solder alloys in BGA solder joints are characterised against their thermal fatigue lives (TFLs) to predict their mean-time-to-failure for preventive maintenance advice. Five finite elements (FE) models of the assemblies of the BGAs with the different solder alloy compositions are created with SolidWorks. The models are subjected to standard IEC 60749-25 temperature cycling in ANSYS mechanical package environment. Plastic strain, shear strain, plastic shear strain, and accumulated creep energy density responses of the solder joints are obtained and inputted into established life prediction models – Coffin Manson, Engelmaier, Solomon and Syed – to determine the lives of the models. SAC405 joints have the highest predicted TFL of circa 13.2 years, while SAC387 joints have the least life of circa 1.4 years.  The predicted lives are inversely proportional to the magnitude of the areas of stress-strain hysteresis loops of the BGA solder joints. The prediction models are significantly not consistent in predicted magnitudes of TFLs across the solder joints. With circa 838% variation in the magnitudes of TFL predicted for Sn63Pb37, the damage parameters used in the models played a critical role and justifies that a combination of several failure modes drives solder joints damage. This research provides a technique for determining the preventive maintenance time of BGA components in mission-critical systems. It proposes developing a new life prediction model based on a combination of the damage parameters for improved prediction.
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[bookmark: _Toc33286853]1.0 Introduction
1.1 Ball Grid Array (BGA)
The ball grid array (BGA) components are an integral part of many electronic modules functioning in mission-critical systems. There are several of them available in the market, which includes MicroBGA, package on package (PoP), tape ball grid array (TBGA), thermally enhanced plastic ball grid array (TEPBGA), plastic ball grid array (PBGA) and moulded array process ball grid array (MAPBGA). The BGA packages are widely used in modules because they have many advantaged over other electronic packages. They have improved re-workability while supporting the miniaturisation manufacturing trend. They enjoy a higher level of solderability while enabling efficient use of printed circuit board (PCB) in addition to supporting surface mount technology (SMT). A vital advantage of the packages is that they have improved thermal and electrical performance and reduced inductance compared to other packages. The packages' structure supports increased connectivity; the BGA design used in this work is explained in section 2.0.
The numerous advantages of the BGAs and their vast application, notwithstanding the modules' reliable operation with BGA components, depending on the thermal fatigue life of solder joints in the BGA. 
1.2 Solder joints and Failure of solder joint in BGA
Electronic assemblies functioning in systems have solder joints of the components subjected to thermal, electrical, and mechanical cycling. The exposure induces fatigue loading in the joints of the components. The loading degrades the mechanical strength of the solder joints, which at a critical level leads to failure of the joints. The mode of failure is usually damage accumulation, crack initiation, crack propagation, and failure. Improving the long-term reliability of electronic devices demands a better understanding of fatigue failure of solder interconnects in the assemblies. Reliability of solder joints is measured by the joints' ability to remain in conformance with mechanical, electrical, and visual specifications over a specified duration, under a specific set of operational provisions. Therefore, thermal fatigue occasioned by the difference in the coefficient of thermal expansion (CTE) between the BGA package and PCB and driven by thermal cycling [1]–[6] [7]–[14], is a crucial factor that determines the reliability of solder joints. The fatigue loading of solder joints resulting from CTE mismatch of joined materials is an issue in electronics performance [15][23]. The qualification of thermal fatigue life of solder joints is carried out by conducting an accelerated thermal test based on standard professional bodies specified thermal cycling profile.  Also, the reliability of solder joints significantly depends on the alloys' composition in the solder matrix. There is significant progress in developing lead-free solders as a replacement for the conventional lead-based solders for application in the electronics industries [16]–[20].  Amongst the lead-free solders available are Sn-Ag and Sn-Ag-Cu (SAC) based solders. These offer promising characteristics as replacement of lead-based eutectic solder [21], [22]. 
An extensive understanding of the critical damage drivers of a BGA package's thermal fatigue failure is crucial in accurately predicting the package's life and preventing catastrophe [23] in systems where they are used. 
1.3 Damage parameters and life prediction models
The critical damage parameters include plastic strain, shear strain, plastic shear strain, and creep energy density. They are derived from solder joint properties and architecture. The specific properties of solder used in modelling the degradation are the creep and visco-plastic properties. This is because they derive the degradation process. There are several creep models. Garofalo-Arrhenius creep model is used in this work because it has proven to the efficient. Anand model is used to simulate the visco-plastic accumulation in the solder joints. These models are embedded in the ANSYS Finite Element Package. Thus, the damage parameters magnitudes are usually obtained from the assembled BGA package's finite element model's output.  
Anand models are used in the ANSYS FEA environment to determine the parameters required to input life prediction models such as the Engelmaier, Coffin-Manson, Solomon (Low cycle Fatigue) and Syed (Accumulated creep energy density) to determine the fatigue life estimation from FEA simulation. The fatigue life of solder joint alloys under thermal cycling is generally predicted by applying life prediction models such as hyperbolic sine constitutive equation. The constitutive equation is a damage mechanism-based life prediction model. The principal damage mechanism for SnAgCu solder alloy materials during thermal cycling is creep, and it is utilised to simulate the material behaviour. Accordingly, the life prediction model must be based on creep deformation. The accumulated creep strain and strain energy density per cycle is shown and employed to predict the fatigue life of solder joints subjected to thermal cycling loading [24], [25]. According to various mechanical parameters, fatigue life prediction models of solder joints can be divided into five categories: stress, plastic strain, creep strain, energy and cumulative damage. Comparative research of fourteen (14) various fatigue life prediction models and their relative benefits and limitations are presented in the authors’ publication [26]. Additionally, the creep response on solder joint was also investigated by Depiver et al., describing the thermo-mechanical properties and the creep parameters of solders of lead-based eutectic Sn63Pb37 and lead-free SnAgCu: SAC305, SAC387, SAC396 and SAC405) [27], [28].
The fatigue on lead-free solder joints has been a subject of various studies. The failure in low-cycle fatigue (LCF) of the solder joint has been essentially due to cyclic plastic deformation. Investigations have revealed that LCF is linked with shorter fatigue life and higher stress, where the stress level usually steps into the plastic strain range. The Coffin-Manson, empirical equation that has been extensively employed to predict the LCF as a function of plastic strain range for solder joint alloys and has been applied to predict the solder alloys' fatigue life in this report. Engelmaier modified the Coffin-Manson model by including parameters such as the solder and substrate temperature into the Engelmaier empirical model equation, as presented in equation 1[29]. Failure in LCF is primarily due to plastic deformation of solder joints. The Engelmaier empirical model equation is the correction of the Coffin-Manson model  [6], [30]–[33]. 
The Anand constitutive model is generally applied to define the deformation behaviour of solder reliability for microelectronic devices. The Anand model, creep, and plasticity is identified and characterised by the same evolution and flow relations. The nine parameters of Anand constitutive models are determined from uniaxial stress-strain tests at different temperatures and strain rates, applying a conventional multistep model determination method. On the other hand, creep data are usually measured for solder joints, but they are not traditionally employed to ascertain Anand model constants. Electronic devices are exposed to various environments, such as vibration, humidity, temperature, dust, and shock. The main reason for the electronic package's failure is temperature fatigue (55%).
Furthermore, vibration (20%), humidity (19%) and dust (6%) contribute in the same way to the failure of electronic devices such as temperature and vibration fatigue [75% in total as presented in Fig. 1] [34]–[39]. Moreover, because of the tremendous variation in the CTE of the various electronic assembled constituents, the authors generated thermal stress in solder joints during the thermal process. The phenomenon of failure in the solder joint alloys will be found in the product use condition. Therefore, the reliability of lead-free solder joints in electronic packaging is investigated during temperature loading. 
Investigators have already tried a great deal of effort to the empirical data and the constitutive relations for solder alloys. Several researchers such as Weinbelet et al., Darveaux & Benerji and Cheng et al. [40]–[42] have shown comprehensive empirical data on Tin-Lead solder alloys. There have also been some purely phenomenological constitutive models where the investigators have classified the time-dependent and time-independent inelastic behaviours. A consolidated structure for viscoplastic behaviour of solder joint alloys creep and plasticity is unified and characterised by the same set of flow, and evolutionary equations are profoundly needed [24], [43]–[48]. In their work, a unified viscoplastic constitutive model, recommended by Anand [49], [50] and Brown [51] called the Anand model, was applied to describe the deformation behaviours of 62Sn36Pb2Ag, 92.5Pb5Sn2.5Ag, 60Sn40Pb and 96.5Sn3.5Ag solder alloys. The investigators then utilised the obtained materials parameters to generate the deformation behaviour for verification and comparisons. Furthermore, the unified Anand model was employed in FE simulations by applying the ANSYS software program for the solder joint reliability for actual electronic assemblies [48]. Several researchers such as [62], [64-70] have successfully used non-temperature dependent materials properties such as Young’s Modulus of Elasticity, E for the solder joint alloys considered in this study.
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Fig. 1: Primary cause of failure of the electronic package (Adapted from [34])
In this investigation, an Anand viscoplastic constitutive empirical model has been applied to define the FEA simulation's output for plastic shear strain, plastic strain, shear strain, and creep energy density, helpful in predicting the fatigue life estimation of solder joint alloys. Research has shown that the Engelmaier modified fatigue model, a developed version of the Coffin-Manson model, takes the temperature effect, elastic-plastic strain, and thermal cycle frequency.  The author used this to ascertain the solder's fatigue life of the solder alloys. Three different life predictive models, such as Solomon, Coffin-Mason, and Syed, were employed in the fatigue life evaluation as the basis of comparison in this study.

