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Abstract— While the fatigue behaviours (including fatigue 

life predictions) of lead-free solder joints have been extensively 

researched in the last 15 years, these are not adequately 

compared and benchmarked for different lead-free solders that 

are being used. As more and more fatigue properties of lead-free 

solders are becoming available, it is also critical to know how 

fatigue behaviours differ under different mathematical models. 

This paper addresses the challenges and presents a comparative 

study of fatigue behaviours of various mainstream lead-free Sn-

Ag-Cu (SAC) solders and benchmarked those with lead-based 

eutectic solder. Creep-induced fatigue and fatigue life of lead-

based eutectic Sn63Pb37 and four lead-free SAC solder alloys: 

SAC305, SAC387, SAC396 and SAC405 are analysed through 

simulation studies. The Anand model is used to simulate the 

inelastic deformation behaviour of the solder joints under 

accelerated thermal cycling (ATC). It unifies the creep and rate-

independent plastic behaviour and it is used to predict the 

complex stress-strain relationship of solders under different 

temperatures and strain rates, which are required in the 

prediction of fatigue life using the fatigue life models such as 

Engelmaier, Coffin-Mason and Solomon as the basis of our 

comparison. The ATC was carried out using temperature range 

from −𝟒𝟎℃ 𝐭𝐨 𝟏𝟓𝟎℃ . The fatigue damage propagation is 

determined with finite element (FE) simulation, which allows 

virtual prototyping in the design process of electronics devices. 

The simulation was carried out on a BGA (36 balls, 

𝟔 × 𝟔 matrix) mounted onto Cu padded substrate. Results are 

analysed for plastic strain, Von mises stress, strain energy 

density, and stress-strain hysteresis loop. The simulation results 

show that the fatigue behaviours of lead-based eutectic 

Sn63Pb37 solder is comparable to those of lead-free SAC 

solders. Among the four SAC solders, SAC387 consistently 

produced higher plastic strain, strain energy and stress than the 

other solders. The fatigue life’s estimation of the solder joint was 

investigated using Engelmaier, Coffin-Manson, and Solomon 

models. Results obtained show that SAC405 has the highest 

fatigue life (25.7, 21.1 and 19.2 years) followed by SAC396 (18.7, 

20.3 and 17.9 years) and SAC305 (15.2, 13.6 and 16.2 years) 

solder alloys respectively. Predicting the fatigue life of these 

solder joints averts problems in electronics design for reliability 

and quality, which if not taken care of, may result in lost 

revenue. Predictive fatigue analysis can also considerably 

reduce premature failure, and modern analysis technique such 

as one used in this research is progressively helping to provide 

comprehensive product life expectancy data. 

Keywords— Fatigue, Von mises stress, Strain energy 

density, Hysteresis loop, Plastic strain 

I. INTRODUCTION  

The long-term reliability of electronic devices is often limited 

by the fatigue failure of solder interconnects due to thermal 

cycling or isothermal ageing. In electronic assemblies, solder 

joints are subjected to thermal, electrical and mechanical 

cycling, which lead to the fatigue failure of solder joints 

involving crack initiation, crack propagation, damage 

accumulation, and failure. Solder fatigue is defined as the 

mechanical degradation of solder due to deformation under 

cyclic loading. Thermal cycling and isothermal ageing lead 

to significant changes in the mechanical behaviour of solder 

joints utilised in safety-critical applications such as 

aeroplane, defence, oil & gas drilling applications, underhood 

of an automobile, medical devices, power grids and so forth. 

The most common approach to the assessment of fatigue life 

is based on conducting an accelerated thermal test. Because 

solder joints are applied at high temperatures and miniature, 

their reliability is of significant interest to electronics 

manufacturing engineers and industries. When solder joints 

remain in conformance with their mechanical, electrical and 

visual specifications over a specified duration, under a 

specific set of operational provisions, that is to referred solder 

joint reliability. Reliability of these solder joints is defined by 

multiple factors such as shear strength, creep resistance, drop 

shock, thermal fatigue and vibration resistance. Due to the 

adoption of the Restriction of Hazardous Substances (RoHS) 

(also known as Directive 2002/95/EC) directives on 1 July 

2006, by the European Union (EU), there have been 

significant progress in the developments of lead-free solders 

as a replacement for the conventional lead-based solders for 

application in the electronics industries [1]–[5] because lead 

(Pb) was discovered to be one of the leading 17 chemicals 

that posed an enormous hazard to human life and 

environment by the EU. Amongst the lead-free solders 

investigated, Sn-Ag and Sn-Ag-Cu (SAC) based solders offer 

the most promising characteristics as replacement of lead-

based eutectic solder [6], [7].  

Solder interconnections are typically exposed to different 

real-life state such as vibration, drop, thermal shock, elevated 

temperature, and changing temperature conditions. All the 

conditions stated have been established as threats for solder 

joints reliability and the thermal cycling has been identified 

as the main threat [8]–[12]. When solder joints are at 

extremely high temperature, creep failure dominates; and 

when they are exposed to thermal cycling, fatigue failure 

dominates [13]–[20]. If under the combination of both the 

failure mechanism is usually referred to as creep-fatigue [21]. 

