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Underfill materials were originally developed to improve the thermo-

mechanical reliability of flip-chip devices due to the large coefficient of thermal 

expansion (CTE) mismatch between the silicon die and substrate. More recently, 

underfill materials, specifically reworkable underfills, have been used to improve 

reliability of second level interconnects in ball grid array (BGA) packages in harsh end-

use environments such as automotive, military and aerospace. In these environments, 

electronic components are exposed to mechanical shock, vibration, and large 

fluctuations in temperatures. Although reworkable underfills improve the reliability of 

BGA components under mechanical shock and vibration, some reworkable underfills 

have been shown to reduce reliability during thermal cycling environments.  

Consequently, this research employs experimental and numerical approaches to 

investigate the impact of reworkable underfill materials on thermomechanical fatigue 

life of solder joints in BGA packages. In the first section of the analysis, material 



  

characterization of a reworkable underfill is performed to determine appropriate 

material models for reworkable underfills. In the second analysis section, a variety of 

underfill materials with different properties are exposed to harsh and benign thermal 

cycles to determine the stress state responsible for reducing fatigue life of solder joints 

in BGA packages. In the final analysis section, simulations are performed on the BGAs 

with reworkable underfill to develop a fatigue life predication methodology that 

implements a modified mode separation scheme. The model developed in this work 

provides a working fatigue life approach for BGA packages with reworkable underfills 

exposed to thermal loading. The results of this study can be utilized by the automotive, 

military, and aerospace industries to optimize underfill material selection process and 

provide reliability assessment of BGA components in real world environments.   
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INTRODUCTION 

1.1 Thermo-mechanical Fatigue in Solder Interconnects 
 

Solder materials are the most widely used second level interconnects in electronic 

packaging. Solder interconnects, often referred to as solder joints, provide the 

mechanical and electrical connection between electronic packages and printed circuit 

boards (PCBs). Electronic packages are assembled onto PCBs using a soldering 

process. This soldering process results in the formation of solder joints, which vary in 

shape and size, based on package style, stencil thickness, and board pad size. A large 

percentage of electronic failures are due to thermally induced stresses and strains that 

are caused by differences in the coefficient of thermal expansion (CTE) mismatch 

between the components and boards. A study by the United States Air-Force on field 

failures, related to operating environments, shows that about 55% of the failures are 

due to high temperatures and temperature cycling, 20% of the failures are attributed to 

vibration and shock, and finally, 20% are caused by humidity [1].  Under fluctuating 

temperature conditions, the large CTE mismatch can cause cyclic fatigue failure to 

occur in solder joints. Due to the geometry of the surface mount component, thermo-

mechanical fatigue is induced by the accumulation of shear stress on the solder joints 

as shown in Figure 1-1. The distance from the center of the package to the solder joint 

is called the distance to the neutral point (DNP). In general, components with larger 

DNP will be more affected by CTE mismatch, which means that the farthest joint from 

the package center will experience the highest shear strains. 
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Figure 1- 1: CTE mismatch in electronic assemblies at elevated temperatures. 

Some operating service conditions subject components to high temperatures during the 

dwell time.  This allows creep to become the dominant inelastic deformation 

mechanism. Table 1-1 lists the temperature range experienced during field conditions 

for several electronic product categories.  

Table 1- 1: Field Conditions for various industries [2]. 

 
Field conditions differ based on device usage and application, even for the same 

products and components. Specific applications have detailed specifications that define 

1) the maximum and minimum temperature range, and 2) the dwell time at each 

temperature extreme. In some products there are different requirements for each life 

phase. The difference between field conditions and accelerated thermal cycling will be 

illustrated in Chapter 2. In situations where the given CTE mismatch is large enough 

and the temperature range and cyclic frequency are such that solder joints will 

experience plastic or creep deformation, low cycle fatigue failure can occurs as shown 

in Figure 1-2. In this figure, 2512 chip resistors were assembled on 1.6 mm thick PCB 

and subjected to accelerated thermal cycling with a temperature range of -40ºC to 

125ºC according to IPC standard 9701A [3]. Often, the accelerated thermal cycling 
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tests are used to qualify the performance and reliability of surface mount solder 

attachments of electronic assemblies. During the accelerated thermal cycling tests, 

creep strain in solder joint is induced due to CTE mismatch between the PCB and the 

component. For the case illustrated in Figure 1-2, solder joints in chip resistors 

predominantly experience shear strains due to the rigid alumina component and PCB 

with a CTE of 7.8 ppm/ºC and 17 ppm/ºC, respectively.  