Analytical models in electronic manufacturing engineering have several practical applications [52], [53]:
1. Accelerated design optimisation during the developing phase of a product.
2. Predicting field use limits.
3. Failure analysis of product returned from the field or failed in a qualification test.
Four factors govern life prediction: material behaviour, simulation techniques, life prediction methodology, and test data. Either accumulated creep strain or energy density can be employed for life prediction (creep strain has demonstrated to yield better prediction accuracy, and energy density capture high-stress effects better). 
Why Predict:
1.  Life prediction models are required to evaluate reliability at the design state.
2.  Reduction in the design cycle time limits in the application of testing to evaluate the reliability.
3.  The industry is fast migrating to SAC solder alloys.
Several researchers have investigated solder joint alloys reliability in electronic devices, including the fatigue life of various solder joints in the hood of an automobile, portable electronic devices (PEDs) in the consumer electronics sector and high-reliability military hardware. No studies have compared and benchmarked the five solder alloys considered in this study. These solder alloys are employed mainly in the manufacture, assembly and modelling of these electronic devices. In the ever-increasing miniaturisation in the manufacturing trend in electronics packaging amidst the advances in its functionality, the knowledge and identification of a proper lead-free solder and its adoption in electronics manufacturing will increase the electronic devices' reliability. The fatigue lives are shown in Fig. 1, presenting the schematics of the fatigue life modelling method employed in this research [54].
[bookmark: _Toc33286855]1.3.1 Anand Model Equations
As stated earlier, Anand [50] and Brown [51] suggested a constitutive equation for isotropic and viscoplastic deformations in a singular-scalar internal variable. The Anand model combines the time-dependent plastic and viscoplastic phenomenon, where the plastic strain increase depends on the loading rate. Viscoplastic, on the other hand, is determined by consolidating creep and plastic deformations [55]. The model's internal variables described the  mechanisms of isotropic hardening such as subgrain and grain size effects, dislocation density, solid solution hardening, and the deformation resistance equated to comparable  equivalent stress [56]
Research has shown that Anand's model is employed whenever the material behaviour is very susceptible to strain rate, temperature, strain hardening and softening. The model was developed initially for high-temperature metal forming methods such as deep-drawing and rolling. It has since been shown for predicting the life and response of solder joint alloys in electronic packaging [38].  The equation for the inelastic strain rate is given in equation 1:
                                                                                                                                      (1)
Where  the equivalent is stress for steady plastic flow;  is the deformation resistance with stress dimensions.  is a function of strain rate and temperature as expressed as:
                                                                                                          (2)
Combining equation 1 and 2
The Anand model employs the following functional form to define the flow equation as:
                                                                                                       (3)
Where  is the inelastic strain rate; A is the pre-exponential factor; Q is the activation energy; R is the universal constant; T is the temperature; R is the universal gas constant;  stands for the materials constant, and m is the strain rate sensitivity.
Additionally, the evolution equation for the internal variable s is assumed to be in the form as:
                                                                                                                                 (4)
 is associated with dynamic strain hardening and recovery process. A simple form of evolution equation of equation 2 was given by Anand [50] as follows:
where:
                                                                                       (5)
Therefore, the evolution equation for the internal variable s is derived from the combined form of equation 2 and 3 as:
                                                                                                 (7)
Where
                                                                                                                       (8)
Where  describes the saturation value of s associated with a set of given temperature and strain rate;  represents the hardening/softening constant;  is the strain rate sensitivity of hardening/softening; n stands for the strain rate sensitivity for the saturation value of deformation resistance, and  is a coefficient. The viscoplastic model includes two kinds of equations, and the first equation deals with the relationship between saturation stress and strain rate under specific temperature. In contrast, the second equation deals with the relationship between strain and stress under specific strain rate and temperature [38].  
From equations 2, 3 and 8 together with  gives the following equation for saturation stress  with a given temperature and strain rate.
                                                                              (9)
Following relation can be obtained from equations (4) and (9)
                                                                                (10)
The integration form of equation (7) is:
                                                    (11)
Where  is the initial value of. 
1.3.1.1 Parameters Analysis
For the Anand constitutive model, nine parameters are compulsory to be tested respectively. These nine materials constants A,,,,, m, n, a and  can be determined using the following standard procedures [57].
1) Obtained the saturation stresses from uniaxial tensile tests with constant strain rates and temperature
2) Determined the value of  in Eq. (14) from the data acquired in step (1) by a non-linear least-square fit.
3) Determine   and  from the values obtained in step (2). The parameter  was selected such that the constant c in Eq. (8) was less than unity, and  was then determined from the combined term 
4) The combined constants  in Eq. (16) were determined from the constant strain rate data by the least square fit. With the value of c gotten in step (3), were concluded.
Anand's model needs nine separate material constants, determined by curve-fitting a range of isothermal stress-strain tensile experiments at variable strain rates and temperature.  The Anand model material constants used in this work for other solder alloys are obtained from peer-reviewed literature. This viscoplastic law uses a consolidated strategy; therefore, the inelastic strain is returned (in ANSYS software via getting the plastic strain output). Moreover, the investigators can get deformation resistance and plastic work per volume. This plastic strain result obtained in ANSYS FEA outcomes can be employed for the fatigue predictions acknowledging the relations linking the different solder alloy materials that show the importance of the accumulated plastic strain (plastic work) that will cause failure. By determining the plastic strain accumulated in one cycle, the author can select the total number of cycles used in the test. 
In conclusion, there are various methods to incorporate the impact of rate-dependent inelastic response in FEA. The material empirical model's choice to apply is based on the structure, anticipated response and material data availability of the solder alloy materials [58].
1.4 The programme of work
In this investigation, Anand viscoplastic constitutive model and creep have been used to determine the five solder alloys' parameters using the ANSYS FEA simulation software to determine the fatigue life prediction model Engelmaier, Coffin-Manson, Solomon and Syed. The Engelmaier modified fatigue model, an improved version of the Coffin-Manson model, takes the thermal cycle frequency, temperature effect, and elastic-plastic strain into account and was used to determine the solders' fatigue life considered in this study. Two other predictive models, such as Coffin-Mason and Solomon, were used in the fatigue life evaluation of low cycle fatigue (LCF) because of cyclic plastic deformation, including the accumulated creep energy density as the basis of comparison in this research.
Analytical models in engineering have numerous practical uses [52], [53]:
4. Accelerated design optimisation during the developing phase of a product.
5. Predicting field use limits.
6. Failure analysis of product returned from the field or failed in a qualification test.
Four factors govern life prediction: material behaviour, simulation techniques, life prediction methodology, and test data. Either accumulated creep strain or energy density can be employed for life prediction (creep strain has demonstrated to yield better prediction accuracy, and energy density capture high-stress effects better). 