The creep and fatigue of solder joints are essentially due to 

the mismatch of coefficient of thermal extension (CTE) 

between the BGA component and PCB. The degradation of 
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solder joints due to different CTE of joined materials has been 

a known issue in the electronics industry since the basic 

design of modern electronic in the late 1950s/early 1960s 

[22]. When a system undergoes thermal cycling, fatigue is 

said to occur when a system fails or malfunction. FEM has 

become the common tool used in the analyses of solder joint 

fatigue failure and reliability in the electronics industries 

[23]–[26]. During exposure to thermal cycling, fatigue is 

mainly due to the thermomechanical stresses in the solder 

joints arising from the differences in the CTE between PCB 

and components [27], [28]. 

Awareness and knowledge of the failure mechanisms of these 

systems are necessary for preventing accidents [29] and the 

cyclical variation of thermal stress effects solders joint 

thermal fatigue failure. Throughout thermal cycling, creep is 

the primary tool of thermal deformation fatigue failure. With 

ambient temperature changes (e.g. temperature periodicity 

rises and fall) or part emits heat (e.g. systematic power on and 

off), solder joints will produce thermal stress.  In the 

development of thermal cycling, creep is the critical process 

of thermal deformation fatigue failure [30]. Different 

researchers have studied the effect of ageing on the fatigue, 

and mechanical properties of solder interconnect. The vital 

influence of ageing was found on shear strength, drop fatigue 

performance, thermal cycling reliability, fracture behaviour, 

microstructure, hardness, creep behaviour, and cyclic shear 

reliability [19], [31]–[43]. 

In this study, the Anand viscoplastic constitutive model has 

been used in the prediction of five solder alloys (lead-based 

eutectic Sn63Pb37 and lead-free SAC (SAC305, SAC387, 

SAC396 and SAC405) solders using FEA simulation to 

determine the damage parameter (plastic strain range). The 

Engelmaier modified fatigue model, an improved version of 

Coffin-Manson model takes the thermal cycle frequency, 

temperature effect and elastic-plastic strain into account and 

was used to determine the fatigue life of the solders 

considered in this investigation. The Solomon model 

however only consider damage parameter of shear strain 

applicable to 60/40 eutectic solder or near eutectic solder 

alloy materials with low cycle fatigue applicable condition 

thus would not be appropriate to use it for the evaluation of 

fatigue life for the solder alloy materials considered in this 

research. Analytical models in engineering have several 

practical uses: 1) rapid design optimization during the 

development phase of a product, 2) predicting field use limits, 

and 3) failure analysis of product returned from the field or 

failed in a qualification test [44], [45]. 

II. FATIGUE LIFE PREDICTION MODELS 

        The fatigue life of solder joint alloy materials subjected 

to thermal cycling is ordinarily predicted employing fatigue 

life prediction models such as the hyperbolic sine constitutive 

equation as the constitutive equation is a damage mechanism-

based life prediction model. The principal damage 

mechanism for SAC solder throughout the thermal cycling 

operation is a creep; also, it is applied to simulate the material 

behaviour. Consequently, the fatigue life prediction model 

needs to be based on creep deformation [46]. According to 

various mechanical parameters, fatigue life prediction models 

of solder interconnect can be classified into five classes: 

based on energy, plastic strain, creep strain, stress, and 

cumulative damage. 

A. Solder Fatigue Life Assessment 

          Solder joint fatigue phenomenon on lead-free solder 

interconnects have been a subject of numerous studies. 

Failure in low-cycle fatigue (LCF) is mainly as a result of 

cyclic plastic deformation. When a solder interconnection is 

loaded, the stress-strain curve would be a linear plot with an 

elastic behaviour until the yield point. Studies has shown that 

LCF is associated with shorter fatigue life and higher stress 

where the stress level usually steps into the plastic strain 

range. The Coffin-Manson which has been widely used to 

predict the LCF as a function of plastic strain range for solder 

alloys has been applied to predict the fatigue life of the solder 

alloys considered in this study. The Engelmaier model 

modified the Coffin-Manson model by including parameters 

such as solder and substrate temperature into the equation 

identified as Engelmaier model [47] as presented in equation 

1. Failure in low-cycle fatigue is mainly due to plastic 

deformation. The Engelmaier model is the correction of 

Coffin-Manson model [48]–[51]. This model takes the 

temperature and frequency into account making it easier to 

get a more precise result. The relationship is presented in 

equation 1 and the value of c is obtained from equation 2 [43]. 

𝑁𝑓 =
1

2
(

∆𝛾

2𝜀𝑓
′ )

1
𝑐
                                                                                      (1) 

Where Nf is the mean cycle to failure, ∆γ is the cyclic shear 

strain range, εf
′  is the fatigue ductility coefficient [2εf

′   =
0.65 lead-based eutectic solder alloys and 2εf

′   = 0.48  for 

SAC solder alloy materials [52] and c is the fatigue ductility 

exponent (c = -0.442 for eutectic and 0.5708 for SAC solder 

alloys).  