 
Figure 1- 2: Fatigue cracks in solder joints of 2512 chip resistors after thermal 

cycling from -40ºC to 125ºC [4]. 

 

After a sufficiently long number of cycles, a fatigue crack will nucleate and start to 

propagate through the solder joint resulting in a mechanical failure of the joint. The 

interruption in the physical connection of the solder joint disrupts the electrical signal 

path, which renders the component or device inoperable.  Figure 1-3 shows the 

evolution in electronic packaging trends that are driven by increasing demand for 

higher I/O, miniaturization and improved functionality. Ball Grid Array (BGA) 

technology is utilized to meet the ever-growing demands of electronic packages. BGA 

components use the bottom side of the package to provide an increased foot print for 

second level solder interconnects in variety of configurations to meet specific 

application requirements. BGA laminate technology has enabled the use of both flip 
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chip and wire bonds (1st level interconnects) in a small form factor referred to as Chip-

Scale Packages (CSPs).  

 
Figure 1- 3: Trends in electronic package evolution driven by increase I/O 

density, miniaturization and functionality [5]. 

 

Electronic components are often exposed to large temperature fluctuations in harsh use 

environments found in the automotive, military, and aerospace. Repeated temperature 

fluctuations induce cyclic loading in solder interconnects. CTE mismatch is intrinsic to 

electronic components and assemblies due to the variety of materials used in their 

construction. The repeated CTE mismatch causes thermally induced mechanical 

stresses in solder joints that results in fatigue failure of the interconnects. Such advance 

electronic packages as BGAs are sensitive to thermo-mechanical fatigue failure due to 

the previously mentioned factors. Fatigue failure is a wear-out phenomenon that 

depends on the repeatability and magnitude of loading. Predicting the time to failure of 

solder interconnects requires an understanding of the mechanisms behind low cycle 
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fatigue failure in solder alloys. The subsequent sections of this chapter discuss fatigue 

lifetime assessment of BGA components with underfill and the current models used to 

predict the reliability within certain environments. 

1.2 Application of underfill in ball grid array packages 
 

Underfill technology for flip-chip devices has matured since the introduction of 

Controlled Collapse Chip Connection (C4), also referred to as solder bumps for flip-

chip devices by IBM in the 1960’s [6]. Underfills were originally developed to enhance 

the thermal cycling solder fatigue of flip-chip bumps (first-level interconnects). Later, 

its usage was extended to the BGA (second-level interconnect) due to strong demand 

for increasing drop-reliability (portable devices). Reworkable underfills were 

developed to reduce the cost of conventional underfills, but the nature of reworkability 

(low Tg and high CTE) causes a detrimental effect on the thermal cycling solder fatigue 

although drop reliability was not compromised. There is only limited literature that 

deals with the quantitative effect of the properties of reworkable underfills on BGA 

thermal cycling solder fatigue. Flip-Chip underfills address thermo-mechanical 

concerns by distributing the load from thermal expansion mismatch between the silicon 

die and organic substrate. Manufacturers optimize underfill mechanical properties by 

adjusting the epoxy resin formulation and increasing silica filler particles volume 

fraction. Lower expansion, high glass transition temperature (Tg), and high elastic 

modulus, have been reported as the optimal properties for underfills in flip-chip devices 

[7]. Indeed, research documents how underfills with lower CTE mismatch with the 

solder alloy provide higher thermo-mechanical reliability for solder bumps [8]. Figure 

1-4 demonstrates an overmolded flip-chip package with board level underfill. The 
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overmold is applied to the flip-chip after underfilling to provide structural integrity and 

protection. The board level underfill is applied after the package reflow to the board 

and acts as an adhesive that binds the package to the board. A dramatic size difference 

in the underfill applied to 1st and 2nd level solder joint can be seen. This size difference 

depends on the height of solder joints and solder mask thickness and vary from 50 to 

100µm in solder bumps and 300 to 500µm for board level solder balls. Pb-free solder 

alloys for flip-chip bumps usually utilizes binary alloys such as SnAg due to 

metallization process requirements compared to ternary SnAgCu used for board level 

reflow process [9].  