Why Predict [59]:
4.  Life prediction models are required to evaluate reliability at the design state.
5.  Reduction in the design cycle time limits in the application of testing to evaluate the reliability.
6.  The industry is fast migrating to SnAgCu (SAC) solder alloys.
Several scholars have studied several solder joint alloys reliability concerns in electronic devices, including the fatigue life of various solder joints, including high-reliability military hardware and the hood of an automobile and portable electronic devices (PEDs) in the consumer electronics sector. Still, no investigations have benchmarked and compared the five solder joint alloy materials (lead-based eutectic Sn63Pb37 and lead-free SnAgCu: SAC305, SAC387, SAC396 and SAC405) examined in this research, respectively. These lead-free solder alloys mainly applied in the modelling, assembly and manufacture of these devices. In the contemporary ever miniaturisation in the manufacturing trend in electronics packaging amidst the advancing functionality, the knowledge and identification of a proper lead-free solder and its adoption in electronics manufacturing will increase the electronic devices' reliability it's fatigue life and applications in electronic devices. This proposal compels this study and gives further information for the electronic manufacturing industry and engineers about the comparison. 
The fatigue modelling process is presented in Fig. 2. The first process is the research design. Through SolidWorks, we built the finite element model and them in this model in ANSYS simulation software. We include the material properties, load and boundary conditions, finite element model, and fundamental assumptions for the modelling setup. In terms of the out from ANSYS software, we obtain the equivalent (von mises) stress, strain energy, creep energy, plastic strain, shear strain and plastic shear strain. These parameters are then used in the Coffin-Manson (plastic strain output), Engelmaier (shear strain output), Solomon (plastic shear strain) and Syed (accumulated creep energy density). We then compare and evaluate the various fatigue life output.
1.5: Aim and objectives of the research
The study aims are to propose the best solder alloys for improved thermo-mechanical reliability of solder joints in a ball grid array (BGA) package soldered on a printed circuit board (PCB) based on fatigue life estimation. The objectives of the research leading to the actualisation of the research aim include:
· Determination of the stress magnitude, strain energy, plastic strain, shear strain, plastic shear strain, creep energy density and its' effects on solder joints alloys.
· The Engelmaier, Coffin-Manson, Solomon (low cycle fatigue) and Syed fatigue life prediction models to obtain the fatigue life estimations of the solder alloys considered in this work.
· Analyse the stress-strain results obtained through the stress-strain hysteresis loop.
· Compare and benchmark the best solder joint alloys based on the fatigue life estimate.
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Fig. 2: Schematics of the fatigue life modelling process
[bookmark: _Toc33286856]2.0 Materials and Methodology
[bookmark: _Toc45028943]2.1 Materials used in the FEA Simulation Studies
Tin-Lead (Sn-Pb) solder alloy materials have been utilised primarily in electronic applications for over three decades until the government legislation, including the environmental impacts of lead (Pb) on 1st July 2006. The Tin-Silver-Copper (SAC) alloy combination has been considered one of the commonly used lead-free solder alloys. The choice of solder joint alloy depends on one or more of the factors listed below [60]:
· Environmental and service compatibility.
· The wettability on the substrate.
· Temperature capability and consideration for process and service temperature.
· The metallurgical compatibility and evaluation of the possible development of intermetallic compounds (IMC).
[bookmark: _Toc45028944]2.1.1 Lead-based Sn63Pb37
The lead-based solder is an alloy with high purity, low dross, liquidus , and complies with IPC J-STD-006. The solidus temperature is measure as a point below which the alloy is solid (not melted). On the other hand, the liquidus temperature is the point above which the alloy is completely liquid (melted). The mechanical and physical properties of eutectic Sn63Pb37 is shown in Table I. The solder is corrosion resistant with excellent electrical property. They additionally produce solder joints with higher mechanical strength fit for electronic devices. The solder tends to have a shiny and bright feature correlated to the SAC solder joints with a  grainy and dull look.
[bookmark: _Toc45028945]2.1.2 Sn96.5Ag3.0Cu0.5  (SAC305)
The lead-free SAC305 solder alloy contains 96.5% tin, 3.0% silver, and 0.5% copper. This solder falls under the Japan Electronics Industries Development Association (JEIDA) advice for lead-free soldering. The SAC305 solder alloy has several advantages:
· Excellent fatigue resistance
· Compatibility with all flux types
· Excellent solder joint reliability
· The lowest cost of SnAgCu alloy
· The best wetting SAC alloy
The mechanical and physical properties of SAC305 is shown in Table I.
[bookmark: _Toc45028947]2.1.3 Sn96.5Ag3.8Cu0.7  (SAC387)
[bookmark: _Toc45028948]The lead-free SAC387 solder alloy contains 95.5% Tin (Sn), 3.8% Silver (Ag) and 0.7% Copper (Cu), which is an alloy material for BGA and CSP electronics components used in the electronics and electrical manufacturing companies. The SAC387 features include:
· Excellence resistance.
· Excellent solder joint reliability.
· The low melting point for a lead-free alloy and compatible with most flux type.
The physical and mechanical properties of SAC387 is presented in Table I.
2.1.4 Sn96.5Ag3.9Cu0.6  (SAC396)
[bookmark: _Toc45028946]The lead-free SAC396 solder alloy contains 95.5% Tin (Sn), 3.9% Silver (Ag), and 0.6% Copper (Cu), and it is often written as Sn95.5Ag3.9Cu0.6 solder. According to industry-standard (the first being SAC405), the alloy contains the second-highest silver (Ag) and used by manufacturing companies working with PBGA, LBGA, CSP, BGA, and CBGA electronic components. It has the following features:
· Excellent fatigue resistance
· Perfect solder joint reliability
· Best wetting SAC alloy and compatibility with all flux types
Table I shows the physical and mechanical properties of SAC4396.
2.1.5 Sn95.5Ag4.0Cu0.5  (SAC405)
The lead-free SAC405 solder alloy contains 95.5% Tin (Sn), 4.0% Silver (Ag) and 0.5% Copper (Cu) is usually inscribed as Sn95.5Ag4.0Cu0.5. The SAC405 solder is costlier than SAC305 and used by most electronics manufacturing companies working with the BGA, PBGA, CBGA, LBGA and CSP. Its characteristics include compatibility with all flux types, best solder joint reliability, best wetting SAC alloy and superior fatigue resistance. Presented in Table I is the physical and mechanical properties of the SAC405 solder alloy.
[bookmark: _Toc45028949]2.1.6 Copper (Cu) Pads
Two generally used pad designs are solder mask and copper defined pad. Nonetheless, numerous benefits and limitations of a non-solder mask defined pad and the soldermask defined pad are presented in this section. The benefits of the copper-defined pad are:
· More accessible design traces.
· Very good solderability.
· The possibility of precisely controlling the pad's position and size.
The limitations include the pad's miniature natures, the padding strength of the pad attached to the circuit board is relatively small, and copper foil can be torn due to external forces. For the soldermask defined pad (SMD), the benefits include an excellent choice for portable electronic devices such as mobile phones, enhances the reliability and strength of BGA, and the pads effectively improving the power of the SMD pads. On the other hand, the SMD pads have several disadvantages: the fabrication process is more complex and needs high precision, thereby raising production costs.
[bookmark: _Toc45028950]2.1.7 Epoxy-Resin
The use of epoxy-resin in the solder joints helps improve the solder joints' adhesion adding to enhanced insulation and support the strength. Epoxy-resin is simple with high reliability in the chip or package bonding and a lower material cost. They have been broadly employed as a competing bonding solder joint material and profoundly used in electronic packages and automotive cars.
[bookmark: _Toc45028951]2.1.8 Silicon (Si) Die
A die is a semiconducting material on which a circuit is manufactured. The Silicon dies circuitry performs a specific function necessary for the manufacturing semiconductors found in several electronic devices and is fully functional.
[bookmark: _Toc42800520]Table I: Physical and Mechanical Properties of Solder Alloys [61], [62]
	Solder Alloy
	Melting Point,  Solidus/Liquidus
	Density, 
	Electrical Resistivity, m
	Thermal Conductivity,
W/m.K
	Tensile Strength at Break,