 

When solder joints are at high extreme temperature, creep 

failure dominates; and when exposed to temperature cycling, 

fatigue failure dominates [13]–[20], [43]. If under the 

combination of both, the failure mechanism is generally 

referred to as creep-fatigue [21], [53]. The creep and fatigue 

of solder joints are primarily due to the mismatch of 

coefficient of thermal extension (CTE) between electronics 

component and PCB. Low-cycle fatigue (LCF) is associated 

with shorter fatigue life and higher stress where stress level 

usually steps into the plastic strain range. Coffin-Manson 

model equation [54] is widely used to predict the low-cycle 

fatigue life 𝑁𝑓  as a function of plastic strain range ∆𝜀𝑝  for 

solder alloys: 

𝑁𝑓
𝑚∆𝜀𝑝 = 𝐶                                                                                               (2) 

where 𝑚 = 0.70 is the fatigue exponent and 𝐶 = 1.69 is the 

ductility coefficient for eutectic solder alloy [55]. 

Solomon proposed a low-cycle fatigue model (Equation 3) 

that relates the plastic shear strain to the fatigue life cycles for 

near eutectic solder joints at four different temperatures 

−50℃, 35℃, 125℃ and 150℃ [56], [57]. 

∆𝛾𝑝𝑁𝑓
𝛼 = 𝜃                                                                                               (3) 

where ∆𝛾𝑝  is the plastic shear strain range and 𝛼 and 𝜃 are 

constants. For 60/40 Tin-lead solder material from 

−50℃ to 150℃, 𝛼 and 𝜃 are estimated to be 0.51 and 1.14 

respectively [43], [58]. 

B. Anand Model Equations 

       Anand model contains both time-dependent plastic and 

viscoplastic phenomenon where growth of plastic strain is 

dependent on the rate of loading [59], [60]. Viscoplastic on 



the other hand is described by unifying creep and plastic 

deformations [61]. Anand's model is utilised in situations 

where the material behaviour is particularly susceptible to 

temperature, strain rate, history of temperature and strain rate, 

and strain softening and hardening. The model has proved for 

application in predicting the response and life of solder 

interconnect in electronic devices and packaging. 

 

The Anand's model proposes a singular scalar quantity 

described as the deformation resistance, which is employed 

to characterise the isotropic resistance to the inelastic flow of 

the material. The comparison of the inelastic strain rate is 

presented in equation 4: 

𝜎 = 𝑐𝑠; 𝑐 < 1                                                                                        (4) 

where 𝜎 the equivalent stress for steady plastic flow; 𝑠 is the 

deformation resistance with the dimensions of stress. 𝑐 is a 

function of strain rate and temperature as expressed as: 

𝑐 =
1

𝜉
𝑠𝑖𝑛ℎ−1 {(

�̇�𝑝

𝐴
𝑒𝑥𝑝 [

𝑄

𝑅𝑇
])

𝑚

}                                                   (5) 

Combining equation 4 & 5 

 

The Anand model uses the following functional form to 

describe the flow equation as: 

𝜀̇𝑝 = 𝐴exp (−
𝑄

𝑅𝑇
) (𝑠𝑖𝑛ℎ [𝜉

�̅�

𝑠
])

1
𝑚

                                              (6) 

where 𝜀̇𝑝  is the inelastic strain rate; A is pre-exponential 

factor; Q is the activation energy; R is universal constant; T 

is the temperature; R is universal gas constant; T is the 

temperature; 𝜉 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: 

�̇� = ℎ(𝜎, 𝑠, 𝑇)𝜀̇𝑝                                                                                  (7) 

ℎ(�̅�, 𝑠, 𝑇) is associated with dynamic strain hardening and 

recovery process. A simple form of evolution equation of 

equation 7 was given by Anand as follows [59]: 

 

where 

ℎ =  ℎ0 |1 −
𝑠

𝑠∗|
𝑎

𝑠𝑖𝑔𝑛 (1 −
𝑠

𝑠∗)         𝑎 ≥ 1                              (8) 

Therefore, the evolution equation for the internal variable s is 

derived from combined form of equation 7 & 8 as: 

𝑠 =  {ℎ0 |1 −
𝑠

𝑠∗|
𝑎

𝑠𝑖𝑔𝑛 (1 −
𝑠

𝑠∗)} 𝜀̇𝑝                                        (9) 

where 

𝑠∗ =  �̂� (
�̇�𝑝

𝐴
𝑒𝑥𝑝 [

𝑄

𝑅𝑇
])

𝑛

                                                                    (10) 

where 𝑠∗ describes the saturation value of s associated with a 

set of given temperature and strain rate; ℎ0  represents the 

hardening/softening constant; 𝑎 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 comprises of two types of equations. 