 
Figure 1- 4: Illustration of Flip-Chip package with board level underfill. 

 

Implementing underfill materials for reliability improvement of second level solder 

joints can be achieved using different application techniques, process parameters, and 

materials. The first step of underfilling is the application method. Figure 1-5 illustrates 

the three common methods used to apply underfill to BGA devices. These methods 

include full area coverage, edge bonding, and corner staking. Each of these methods 

offers advantages and benefits depending on reliability requirements and process 

parameters. Corner staking offers the utilization of the least amount of material, thereby 
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enabling lower production cost, however, it does not provide complete encapsulation 

of the interconnects against moisture and contamination. Full area underfilling and 

edge or perimeter bonding are similar in nature. Although edge bonding utilizes the 

least amount of underfill material, compared to full area application as certain load 

environments, it might not provide as high of reliability improvement. 

 
Figure 1- 5: Underfill application methods on BGA package. 

 

Underfill material selection is another important parameter that needs to considered. 

Adhesion characteristic, cure, and viscosity properties are considered prior to 

investigating the impact on reliability. The first step of improving reliability is selecting 

a material that will minimize such process induced defects as delamination and voiding, 

both of which compromise the effectiveness of underfills [10,11]. When reworkable 

underfills are considered for board level underfilling the material choices will vary 

significantly for different application types. Commercial off-the-shelf (COTS) 

electronics are considered more cost-effective, with material chemistries that offer such 

high through-put capabilities as UV curable underfills. Conversely, such high 

reliability industries as automotive and aerospace, consider epoxy-based materials that 

still offer low expansion characteristics. Figure 1-5 shows conformal coating 

application on BGA devices in Nexus S mobile phone. In this application, the 
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conformal coating was applied in a manner that enabled capillary flow underneath the 

BGA package effectively underfilling the device. In such application, non-

conventional underfill materials are used to provide waterproofing and protection from 

mechanical loads to BGA packages. These non-conventional underfill materials can 

range from soft silicone resins, polyurethane, acrylics or epoxies. The availability of 

such a large variety of materials makes reliability assessment under different load 

environments particularly challenging. Failure of solder bumps in modern flip-chip 

devices have been reduced due to proper underfill 

 
Figure 1- 6: Conformal Coating as underfill in BGA package in Nexus S mobile 

phone. 

  

Material selection, which is also designed to prevent failure of the Low-K dielectric 

materials and in die passivation [12]. The same effort to study failure modes of flip-

chip solder bumps has not been applied to board level underfilling, particularly with 

non-conventional reworkable underfills for BGA components. As in the previous 

figure, Figure 1-7 illustrates a cross-section of the same conformally coated BGA 

package. The cross-section reveals an overmolded flip-chip package with underfill and 

second level solder balls that have been underfilled with a conformal coating material. 

This example demonstrates the popularity of non-conventional material chemistries 

used as underfills in mobile applications. The implementation of these soft, high 

expansion materials in mobile devices intends to prevent failure due to drop impact, 
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which accounts for the most common cause of failure in portable electronic products 

[13].  

Figure 1- 7: Cross-section of flip chip device in Nexus S mobile phone illustrating 

first level underfill and second level underfill with conformal coating. 

 

1.2.1 Improvement Under Mechanical Loading   

One of the common usages for underfills in BGA components is reliability 

improvements under shock and vibration loading. Mechanical loading, in the form of 

drop impact or mechanical vibration, results in board bending, which induces 

mechanical strains in solder joints. Usually, failure of solder joints, due to vibration 

loading, occurs over a high number of loading reversals that then causes a high cycle 

fatigue failure. High cycle fatigue failure is characterized by stresses that are in the 

elastic regime of the load curve, while thermo-mechanical loading result in low cycle 

fatigue failure that is driven by plastic deformation. Analysis of various underfill 

materials using monotonic three-point bending found that all underfill types used in 