	Tensile Elongation at Break, %
	Brinell, Hardness, HB

	Alloys of tin (Sn) and lead (Pb) with and without silver (Ag)

	Sn63Pb37
	183/183
	8.40
	0.145
	50
	525
	37
	17

	Alloys of tin (Sn) with a silver (Ag) and /or copper (Cu)

	SAC305
	217/220
	7.38
	0.132
	58
	500
	19
	15

	SAC405
	217/220
	7.44
	0.132
	62
	530
	17
	15

	SAC387
	217/220
	7.44
	0.132
	60
	600
	16
	15

	SAC396
	217/221
	7.46
	0.132
	61
	550
	18
	15



2.2 Methodology
The methodology used in this research is the FE simulation method. It includes the ANSYS simulation features, FE model and analysis and the material properties for the lead-based Sn63Pb37 and lead-free SAC: SAC305, SAC387, SAC396 and SAC405 solder alloys are obtained from peer-reviewed literature. The flow chart of the FE simulation process and method is shown in Fig. 2. For this investigation, ANSYS software was used to simulate and solve the FE model and comprises of:
· CAD (SolidWorks) Connectivity
· Meshing
· Engineering Materials Support
· Boundary Condition Setup
· Solution
· Result Output and Analysis
[bookmark: _Toc45028942]2.2.1 The FEA Simulation Process
The author carried out  FEA simulation utilising ANSYS software. Several procedures are involved in the simulation examined in this study. Fig. 2 shows the simulation processes for failure analysis. The simulation method commences with the research design, production of FE model from SolidWorks, inputting the FE model into ANSYS, a model setup that includes meshing convergence, mesh generation and geometry, material properties input, and application of load and boundary conditions.
2.2.2 Basic Assumptions 
1. All the materials were modelled as linear elastic and isotropic materials except the solder and PCB, simulated utilising the Garofalo creep relations and orthographic materials.
2. All materials, including the solder joint, were assumed, homogeneous at load steps.
3. The material characteristic of the solder joint alloy is non-linear and temperature-dependent. In other words, others are linear and temperature independent.
4. Every interface of the materials is considered to be in contact with each other.
5. The assemblies were assumed to be in a stress-free state at room temperature of , which was likewise the thermal cycle loading's starting temperature. 
6. The assemblies' primary stress accumulated from the reflow soldering process is neglected, and all contacting surfaces are assumed bonded with perfect adhesion.
2.2.3 Geometrical and Mesh Models
The FEA simulation was carried out on a BGA (36 balls,  matrix) attached to a Cu padded substrate in this work. The BGA package comprises the solder ball, epoxy-resin, Silicon (Si), Die substrate, and Copper (Cu) pad. The parameters of the BGA solders are presented in Tables I and II. The package dimensions and parameters are given in the authors' publication [27], [63]. The requirement to apply a quarter of the entire model shown in Fig. 5 shows the FEA simulation processes' reduction and solves time. The study examines a BGA solder joint in the electronic packages for thermo-mechanical reliability. It additionally expands functional test design and evaluation because the whole assembly is large and complex; therefore, much time is required to perform an FEA simulation; hence, a quarter symmetry is excellent for operating many FEA simulations.
2.2.4 Finite Element Analysis (FEA) Simulation
The finite element model often provides a more time-efficient way to obtain and understand the behaviour of the assembly solder joints if the material properties have been accurately characterised. The quarter model of BGA and PCB structure was established because of its geometric symmetry, reducing the computational procedure. The linear element is used to meshing all the materials except solder joints, which describes the viscoplastic material behaviour and is utilised to mesh solder joints in FE software. Under consideration, the BGA and PCB structure model consists of lead-based eutectic Sn63Pb37 and lead-free SAC (SAC305, SAC387, SAC396 and SAC405) solder joints presented in Fig. 3. Selective mesh refinement concentrates highly refined elements in the solder joints, most likely to fail, sparse or coarse elements for other materials.
Moreover, zero displacement constraints of the vertical direction of the cross-area were applied to the cross-sections of the quarter model, namely all nodes on the symmetric surface (X=0, Z=0) were fixed in the corresponding directions (X, Z), and the node at the origin (X=Y=Z=0) was fixed in any directions. The author employed the ANSYS software for the finite element model (FEM). A 3D FE model of the BGA assembly on PCB components is shown in Fig. 5, created using SolidWorks software. The meshed components part of the solder balls undergoes mesh convergence to arrive at a converged solution. The microelectronics package model used in this work comprises a PCB, silicon mask and substrate, Cu Pad, Epoxy-Resin (FR-4) Die, solder balls and PCB mask. The details of the package and solder structure are presented in Figs. 4 and 5. Several researchers such as Yang et al. 2008, Stec 2014, Libot et al. 2016 and Jiang et al. 2019 have used comparable bump geometry for solder alloys, such as one used in this study.
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Fig. 3: (a) Full Model of assembly (b) A quarter assembly of the model with meshing on a PCB using the solder joints as the interconnection technology (with 226,252 nodes and 59,105 elements)
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Fig. 4: Details of the package before assembling on a PCB showing: (a) SolidWorks full model (b) Sectional view (measurements in mm) (Adapted from [62])
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Fig. 5: Solder structure in the FE model with a detailed X Plane- BGA structure in tetrahedrons mesh (measurements in mm)
2.2.5 Material Properties and Parameters
The material properties utilised in this work are sourced from several peer-reviewed works of literature. The properties of all other materials are linear and temperature-dependent, except for the PCB. The significant electronic materials employed in the BGA assembly are solder alloys, Silicon (Si) die, copper pad, epoxy-resin, and mask.  All the FEA simulation materials were modelled as linear elastic and isotropic substances except the PCB and the solder joint alloys, simulated using the orthographic materials and Anand empirical models. The material properties utilised for the simulation tests are shown in Tables II and III, which shows the Anand model empirical constant for lead-based Sn63Pb37, and lead-free SAC305, SAC387, SAC396 and SAC405 solder alloys.
Table II: Materials properties for the BGA on PCB Components
	Materials
	Reference
	Young’s
Modulus (GPa)
	CTE
(ppm/
	Poisson’s
Ratio