The first equation deals with the correlation between 

saturation strain and stress rate under specific temperature. In 

contrast, the second equation deals with the relationship 

between strain and stress under particular temperature and 

strain rate [98].   

III. METHODOLOGY 

A. Thermal Cycling Test 

A1. Convergence and Mesh Independence Study 

The formal process of determining mesh convergence 
requires a curve of a critical result parameter deformation and 
stress plotted against the mesh density. Solder materials are 
susceptible to significant creep deformations in harsh high-
temperature environments such as oil exploration, automotive, 
avionics, and military applications. Also, degradations will 
happen in the creep responses of lead-free solder alloys when 
they are exposed to long-term thermal ageing during product 
applications at high temperatures. The following necessary 
steps are needed to perform a mesh convergence study: (1) 
Generate a mesh utilising the fewest, moderate quantity of 
elements and examine the model; (2) Recreate the mesh with 
a denser element configuration, re-analyse it, and analyse the 
outcomes to those of the earlier mesh; (3) Continue increasing 
the mesh density and re-analysing the model until the results 
converge adequately to a solution. 

A2. Basic Assumptions and Analysis Methodologies 

• The material property of the solder bump is nonlinear 
and temperature dependent. In other words, others 
are linear and temperature independent. 

• Every interface of the materials is assumed to be in 
contact with each other totally. 

• All the materials were modelled as linear elastic and 
isotropic materials except the solder and PCB which 
are simulated using the Anand’s model relations and 
orthographic materials respectively. 

• All materials including the solder joint were assumed 
homogeneous at load steps. 

• The initial stress in the assemblies which may be 
accumulated from reflow soldering process is 
neglected, and all contacting surfaces are assumed to 
be bonded with perfect adhesion 

A3. Geometrical and Mesh Models 

The BGA package includes solder ball, Silicon (Si), die 
substrate, Copper (Cu) pad and epoxy-resin (FR-4). The 
parameters and package dimensions of the lead-free solder 
BGA are shown in the author’s other publications Depiver et 
al. [62], [63]. The necessity to use a quarter of the full model 
is to reduce simulation solve time and processes since the aim 
of the research is to investigate BGA solder joint in the 
package for thermo-mechanical reliability. It also augments 
operational test design and evaluation because the full 
assembly is big and complex; much time is needed to 
complete a simulation; therefore, a quarter symmetry is 
perfect for running several simulations.  

A4. Material Properties and Parameters 

Except for the PCB, the properties of all other materials 
are linear and temperature dependent. The material properties 
used are obtained from several works of literature. The critical 
materials used in the assembly in mounting the BGA on PCB 
are solder alloys, copper pad, epoxy-resin (FR-4), solder mask 
and Silicon (Si) die. All the materials were modelled as linear 
elastic and isotropic substances except the PCB and the solder 
alloys, which was simulated using the orthographic materials 
and Anand models respectively. The material properties used 



for the FEA simulation experiments is presented in Table 1 
and 2. 

TABLE 1: Materials properties for the BGA on PCB Components 

 

TABLE 2: Anand model constant for eutectic lead-based Sn63Pb37 and 
lead-free SAC305, SAC387, SAC396 and SAC405 solder alloys 

 Solder 

Anand 

Parameters 

Sn63Pb37  

[72] 

SAC305 

[73] 

SAC405 

[74] 

SAC387 

[75] 

SAC396 

[76] 

𝐬𝐨(𝐌𝐏𝐚) 3.1522 45.9 20.0 39.5 3.3 

𝑸 𝑹⁄ (𝑲−𝟏) 6,526 7,460 10,561 8,710 9,883 

𝐀 (𝒔−𝟏) 6,220 
5.87

× 106 
325 24,300 

1.57

× 107 

𝝃 3.33 2.00 10.00 5.8 1.06 

𝐦 0.27 0.0942 0.32 0.183 0.3686 

𝐡𝐨(𝐌𝐏𝐚) 60,599 9,350 8 × 105 3,541.2 1077 

�̂� (𝐌𝐏𝐚) 36.86 58.3 42.0 65.3 3.15 

𝐧 0.022 0.015 0.02 0.019 0.0352 

𝐚 1.7811 1.5 2.57 1.9 1.6832 

 

A5. Loading and Boundary Conditions 

In applying the FE Analysis for the thermal cycling 
analysis, the ambient temperature cycle is external loading. 
The FE models were subjected to six complete ATC’s in 36 
steps shown in Fig. 10. The thermal cycling temperature is 
from -40℃ to +150℃ with 15℃/min ramp, and 5mins dwell 
based on IEC 60749-25 temperature cycling and JEDEC 
Standard JESD22-A104D [77]–[79] shown in Fig. 1 was used. 
The quarter assembly components were first heated from 
room temperature 22℃ which is the starting temperature in 
thermal cycle loading with 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 used for this profile are the 
automotive under-hood, semiconductors in power supply 
controllers and military. The assemblies were supported such 
that the conditions of the structure at the supports are: 

At the PCB base, 𝑦 = 0, and 𝑢(𝑦) = 0;  

Top surface 𝑢(𝑦) = 0, 𝑢(𝑥) and 𝑢(𝑧) are free. 