their study improve the bending load a BGA package can sustain compared to a non-
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underfilled counterpart [9]. Another investigation on the impact of reworkable 

underfills on thermal cycling and three-point cyclic loading found that all underfills 

used in the study improved high cycle fatigue loading compared to non-underfilled 

parts, while some of the reworkable underfills reduced thermal cycle fatigue compared 

to non-underfilled parts [15]. This finding supports that notion that certain reworkable 

underfills reduce thermal fatigue life, although no particular attention was given to the 

specific properties of underfills that are found to reduce thermal fatigue life, nor to the 

failure mechanism between the two different deformation mechanisms. Similar 

behavior was found by other studies where reworkable underfill reduced thermal 

fatigue life and it improved the mechanical loading fatigue of the tested components 

under flex testing and drop impact [16,17]. Other studies using low expansion underfill 

materials with CTE of 29.7 ppm/°C found improvement under both random vibration 

and thermal cycling [18].  

1.2.2 Thermal Fatigue of Underfilled Components 

Some of the underfill selection guidelines previously mentioned for flip-chip devices 

can be applied to improve thermal cycling fatigue life. Low CTE and high elastic 

modulus are the key parameters in underfill selection that improves fatigue life, 

however, not as much attention has been placed on the glass transition temperature of 

underfills. Non-conventional and reworkable underfill materials often possess a Tg that 

is substantially lower than epoxy based non-reworkable underfills. Low Tg underfills 

are used in flip-chip devices to reduce the risk of low-K cracking and also improve 

thermo-mechanical reliability [19]. The implementation of underfill with similar 

properties that possess low Tg have been shown to reduce the board level reliability in 
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various BGA packages [20,21]. The shift in underfill effectiveness in improving 

thermal fatigue between 1st level and 2nd level solder joints is dependent on a multitude 

of factors that range from underfill properties to package and solder characteristics. 

Consequently, in this dissertation a particular focus is placed on the influence of 

reworkable underfill on thermal fatigue life of board level solder joints of BGA 

components. Figure 1-8 shows the global loading conditions of BGA package with and 

without underfill. Higher volume of board level underfill can shift the dominant loading 

condition of the corner most solder joint from predominantly shear to an axial one.  

 

Figure 1- 8: Dominant loading mode in BGA with and without underfill. 

 

The idealization of the stress state shown in Figure 1-8 is done for visualization 

purposes. Actual stress state solder joint experience varies between each solder joint. 

Some areas of the solder can experience both axial and shear loading throughout the 
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thermal cycle. The global loading conditions indicated by the red arrows are meant to 

represent mode I and mode II loading conditions. These two loading modes are 

illustrated in Figure 1-9 and are two of three ways of applying force to enable fracture. 

Although these representation is borrowed from linear elastic fracture mechanics, 

thermal cycling induced crack growth in solder joints is driven by inelastic 

deformation. 

 

Figure 1-9: Fracture modes in materials 

Mode I is the tensile stress normal to the plane of the crack while mode II is the sliding 

shear force parallel to the plane of crack. The third mode of fracture is defined as the 

tearing mode where the cracked surfaces slide past another. These pure fracture modes 

rarely occur by themselves in complex geometries. Real structures often experience 

mixed-mode loading where any of the three modes of fracture can occur 

simultaneously. Fracture mechanics of solder alloy is not the focus of this research and 

therefore the two loadings modes discussed here will be later used to classify the stress 

state in the solder.  
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One of the reasons to investigate the influence of reworkable underfill materials is to 

study the failure mechanism of the solder compared to non-underfilled components. 

Figure 1-10 demonstrates cross-section of a land grid array (LGA) device that was 

underfilled with an acrylic conformal coating material using heavy spray coating 

application and subjected to thermal cycling. The cross-section of the conformally 

coated part demonstrate extruded solder joints. The difference between fatigue cracks 

in the coated and non-coated LGA components is quite dramatic. Notably, because the 

acrylic underfill in the LGA device occupies a much narrower gap than available in 

BGA devices. This is due to stencil printing process that LGA devices are soldered 

with.  

 
Figure 1- 10: Cross-section of Land Grid Array (LGA) Failed Component with 

and without conformal coating [Courtesy of DfR Solutions]. 