	
	
	
	
	
	
	
	
	
	
	

	Silicon (Si)
Die
	[62]
	110.0
	
	
	2.60
	
	
	0.24
	
	

	PCB Mask
	[64]
	4.14
	
	
	30.0
	
	
	0.40
	
	

	Cu Pad
	[65]
	129.0
	
	
	17.0
	
	
	0.34
	
	

	PCB
	[66]
	27.0
	27.0
	22.0
	14.0
	14.0
	15.0
	0.17
	0.20
	0.17

	Epoxy-Resin
(FR-4)
	[62]
	29.9
	25.1
	70.0
	12.0
	15.0
	
	0.16
	0.14
	

	Sn63Pb37
	[67]
	56.0
	
	
	20.0
	
	
	0.30
	
	

	SAC305
	[62]
	51.0
	
	
	23.5
	
	
	0.40
	
	

	SAC387
	[68]
	45.0
	
	
	17.6
	
	
	0.36
	
	

	SAC396
	[69]
	43.0
	
	
	23.2
	
	
	0.30
	
	

	SAC405
	[70]
	44.6
	
	
	20.0
	
	
	0.42
	
	


[bookmark: _Hlk26532157]
Table III: Anand model constant for lead-based eutectic Sn63Pb37 and lead-free SAC305, SAC387, SAC396 and SAC405 solder alloys
	
	Solder

	Anand
Parameters
	Sn63Pb37
 [71]
	SAC305
[72]
	SAC405
[73]
	SAC387
[74]
	SAC396
[75]

	
	3.1522
	45.9
	20.0
	39.5
	3.3

	
	6,526
	7,460
	10,561
	8,710
	9,883

	
	6,220
	
	325
	24,300
	

	
	3.33
	2.00
	10.00
	5.8
	1.06

	
	0.27
	0.0942
	0.32
	0.183
	0.3686

	
	60,599
	9,350
	
	3,541.2
	1077

	 
	36.86
	58.3
	42.0
	65.3
	3.15

	
	0.022
	0.015
	0.02
	0.019
	0.0352

	
	1.7811
	1.5
	2.57
	1.9
	1.6832


2.2.6 Loading and Boundary Conditions
In completing the FE analysis for thermal cycling, the ambient temperature cycle is external loading. The FE models were subjected to six complete ATC’s in 36 steps presented in Fig. 6. The author utilised a thermal cycling temperature from -40 to +150 with 15/min ramp, and 5 mins dwell based on IEC 60749-25 temperature cycling and JEDEC Standard JESD22-A104D [76]–[78] shown in Fig. 6. The quarter assembly components were first heated from room temperature 22 which is the starting temperature in thermal cycle loading with a constant heating rate. They are also assumed to be at a homologous temperature at loads steps. The temperature loading started from 22, dwelled at -40 at the rate of 15/min, and ramped up to 22 for the 23 mins and excursion temperature (ET) of 150 for 31.8 mins where it dwelled for 5 mins. Applications employed for this type of profile are in the automobile under-hood, semiconductors in power supply controllers and the military. The assemblies were supported such that the conditions of the structure at the supports are:
At the PCB base, and; 
The top surface, and  are free.
The,  and  represents the displacement in the  respectively. The bottom surface of the PCB was fixed in the Y direction and displaced in the X and Z directions.
The application of six temperature cycles is sufficient to get stable results, facilitating a more reliable conclusion of the induced loads' solder joints' response. Furthermore, the electronic engineers and educational communities can use the data obtained from this study for a better-quality innovation and enhanced design of solder joints in BGA assembly for improved thermo-mechanical reliability. Based on the guidelines from standards and peer-reviewed literature, this research's thermal cycle parameters values are presented in Table IV. The duration of one thermal cycle results from the elected parameters is 43 mins. A visual representation of the thermal cycle profile is shown in Fig. 6. The thermal cycling temperature of -40 to +150 that was used in this work was according to the IEC standard 60749-25. This part of IEC 60749-25 gives a test method for defining the semiconductor devices' capacity, components and board assemblies to withstand mechanical stresses induced by low- and alternating high-temperature extremes.
[image: ]
Fig. 6: Thermal Cycling temperatures boundary profile
Table IV: Thermal cycling test parameters
	Test Parameters
	Values