The 𝑢(𝑥), 𝑢(𝑦) and 𝑢(𝑧) represents the displacement in the 

𝑥, 𝑦 and 𝑧 directions respectively. The bottom surface of the  

PCB was fixed in Y direction and displaced in the X and 
Z directions. 

 

 

 

Fig. 1: Thermal Cycling temperatures boundary profile 

B. Failure Criterion 

     The generally used solder-joint failure criteria include 

those based on classic fracture mechanics [8], plastic strain 

[54], [80]–[82], creep strain [83]–[86], fracture-calibrated 

energy [87] and inelastic work [88], [89]. For experimental 

failure studies, resistance is also used as failure criteria. Each 

failure criterion requires specific material properties and may 

place the requirements on the nature of the numerical solution 

obtained either by computation or through FEA simulation. 

For this investigation, the failure criterion is based on 

maximum plastic strain values from FEA simulation. This is 

then used in the Engelmaier, Coffin-Manson and Solomon 

models’ calculations to obtain the fatigue life characteristics 

of the five solder joint alloy materials (lead-based eutectic 

Sn63Pb37, and lead-free SAC305, SAC387, SAC396 and 

SAC405) used in this study. 

 

RESULTS AND DISCUSSIONS 

C. Thermal Cycling Results of Solder Joints 

      The simulation results for lead-based eutectic Sn63Pb37 

and four SAC (SAC305, SAC387, SAC396 and SAC405) 

solder alloy materials used in this work are presented. The 

results reveal that thermal stresses were produced in the 

solder joints during thermal processes. FEA was employed in 

the investigation of the solder joints to ascertain the reliability 

Materials Reference 

Young’s 

Modulus (GPa) 

C.T.E 

(ppm/℃) 

Poisson’s 

Ratio 

𝑬𝒙 𝑬𝒚 𝑬𝒛 𝜶𝒙 𝜶𝒚 𝜶𝒛 𝒗𝒙𝒚 𝒗𝒙𝒛 𝒗𝒚𝒛 

Silicon (Si) 

Die 
[64] 110.0   2.60   0.24   

PCB Mask [65] 4.14   30.0   0.40   

Cu Pad [66] 129.0   17.0   0.34   

PCB [67] 27.0 27.0 22.0 14.0 14.0 15.0 0.17 0.20 0.17 

Epoxy-Resin 

(FR-4) 
[64] 29.9 25.1 70.0 12.0 15.0  0.16 0.14  

Sn63Pb37 [68] 56.0   20.0   0.30   

SAC305 [64] 51.0   23.5   0.40   

SAC387 [69] 45.0   17.6   0.36   

SAC396 [70] 43.0   23.2   0.30   

SAC405 [71] 44.6   20.0   0.42   



of during thermal cycling. The study on the constitutive 

model of the solder joints can yield the data support for the 

reliability study. Anand model, which is a unique built-in 

material model in the FE programs in ANSYS, was adopted 

to obtain the stress, strain, strain energy and deformation 

distribution of solder joints in electronic packaging. The 

material properties and parameters of the Anand model for 

the eutectic Sn63Pb37 and SAC solder joints were obtained 

from published literature. 

Additionally, based on the Anand model, FE was used to 

examine its reliability during thermal cycling. The simulated 

result presented reveals a cross-section of the failed bumps. 

Cracks are understood to produce at the top corners of the 

solder joint in the substrates. Furthermore, the residual stress 

effect during simulation has influences on the strains during 

temperature cycling, which adds to the fatigue life model 

prediction results. 

 

A1. Effects of Plastic Strain 

       Five types of solders were simulated in this study. FE 

software ANSYS R19.0 was used to simulate solder joints to 

determine their fatigue failure and reliability. The results 

obtained imply that plastic deformation of solder joint due to 

thermal cycle loading can be used in predicting the fatigue 

life of solder joints. The plot in Fig. 2 shows that SAC387 

and SAC305 have the highest plastic strain why SAC405 and 

SAC396 with the lowest plastic strain which indicates that the 

fatigue life of SAC387 is lower than the rest of the solder 

joints examined. The fatigue life of the solder joints is 

calculated using the modified Coffin-Manson, Solomon and 

Engelmaier equation based on FE simulation. The results 

show that lead-based eutectic Sn63Pb37 has a plastic strain 

of 0.0104 why the SAC305, SAC387, SAC396 and SAC405 

has the following strain values of 0.0055, 0.0247, 0.0091 and 

0.0076, respectively. The fatigue life of SAC405 is higher 

than that of the other four solders joints reflecting the increase 

of the fatigue resistance in the solder joint to some extent and 

changes in the crack’s propagation during the fracture 

process. As mentioned earlier, the modified fatigue life 

equation was used for estimating the useful lifetime of the 

solder joints because they are still the most convenient tool 

employed in the calculation of thermal fatigue life of solder 

joints. The fatigue life of lead-based eutectic Sn63Pb37 and 

lead-free SAC (SAC305, SAC387, SAC396 and SAC405) 

solder joints are presented in Table 3. More details of fatigue 

life estimation are described in section II. Fig. 3 shows the 

schematic trend of the maximum plastic strain of solder 

interconnects. During dwell time, the plastic strain change 

results from the creep of solder or induced fatigue cracks. 