 

Results on the effect of various underfill materials on thermal cycling reliability of 

23mm flip chip BGA package are shown in Figure 1-11. In this study a variety of 

materials have been used with Tg ranging from 45°C to 180°C and CTEs below the Tg 

of 29 to 70 ppm/°C [22]. It can be seen that materials with low CTE and high Tg, which 

is outside the tested thermal cycle range of -40°C to 125°C slightly improve fatigue 
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life. This study combined several different underfill application methods as edge 

bonding, corner fill, and full area underfill. They found that underfill materials that 

were applied to the full area and resulted in reduce fatigue life compared to non-

underfilled parts can result in increasing fatigue life by moving to edge bonding 

application method.  

 
Figure 1- 11: CTE contribution for thermal cycling fatigue life of solder joints 

for underfill materials [22]. 

 

The leverage of underfill expansion and interaction with BGA packages under thermal 

loading has not been rigorously addressed. There is currently a lack of details that 

address the reasons that cause high expansion underfill to reduce fatigue life compared 

to non-underfilled ones. Additionally, the published empirical evidence for underfill 

and BGA package configurations that result in decrease of thermal cycling reliability 

has not been quantitatively explained.  A more detailed correlation between 

temperature dependent underfill properties, BGA package, and solder characteristics, 

is necessary to understand the stress state that solder joints are subjected to under both 

fatigue life reduction and improvement with and without underfill.  
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 1.2.3 Problem Statement and Motivation 

As previously discussed, the addition of underfill materials to BGA components can 

either increase or decrease board level reliability of solder joint in BGA packages [23, 

24]. The CTE of underfill has been shown to be the driving factor on influencing 

thermal cycling reliability of BGA packages. Additionally, explanation to the influence 

of the underfill Tg on board level reliability of BGA components has been lacking from 

the literature. Unlike flip-chip packages that show improvements in fatigue life even 

when underfill Tg is within the temperature range, reliability of solder balls has been 

shown to suffer when the underfill Tg falls within the temperature range. Deformation 

and strain measurements of flip-chip solder joints with underfill have shown that higher 

tensile strains can develop in solder joints compared to shear strain with no distinct 

distance to neutral effect [25]. This indicates that the presence of underfill materials 

contributes to the development of an axial loading components. The exact combination 

of axial and shear loading in BGA packages that show decrease in fatigue life compared 

to non-underfilled ones is largely unknown. The exact magnitude of axial and shear 

loading responsible for fatigue life improvement or reduction in BGA packages across 

the Tg with reworkable underfills has not been extensively investigated for second level 

interconnects in BGA components.  

An extensive analysis of the applicability of existing fatigue models for predicting the 

thermomechanical fatigue life of BGAs with reworkable underfill has not been 

performed. Conventional fatigue models for non-underfilled BGAs have been 

calibrated using shear dominant cycling loading conditions. It is not known if these 

current energy-based models would apply for the reliability assessment of BGAs with 



 

 

16 

 

reworkable underfill that exhibit a predominantly axial loading direction or require 

modification to damage indicators. Therefore, there is a need for a new fatigue life 

prediction model that can incorporate the approach of existing fatigue models by 

accounting for the complicated stress state solder joints experience with reworkable 

underfill during thermal cycling. The complicated loading conditions investigated in 

this study are mainly driven by the temperature dependent properties of various 

underfill materials. Therefore, an emphasis is placed on modeling the underfill material 

behavior and its influence of the prediction of stress state in solder joints.   

 1.2.4 Scope of Dissertation 

The main objective of this dissertation is to develop a fatigue life prediction model that 

can accurately predict the fatigue life of solder joints in BGA packages with reworkable 

underfill under thermal cycling. Development of a fatigue life model for solder joints 

requires thorough understanding of temperature dependent material properties of 

materials used in electronic packaging. An FEA based methodology is used in order to 

define how the damage indicator used for fatigue life prediction is influenced by the 

stress state of the solder during thermo-mechanical loading. Experimental data of BGA 

component with variety of underfills and thermal environments is necessary for 

calibration and validation of empirical model parameters. Therefore, this study 

provides an extensive experimental approach to subject BGA solder joints to complex 

loading conditions using underfills with various materials properties and behaviors. 