	Low Temperature 
	-40

	High Temperature 
	150

	Ramp Rate 
	15

	Dwell time 
	5

	Cycle Period 
	43



2.3 Failure criterion used in the fatigue life prediction
The generally used solder-joint failure criteria include those based on classic fracture mechanics [1], plastic strain [79]–[82], creep strain [59], [83]–[85], inelastic work and fracture-calibrated energy [86]. For test failure investigations, resistance is likewise employed as failure criteria. Each failure criterion needs specific material properties and may place the requirements on the numerical solution's nature obtained either by computation or through FEA simulation. For this investigation, the failure criterion is based on the plastic strain range for Coffin-Manson, shear strain range for Engelmaier model, and plastic shear strain range values Solomon model obtained from FEA simulation results. This is then utilised in the Engelmaier, Coffin-Manson and Solomon models' computations to get the five solder joint alloys' fatigue life characteristics with low cycle fatigue (lead-based Sn63Pb37, and lead-free SAC: SAC305, SAC387, SAC396 and SAC405) solder alloys employed in this research.
Failures in electronic devices are defined based on the increase in resistance [85], [87]–[93], resistance thresholds, or electrical discontinuities [94]–[101]. The electronics industry presently employs four principles to outline solder joint failure standards during surface mount technology reliability experiments (SMT). These are IPC-SM-785 [102], JESD22-B111 [103], IPC/JEDEC-9702 [104] and IPC-9701 [105], [106]. The electronics manufacturing industries have frequently utilised these analysis models or customised their standards [107].
· JESD22-B111 [103] specifies solder joint failure guidelines for board-level drop tests.
· Compared to IPC-SM-785, IPC-9701 and IPC/JEDEC-9702, JESD22-B111 specifies in-situ electrical monitoring of daisy chain nets failure throughout the individual drop. It states that a high-speed data acquisition system or event detector should detect every nets' electrical continuity. 
· IPC-9701  [105], [106] represents failure criteria based on the computation process chosen. An intermittently measuring resistance model utilising probes is not a desirable alternative for consecutive monitoring of an electrical daisy chain. The failure guidelines advised in IPC/JEDEC-9702 [104] for monotonic bend characterisation of board-level furthermore interconnects at a 20% increase in daisy-chain net resistance.
· IPC-SM-785 [102] suggests continuous monitoring of daisy-chain connection experiment loops to identify a failure. The regulation affirms the polling interval should be 2 s or less. 