 

A2.  Effect of Von Mises Stress 

        The effects of Von mises stress on the thermal cycling 

of solder joints is present in Figs. 4 and 5. The chart (Fig. 4) 

shows that SAC396 followed by the lead-based eutectic 

Sn63Pb37 has the lowest Von mises stress magnitude in 

comparison with the high-stress values obtained for SAC405 

and SAC387. The stress values for SAC396 obtained is 

9.22MPa why the highest stress magnitude for SAC405 and 

SAC387 were 38.72MPa and 36.38MPa, respectively. The 

other solders which are the lead-based eutectic Sn63Pb37 and 

SAC305 have a stress magnitude value of 15.38MPa and 

22.07MPa respectively. The impact of stress on the 

performance of the BGA electronics component is as a result 

of thermal and mechanical variations. As it could be seen in 

Fig. 5, the highest stress is understood to have occurred at the 

corners of the SAC396 solder joints arrangements. The 

effects of IMC were examined in subsequent work. The 

simulation results obtained, along with experimental results 

obtained from several works of literature, are very important 

to access test data and prevents early fatigue failures in BGA 

electronic devices. 

 
Fig. 2: Plot of plastic strain rate for lead-based eutectic Sn63Pb37 and lead-

free SAC305, SAC387, SAC396, and SAC405 solder alloy materials 

 

 
Fig. 3: Schematics for lead-based eutectic Sn63Pb37 and lead-free 

SAC305, SAC387, SAC396 and SAC405 showing areas of maximum 

plastic strain 

 
Fig. 4: Von Mises stress results for six complete cycles of solder alloys 

 



 
Fig. 5: Schematics for lead-based eutectic Sn63Pb37 and lead-free 

SAC305, SAC387, SAC396 and SAC405 showing areas of maximum Von 

mises stress on solder joints 

 

A3. Effect of Deformation Rate 

        The deformation rates on various solder joints 

considered in this work are shown in Figs. 6 and 7. The results 

show that SAC305 (0.381𝜇𝑚), SAC396 (0.429𝜇𝑚)  and 

SAC405 ( 0.452𝜇𝑚)  has the lowest deformation rates 

compared to SAC387 ( 0.803𝜇𝑚)  and eutectic Sn63Pb37 

(0.458𝜇𝑚) having the highest deformation rates. These data 

obtained along with creep exponents, strain rate sensitivities 

and damage mechanisms are valuable in supporting the 

modelling of solder joints for reliability and lifetime 

prediction.  

 
Fig. 6: Deformation rate results of six cycles of solder alloys 

 
Fig. 7: Schematics for lead-based eutectic Sn63Pb37 and lead-free 

SAC305, SAC387, SAC396 and SAC405 showing areas of maximum 

deformation on solder joints 

 

A4. Effect of Strain Energy Density 

       The FEA results showing the strain energy density 

results are presented in Figs. 8 and 9. The results show that 

among the five solders considered in the FE simulation, 

SAC387 ( 0.0101𝜇𝑚 ) and SAC396 ( 0.022𝜇𝑚 ) has the 

lowest strain energy density why SAC305 ( 0.047𝜇𝑚 ), 

SAC405 (0.041𝜇𝑚) and eutectic Sn63Pb37 (0.035𝜇𝑚) has 

the highest strain energy density dissipated on the solder 

joints. The critical value of the strain energy density 

represents the intrinsic property of solder. The result 

demonstrates the applicability of the strain energy density for 

the reliability life prediction of solder joints. In cases reported 

here, solder joints failed at the package interface. The result 

is in agreement with experimental results by Syed [85] for 

SnAgCu solder alloy and is presented in Fig. 10. SAC396 and 

SAC405 offer the best alternative for lead-free SAC and lead-

based eutectic Sn63Pb37 solders currently in use. With the 

current trend of cheaper, faster, and better electronic devices, 

it has become increasingly important to evaluate the package 

and system performance very early in the design cycle stage 

using simulation tools such as ANSYS and selecting the right 

solder alloy is essential. 