The solder joint failure is due to crack initiation and propagation through a joint. The cracks' location and nature depend on various determinants such as strain rate, joint configuration, intermetallic structure, and temperature regime rate. Those determinants affect the mechanism of a solder joint failure [86]. The crack begins at the high-stress concentration areas. Results have shown that crack propagation's direction depends on the relative degree of tensile vs loading and joint shape.
[bookmark: _Toc33286859]3.0 Results and Discussions
3.1 Study on  Equivalent (Von Mises) Stress on the solder joints
The thermal cycling simulation results for the lead-based eutectic Sn63Pb37 and four lead-free SAC solder alloys (SAC305, SAC387, SAC396 and SAC405) are presented in Figs. 7 and 8. Fig 7 is the plot of Von-Mises stress against the number of the thermal cycle. The plots show a similar profile for all the solder alloys. The stress starts from zero and increases rapidly within the first temperature cycle. The solder alloys in the joints elastically deform within this range. They are seen to yield between cycles 1 and 2. The SAC387 demonstrate the highest 60 MPa magnitude of yield stress, followed by the lead-based eutectic Sn63Pb37 at 57 MPA. The SAC405 acquired the most negligible yield stress of 23 MPa magnitude, while SAC305 and SAC396 have each 34 MPa and 30 MPa yield stress magnitudes, respectively. After cycle 2, the profile plateaus and remain relatively steady for the remainder of the cycle. The plastic deformation region starts from the yield stress point and covers 75% of the temperature cycling test. This study's inference is that the solder joints experience shock thermal load, making early infant mortality failure mode more critical than any other failure rate mode in the bathtub’s curve failure rate classification. It could be observed from the plot that actual life operations of solder joints are mainly within the plastic range. The distribution of stress in the solder joints is shown in Fig 8. The highest damage is located at the balls' top surface, where they interconnect with the chip. The periphery of the top surface is critical. This is the site for cracks initiation, propagation, and then failure occurs.
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Fig. 7: Plot of Von mises stress vs time for solder alloy materials
[image: ]
Fig. 8: Schematics showing areas of maximum (Von mises) stress on solder joints
3.2 Study of Plastic Strain on the solder joint
The plastic strain is one of the root causes of cracking of solder joints which culminate in failure. Thus, it is studied in this work. The FE simulation outputs of the five types of solders in the BGA joints to plastic strain are discussed in this session. The simulation output is a plot in Fig. 9, while Figs. 10 and 11 present the damage distribution schematic on the different types of BGA solder joints' critical joint. The plastic strain profile is identical for all the joints up to cycle 2. After cycle 2, a significant difference in the profile is recorded. The plastic strain of SAC387 and SAC405 increase at steady gradients of 0.00305/cycle and 0.000734/cycle, respectively. The SAC305 plastic strain decreases with a slope of - 0.000215/cycle. The plastic strain of eutectic Sn63Pb37 decreases to cycle 4 and increases afterwards with a positive gradient of 0.00168/cycle.
Similarly, the plastic strain of SAC396 decreases up to cycle 5 and increases after that with a positive gradient of 0.00053/cycle. Since damage is driven by the positive slope of plastic strain/cycle cum the rate of energy dissipation (which is quantified in part by the area under the plot), SAC387 joints accumulate the most severe damage with SAC405 solder joint alloys gathering minor degradation. The schematic distribution of damage to the solder joints shown in Figs. 10 and 11 depict significant damage at both the top and bottom interfaces, with the top dominating.    
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Fig. 9: Plastic strain rate results for six complete cycles of solder joints
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Fig. 10: Schematic of Sn63Pb37 showing solder joint with maximum plastic strain
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Fig. 11: Schematics showing areas of maximum plastic strain
3.3 Study of Shear Strain on the solder joints
The shear strain of the five solder joint alloys considered in this work are lead-based eutectic Sn63Pb37 (0.001115), SAC305 (0.000609), SAC387 (0.00177), SAC396 (0.000261) and SAC405 (0.00111) respectively. The shear strain is referred to the change in the deformation to its original length of the solder joint alloys perpendicular to the axes as a result of shear stress. The fatigue life of the solder joints is computed using the shear strain value determined from the FEA simulation and inputting the values into equation 1 (Engelmaier) to acquire the fatigue life cycle. The plot presented in Fig. 12 shows that SAC396 has the lowest shear strain, followed by eutectic Sn63Pb37, SAC305, SAC405 and SAC387, respectively. The schematic presented in Fig. 13 shows the areas susceptible to crack on the solder joint near the substrate with the maximum shear strain.
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Fig. 12: Shear strain rate results for six complete cycles of solder joint alloys
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Fig. 13: Schematics showing areas of maximum shear strain
3.4 Study of Plastic Shear Strain on the solder joints
The maximum plastic shear strain of solder joint for eutectic Sn63Pb37 (0.0455), SAC305 (0.0536), SAC387 (0.0909), SAC396 (0.0431) and SAC405 (0.0727) are presented in Fig 14. The Solomon model for low cycle fatigue (LCF) in equation 3 is employed to determine the fatigue life cycle values for the solder joints using the equivalent plastic shear strain in equation 14. The outcome shows that SAC405 has the highest fatigue life, followed by SAC396, SAC305, Sn63Pb37 and SAC387, respectively, using the Engelmaier, Coffin-Manson and Solomon empirical models. The result shows that SAC396 has the lowest plastic shear strain why SAC387 has the highest of all the solder alloys considered in this work, indicating that it will fail first on the solder alloys in BGA electronic components. The schematic is presented in Fig. 15, showing areas of maximum plastic shear strain on the solder joint alloys.
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Fig. 14: Plastic shear strain rate results for six complete cycles of solder joints
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Fig. 15: Schematics showing areas of maximum plastic shear strain
3.5 Study of Creep Energy Density on the Solder Joint Alloys
The creep energy density indicates that eutectic Sn63Pb37 and SAC405 has the lowest strain energy density of  and  with the highest been on SAC387 . The other solder alloys are SAC305  and SAC396 , respectively. The accumulated creep energy density per cycle ( is calculated using equation 18 – 20 with equation 16 employed in the computation of the number of repetitions or cycles to failure for the solder alloys. The results show that the total energy dissipated is lowest on SAC396 and highest on SAC387. The damage parameter for the life prediction is observed to be highest on SAC405 with ~11.32 years and SAC396 with ~9.7  years. The lowest life prediction was estimated on the SAC387 with ~1.74 years, as presented in Fig. 21. This result is vital in maintaining the solder durability and safety of the BGA electronic components.
The results in Fig. 16  show a stable and identical creep energy density on Sn63Pb37, SAC396 and SAC405 solder alloys. Only the SAC387 increases up cycle 2 and then sharply decrease with a negative gradient of  and  on the SAC305 solder alloy. The damage on the solder alloy is highest on SAC387 and lowest on the lead-based eutectic Sn63Pb37 and lead-free SAC405 and SAC396, respectively.
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Fig. 16: Creep energy density vs cycle time for solder joint alloys
[bookmark: _Toc33286861]3.6 Study of Stress and Strain Relationship
The plots for the stress-strain relationships for the lead-based eutectic Sn63Pb37 and four SnAgCu (SAC) solder alloys is presented in Fig. 17. It is vital to assess the stress-strain distribution in the solder joints as the assembly's weakest part. The plot values of eutectic Sn63Pb37 and lead-free SAC305, SAC387, SAC396 and SAC405 solder alloys stress magnitude and strain rate are presented. It is recognised that at the same load and boundary conditions, SAC405 shows the highest stress magnitude, followed by SAC387 with the maximum strain rate. The lowest strain rate was noticed for Sn63Pb37, SAC405, and SAC305, with the highest been SAC387. The stress-strain curve further reveals a concave downward with one tangent. The secant line slope describes a fall in the stress, which shows a decreasing resistance, leading to inevitable failure in the solder joint material. As the induced strain increases, deformation of the solder alloys is likely to occur, and crack initiation begins, especially on the SAC387 and SAC305. The plot also shows that SAC405 has the lowest stress magnitude, followed by SAC396 and eutectic Sn63Pb37. The higher the strain rate these solder materials are subjected beyond its yield strength point sets in plastic deformation in the solder alloys. It could be observed that the maximum stress magnitude and strain rate of the solder alloys investigated are SAC387 (strain rate = 0.09, stress = 63.7 MPa), SAC305 (strain rate = 0.034, stress = 57.1 MPa), eutectic Sn63Pb37 (strain rate = 0.08, stress = 35.7 MPa), SAC396 (strain rate = 0.013, stress = 34.7 MPa) and SAC405 (strain rate = 0.015, stress = 22.3 MPa) respectively.
The plot comparably illustrates that the highest stress magnitude was seen with SAC387 and SAC305 solder alloys and occurred at the outer corner for the solder balls spreading to the centre. The results indicate that SAC387 and SAC305 solder alloys are more vulnerable. The BGA solder balls on the PCB represent an essential function in the failure per component assembly's failure performance. The deformation rate on substrates on the corners edges must be considered in addition to the stress magnitude presented in the ANSYS FEA simulation. The behaviour of solder alloys degradation in the simulation analyses is indisputably different regarding the solder alloys and testing conditions. Accordingly, the more elastoplastic the solder alloy material is, the more acceptable applications where soldering connections are applied to the thermal cycles with small temperature and CTE mismatch of the joining materials. It is concluded that SAC396 and SAC405 represent the best solder alloys, and the results are additionally enhanced with the fatigue life prediction and stress-strain hysteresis loop in section 3.7 and 3.8, respectively.
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Fig. 17: Stress vs strain plot for solder alloys
[bookmark: _Toc33286862]3.7 Study of Stress-Strain Hysteresis loop 
During thermal loading, the stress-strain hysteresis loop area is the strain energy per unit volume absorbed by the solder alloys. Under other conditions, the unloading curve area is described as the solder alloy materials' energy. During the elastic range on the curve, these areas are equal, and no net energy is consumed. If the material is loaded in the plastic field in a different circumstance, as presented in Fig. 18, the energy utilised surpasses the energy released. Superior elastic materials maintain ideal linear stress-strain properties.
On the other hand, cyclic stress creates a strain in the solder joint alloys, a cyclical variable and phase with the equivalent stress. Solder joint alloy cracking is constrained in loading because cracks will be closed rather than opened by the stress state. The solder alloy materials loaded cyclically, alternating between loading and unloading and show the area in the hysteresis loops because the load is high and sufficient to cause plastic flow (above the yield stress). The hysteresis loop's surface always equals the amount dissipated in the material upon the loading and unloading cycle.
On the contrary, the hysteresis loop yields information on fatigue degree and a stress-strain characteristics curve. This establishes that the solder joint alloy materials stress variations result in increased fatigue degrees and reduced mechanical strength. The stress-strain hysteresis loop shows that SAC405 has the lowest strain energy per unit volume absorbed, followed by SAC396, eutectic Sn63Pb37, and SAC305. SAC387 has the highest strain energy per unit volume. Therefore, it is recommended that SAC405 and SAC396 are the preferred SAC solder alloys to replace lead-based eutectic Sn63Pb37 based on the fatigue degree when subjected to thermo-mechanical loading conditions.
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Fig. 18: Stress-strain hysteresis loop for solder alloys
An et al. [108] carried out experimental and simulation analyses which investigated the failure study of lead-based eutectic Sn63Pb37, PBGA solder joints using temperature cycling, random vibration and combined temperature cycling and random vibration tests. Thermal cycling  and vibration studies conducted for the Sn63Pb37 solder joint. The results from their research demonstrate that the solder joint failure for the combined loading in an electronic device is more for either thermal cycling or pure vibration loading at room temperature. The result also ascertains the primary failure mode as cracking in the bulk solder joint under thermal cycling.
In contrast, the crack propagation path is shown to be along with the IMC layer for vibration loading. Fig. 19 presents a standard failure mode when the components are subjected to thermal cycling loading. The outcomes imply that the investigators located most of the failed solder joints' cracks on the component side. During the thermal cycling phase, the solder joint experiences alternating stresses during the heating and cooling period and this produces accumulated plastic deformation and triggers the cracks to open, mainly since the inelastic strain is a peak near the Silicon die; thus, the solder joint is shown to fail at this critical solder joint.
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Fig. 19: SEM image of solder joint failure modes of the solder joints during temperature cycling showing cracked at the component interface of lead-based eutectic Sn63Pb37solder (Adapted Ref. [108])
Hsieh and Tzeng [109] investigated the solder joint fatigue life prediction in large size and low-cost wafer-level chip-scale electronic packages. The researchers evaluated the fatigue life of substantial size and low-cost WLCSP with SAC105 solder joint alloy. The board-level reliability (BLR) thermal cycling test follows JEDEC models. The failure results of SAC105 in the BLR thermal cycling test for 185 and 188 cycles are shown in Fig. 20. In summary, the researchers produced a modified Coffin-Manson equation for SAC105 solder joint fatigue life. With the current equations, the solder joint simulations without experimental evaluations can determine fatigue life in a large and low-cost WLCSP can be achieved are essential and valuable if high reliability and cost reduction in large die size and low-cost WLCSP are required. Fig. 20 show the reliability of SEM outcomes for the WLCSPs. By analysing the SEM images, the investigators show that the solder crack initially occurred near the corner of the pad and solder ball. The solder cracks then propagate along with the top IMC layer below the pad and the PCB Cu pad's top surface.
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Fig. 20: Failure results of SAC105 solder joint in board-level reliability (BLR) thermal cycling test (TCT) in test vehicle (a) more significant redistribution layer (RDL) pad size and (b) smaller redistribution layer (RDL) pad size (Adapted Ref. [109])