 

 
 

Fig. 8: Strain energy density thermal cycle results for solders 

 

 
Fig. 9: Schematic representations for lead-based eutectic Sn63Pb37 and 

lead-free SAC305, SAC387, SAC396 and SAC405 showing areas of 
maximum strain energy on solder joints 

 

Experimental studies conducted by Tong An et al., [90] who 

investigated the failure study of Sn63Pb37 PBGA solder 

joints using temperature cycling, random vibration and 

combined temperature cycling and random vibration tests. A 

thermal cycling (−55℃ to 125℃ )  and vibration studies 

were carried out for eutectic lead-based Sn63Pb37 solder 

joint. The findings from their work demonstrate that earlier 

solder joint failure for combined loading than that for either 

temperature cycling or pure vibration loading at room 

temperature. The primary failure mode is cracking within the 

bulk solder under temperature cycling, whereas the crack 



propagation path is along with the intermetallic compound 

(IMC) layer for vibration loading. Fig. 10 shows a typical 

failure mode when the components are subjected to thermal 

cycling loading. The results suggest that most of the cracks in 

the failed solder joints were located on the component side. 

The primary failure mode is a fracture within the bulk solder 

(where the crack initiates and propagates within the bulk 

solder). During thermal cycling, the solder joint experiences 

alternating stresses during the heating and cooling duration 

and this induces accumulated plastic deformation and causes 

the cracks to open especially because the inelastic strain is 

highest at near the Silicon die thereby the solder joint failed 

at this critical solder joint and failure occurs. 

 

 
Fig. 10: SEM image of solder joint failure modes of the solder joints during 

temperature cycling showing cracked at component interface of eutectic 
63Sn37Pb solder [90] 

 

Hsieh and Tzeng [91] investigated the solder joint fatigue life 

prediction in large size and low-cost wafer-level chip-scale 

packages. They assessed the fatigue life of considerable size 

and low-cost WLCSP with SAC105 solder joints, the board 

level reliability (BLR) thermal cycling test that follows 

JEDEC models. The failure consequences of SAC105 in BLR 

thermal cycling test is for 185, and 188 cycles are presented 

in Fig. 11. In conclusion, a modified Coffin-Manson equation 

for SAC105 solder joint fatigue life was achieved. With the 

existing equations, the solder joint fatigue life in a large size 

and low-cost WLCSP can be determined by simulations 

without works on experimental evaluations. The outcomes 

achieved are relevant and beneficial if high reliability and 

cost reduction in large die size and low-cost WLCSP are 

needed. By examining the SEM images, it was determined 

that the solder crack initially occurred near the corner of the 

pad and solder ball. The solder crack propagated along at the 

top IMC layer underneath the pad as well as along the top 

surface of the PCB Cu pad in the WLCSP. Similarly, Mi [92] 

reported a crack in the corner of the BGA side, as shown in 

Fig. 12. 

 

 
Fig. 11: Failure results of SAC105 solder joint in board level reliability 

(BLR) thermal cycling test (TCT) in test vehicle (a) larger redistribution 
layer (RDL) pad size and (b) smaller redistribution layer (RDL) pad size 

[91] 

 
Fig. 12: Crack image after 2500 thermal cycles. (a) A complete solder joint 

and (b) a corner of BGA side [92] 
 

Similarly, work carried out by George et al. [93] on the 

thermal cycling reliability of lead-free solders (SAC305 and 

Sn3.5Ag) for high-temperature applications shows similar 

deformation results  (Fig. 13). In their research, ball grid 

arrays (BGA), quad flat packages (QFP), and surface mount 

resistors assembled with SAC305 and Sn3.5Ag solder pastes 

were subjected to thermal cycling from −40℃ to 185℃. 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 our FEA. Several researchers such as 

Xie et al., [94] has reported a crack in the same location 

except in certain conditions that fatigue failure is observed on 

the PCB side of the component. Other investigation by [95]–

[99] also reported the same crack location on the components 

section of the electronics package. Another typical failed 

SnAgCu solder joint cross-section was reported by Syed [46] 

presented in Fig. 14 

 

 
Fig. 13: SEM image of a solder joint cracked at interface of solder and IMC 

at die side after being subjected to accelerated thermal cycling: (a) adapted 

package side crack on 144 I/O BGA (Sn based finish SAC305 solder) (b) 
adapted cracked joint [93] 

 
Fig. 14: Typical failed SnAgCu solder joint cross-section [Adapted Ref. 

[46]] 

 

A5. Analysis of Stress-Strain Hysteresis loop  

       During thermal loading, the area under the stress-strain 

curve is the strain energy per unit volume absorbed by the 

solder alloy materials. On the other hand, the area under the 

unloading curve is the energy released by the solder alloy 

materials. During the elastic range, these areas are equal, and 

no net energy is absorbed. If the material is loaded in plastic 

range as presented in Fig., the energy consumed surpasses the 

energy discharged, and the difference between them is 

dispelled as heat. Perfect elastic materials possess an ideal 

linear stress-strain characteristic. Cyclic stress produces a 

strain in the solder materials, which is a cyclical variable and 



in phase with the stress. Solder joint cracking is inhibited in 

loading since cracks will be closed instead opened by the 

stress state. The solder materials loaded cyclically to alternate 

between loading and unloading can exhibit hysteresis loops 

since the load is high enough to induce plastic flow (stresses 

above the yield stress). The area of the surface enclosed 

within the hysteresis loop always equals the amount of energy 

dissipated in the material upon the loading-unloading cycle. 

On the contrary, the hysteresis loop yield information on 

fatigue degree, as well as a stress-strain characteristics curve. 

This demonstrates that the solder materials stress variations 

result with an increase of fatigue degree and a reduction of 

mechanical strength.  

 

 
Fig. 16: Stress-strain hysteresis loop for lead-based eutectic Sn63Pb37 and 

lead-free SAC305, SAC387, SAC396 and SAC396 solder alloys 

 

A6. Analysis of Thermal Fatigue Life of BGA Solder Joints 

based on Engelmaier, Coffin-Manson and Solomon Models 

         The thermal fatigue life of a solder joint has become a 

critical factor in the reliability of electronics products. 

Several life predictions models have been proposed and are 

mainly obtained by associating stress, strain and strain energy 

density. The fatigue life model can be divided into five 

categories, namely stress, strain, creep strain, energy and 

cumulative damage. The section employs life prediction 

model of solder joints under thermal cycling, the Engelmaier, 

Coffin-Manson and Solomon model are accompanied by 

plastic strain during low cycle fatigue thus the Basquin 

damage model is not a good fit for life prediction model based 

on plastic deformation.  

 

Engelmaier model is widely used to calculate the fatigue life 

of solder joints in microelectronic devices subjected to 

thermal cycling loading conditions. Finite element analysis 

was conducted on the BGA on PCB samples of eutectic 

Sn63Pb37, SAC305, SAC387, SAC396 and SAC405 to 

obtain the failure time and comparing the fatigue lives of the 

solder alloy materials. The plots presented in Figs. 17 and 18 

show the number of cycles to failure and number of years to 

failure of solder interconnects. The parameters such as plastic 

strain, plastic shear strain and used in the calculation are 

extracted directly from ANSYS why the constants are derived 

from several experimental results obtained by numerous 

investigators from literature. From the results obtained, 

SAC405 has the highest fatigue life to failure under the 

Engelmaier, Coffin-Manson and Solomon models followed 

by SAC396 and SAC305 solders. From the investigations 

conducted so far, it can be concluded that SAC’s simulation-

based prediction of fatigue life indicates that SAC405 

followed by SAC396 are the preferred solder joint alloy 

materials for the replacement of eutectic lead-based alloy for 

enhanced thermo-mechanical reliability of solder joints. The 

results corroborate well with the work by Syed  [85] whose 

mean life covers a range of data from 275 cycles to 10027 

cycles for SAC solder and 416 cycles to 5953 cycles for SnPb 

solder joints. The results of this work show that SAC405 and 

SAC396 solder joints had higher reliability than the eutectic 

Sn63Pb37, SAC387, and SAC305 solder interconnect. The 

strain-based models are fit for fatigue prediction for low-

cycle fatigue, while the stress-based models are generally 

employed to predict high-cycle fatigue. Most of the fatigue 

models predict the number of cycles to failure. 

 
TABLE 3: Number of cycles to failure for eutectic Sn63Pb37, SAC305, 

SAC387, SAC396 and SAC405 solder alloy materials 

Solder Engelmaier Coffin-Manson Solomon 

Sn63Pb37 4948 1477 3448 

SAC305 11075 9917 11820 

SAC387 2439 1119 1906 

SAC396 13625 14850 13075 

SAC405 18738 15359 13967 

 

 
Fig. 17: Plot of number of cycles to failure for eutectic Sn63Pb37, 

SAC305, SAC387, SAC396 and SAC405 solder alloy materials 

 

 
Fig. 18: Plot of number of years to failure for eutectic Sn63Pb37, SAC305, 

SAC387, SAC396 and SAC405 solder alloy materials 

IV. CONCLUSION 

      In this paper, the reliability of solder joints was analysed 

with thermal cycle loading to predict the fatigue life of 

eutectic Sn63Pb37, SAC305, SAC387, SAC396 and SAC405 

using the Solomon, Coffin-Manson and Engelmaier models 



as the basis of comparison. The result shows that SAC405 

and SAC396 possesses a longer fatigue life across the three 

models investigated. It is also shown that the minimum stress 

magnitude and strain were observed on the SAC405 and 

SAC396 solder joints, respectively, which is at the top of the 

BGA solder joints device edge. Accordingly, the study 

evaluated the stress-strain hysteresis response indicating that 

SAC405 followed by SAC396 has the lowest dissipated 

energy. Based on the results obtained, there were noticeable 

distinguishing features on the three models considered in this 

work. The work proposed the use of Engelmaier (total shear 

strain), Coffin-Manson (plastic strain) and Solomon (plastic 

shear strain) model in that particular order in a low cycle 

fatigue coverage by electronic manufacturing engineers when 

considering the best BGA solder alloy materials with the 

maximum years to failure in a thermo-mechanical loading 

environment. 
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