Furthermore, a study conducted by George et al. [110] on the thermal cycling reliability of lead-free solders (SAC305 and Sn3.5Ag) for high-temperature applications presents comparable deformation outcomes. In their research,  quad flat packages (QFP), ball grid arrays (BGA), and surface mount resistors assembled with SAC305 and Sn3.5Ag solder pastes were subjected to thermal cycling from . The result of their work shows that the failure was concentrated on the package side of the solder joint, which is comparable to results obtained from FEM. Their study's outcome reveals that the failure was centred on the package side of the solder joint, similar to the results achieved from FEM. Several investigators, such as Xie et al. [111], have published a crack in the specific area except in particular circumstances that fatigue failure is seen on the component's PCB side. The additional investigations by Che, Arulvanan, Lall, Lee and Zhang [112]–[116] described the exact crack location on the electronics package in the components section. 
3.8 Prediction of the Fatigue Life of Solder Joints
The fatigue life of various solders considered in this work is presented in Figs. 21 – 24. The figures show the fatigue life cycle of solder joints using four models: Engelmaier, Coffin-Manson, Solomon (low cycle fatigue) and Syed (creep energy density), indicating that SAC405 and SAC396 have the highest number of cycles and duration before been prone to fatigue failure. SAC387 and lead-based eutectic Sn63Pb37 has the lowest fatigue life cycle under thermal cycling. The plot of the number of cycles and duration to failure are presented in Fig. 16. The fatigue failure of the solder joint is vital in the design consideration for various engineering industries. It is also noted that taking a stepwise approach to improve performance are recommended using the fatigue models used in this work. This model takes the temperature and frequency into account, making it easier to get a more accurate result. The relationship is presented in equation 12, and the value of c is obtained from equation 13, which form the Engelmaier equation.
                                                                                                                                  (12)
Where  is the mean cycle to failure,  is the cyclic shear strain range,  is the fatigue ductility coefficient  lead-based eutectic solder alloys and  for SAC solder alloys) [117] and c is the fatigue ductility exponent (c = -0.442 for eutectic and 0.5708 for SAC solder alloys). 
When solder joints are at extremely high temperature, creep failure dominates; and when exposed to temperature cycling, fatigue failure dominates [7]–[14], [118]. Suppose the failure mechanism is generally referred to as creep-fatigue [119], [120], the creep and fatigue of solder joints are primarily due to the mismatch of thermal extension (CTE) coefficient between electronics component and PCB. LCF is associated with shorter fatigue life and higher stress, where stress level usually steps into the plastic strain range. Coffin-Manson model equation [82] is widely used to predict the low-cycle fatigue life  as a function of plastic strain range  for solder alloys:
                                                                                                                                       (13)
where  is the fatigue exponent, and  is the ductility coefficient.
Solomon proposed an LCF model (Eq. 14) that relates the plastic shear strain to the fatigue life cycles for near eutectic solder joints at four different temperatures  [121], [122]. 
The equivalent plastic shear strain range [123] is determined by                                   (14)
                                                                                                                                        (15)
where  are the plastic shear strain range, and  and  are constants. For 60/40 Tin-lead solder material from ,  and  are estimated to be 0.51 and 1.14, respectively [118], [124].
                                                                                                                             (16)
Where  = number of repetitions or cycles to failure;  = Accumulated creep energy density per cycle;  = Creep energy density for failure
Equation 16 gives cyclic creep (fatigue) life due to varying and repeated stresses for a single creep mechanism.
The values of   are calculated and used to determine the number of cycles to failure. Syed [125] has determined the values of  experimentally to be 0.0019, respectively. The mean fatigue life is given as:
                                                                                                                                      (17)
Where L is the mean fatigue life (in years),  is the mean fatigue life (in cycles),  is the time per cycle (in seconds), and  is one year (in seconds).
The relationship between creep strain energy and creep strain energy density is given as:
                                                                                                                                                   (18)
Where E is the maximum creep strain energy density (Pa),  is the maximum creep strain energy per cycle (Joule) and V is the solder volume .
The accumulated creep strain energy density (that is a measure of solder damage) is derived from the relationships in equations (19) and (20).
                                                                                                                       (19)
                                (20)
Equation 19 and 20 show the accumulated creep strain energy density, where  summarises the absolute difference between the highest creep strain energy density in a cycle and the successive cycle, and n is the number of cycles.
The results obtained in this work for the four fatigue life models (Engelmaier, Coffin-Manson, Solomon and Syed) investigated for the five solder joint alloys agrees with the study carried out by Ekpu et al. [126] and Hamasha et al. [128] for SAC305 solder alloys (Fig. 24). The outcomes show that SAC305 solder joint alloy has a margin of error  higher than those reported by the investigators why SAC387 is within the margin of error of  lower than the result obtained by Tao et al. [127] for the SAC387 solder alloys in this work [126]–[128]. This investigation results in a new finding for the five solder joint alloys' fatigue life predictions. The author concludes that this research provides a new method for determining BGA components' preventive maintenance time in mission-critical systems such as under the hood of an automobile, aerospace etc.
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Fig. 21: Fatigue life of BGA solder joints
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Fig. 22: Plot of fatigue lives of solder joint alloys using the four life prediction models
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Fig. 23: Plot of the percentage change in predicted life and range of predicted life against solder alloys
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[bookmark: _Toc67264518]Figure 24: Comparison of the fatigue lives of solder joint alloys from this work with data from peer-reviewed literature

[bookmark: _Toc33286865]4.0 Conclusions
This research provides a method of determining the preventive maintenance time of BGA components in mission-critical systems. It proposes developing a new life prediction model based on a combination of the damage parameters for improved prediction.  
Specific conclusions from this study include:
· BGA joints made of SAC387 solder accumulated the highest stress, strain energy density, plastic strain, shear strain, plastic shear strain, and creep energy density magnitudes. Consequently, it has the lowest fatigue life across all prediction models. 
· The SAC405 solder joints accumulated the lowest stress, plastic strain and creep energy density magnitude and the highest fatigue life. 
· The SAC405 joints have the highest predicted TFL of circa 13.2 years, while SAC387 joints have the least life of circa 1.4 years. The predicted lives are inversely proportional to the magnitude of the areas of stress-strain hysteresis loops of the solder joints. 
· The prediction models are significantly consistent in predicted magnitudes across the solder joints irrespective of the damage parameters used. The observation recognises a significant variation in the models' predicted values - justifying that several failure modes drive solder joints' damage mechanics. 
· It is concluded that shear strain range, fatigue ductility, plastic shear strain, accumulated creep energy density, and creep energy density for failure are damage parameters used to determine the solder's thermal fatigue lives joints in electronic assemblies. 
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