Failure analysis investigation of the failure mode in solder joints is performed to 

understand how different underfill materials result in fatigue failure of solder joints. 

Extensive material characterization of a single reworkable underfill is performed and 
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used in FEA simulations to determine influence of different material models on stress 

state of solder joints under thermal cycling. The results from this dissertation will 

disseminate on performing reliability assessment of BGAs with reworkable underfills 

by demonstrating the impact of material properties, thermal cycling environments and 

modelling approaches.  

 

LITERATURE REVIEW 
 

This chapter focuses on the influence of underfill materials on thermal fatigue life of 

solder interconnects in BGA packages. The influence of complex loading conditions 

on cyclic behavior of Pb-free solder is discussed with respect to isothermal and 

thermomechanical loading ranging from dog-bone specimens to joint scale solder used 

in electronic packaging. The focus is then placed on review of fatigue life of BGAs 

with various underfills to explore the extent of current research and influence of 

underfill material properties on solder joint fatigue. Several fatigue life prediction 

models for solder joints in electronic packages are introduced and discussed with 

respect to application in underfilled components.   

2.1 Influence of loading condition on fatigue life of solder alloys  
 

Low cycle fatigue in Pb-free solder is largely dependent on the stress state responsible 

for accumulating inelastic deformation. Solder alloys have been shown to exhibit creep 

deformation even at low temperatures and stresses. In addition, the deformation mode 

such as tension, shear or bending can result in contribution to damage accumulation in 

solder interconnects. In the following sections, creep and fatigue behavior of solder 
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alloys will be discussed based on experimental investigations of Pb-free solder under 

complicated loading conditions. 

2.1.1 Effect of Multiaxial Cyclic Loading on Pb-free Solder Alloys 

2.1.1.1 Fatigue Behavior of Bulk Solder  

The influence of mean tensile stress on fatigue behavior is known to cause a ratcheting 

behavior that results in detrimental effect on both low and high cycle fatigue of metallic 

alloys [29, 30]. Ratcheting deformation usually occurs under asymmetric cyclic stress 

loading conditions and refers to the progressive accumulation of secondary 

deformation that is proceeded cycle by cycle [31]. Gao et al. performed a series of 

fatigue experiments on Sn-3.5Ag solder at room temperature under a strain rate of 

0.005/s [32]. Fatigue tests under fully reversible torsion and cyclic torsion with constant 

tensile stress were performed in order to investigate multiaxial stress state on fatigue 

endurance of solder material and ratcheting behavior. Figure 2-1 shows axial ratcheting 

strain results for various values of shear strain and tensile stress 
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Figure 2- 1: Relationship between ratcheting and the number of cycles: (a) ∆𝜸/𝟐 

= 0.692%, different axial stress; (b) ∆𝜸/𝟐 =1.732%, different axial stress; (c) 𝝈 = 

2 MPa, different shear strains and (d) 𝝈 = 8 MPa, different shear strains [32]. 

Ratcheting deformation usually occurs under asymmetric cyclic stress loading 

conditions and refers to the progressive accumulation of secondary deformation that is 

proceeded cycle by cycle [33]. It was previously shown that ratcheting deformation 

lead to a reduction in fatigue life [34]. Table 2-1 lists the number of cycles to failure 

performed under cyclic torsion with no tensile stress (left) and with constant tensile 

stress (right). It can be seen that even with small axial stress the number of cycles 
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significantly drops.Gao and Chen determined that even low axial stress can cause high 

ratcheting strain in Sn-3.5Ag solder. The trend of shakedown doesn’t occur at room 

temperature and strain 

Table 2- 1: Torsional (left) and multiaxial (right) fatigue test results for Sn-3.5Ag 

[33]. 

rate of their experiment. They observed that increase in axial stress or shear strain 

would lead to the increase in ratcheting strain that have detrimental effects on cyclic 

fatigue life of materials.The presence of creep ratcheting in cyclic loading at elevated 

temperature is evident even when the load is below the material theoretical yield limit 

[35]. This indication of localized plasticity occurring at far lower loads and may be 

caused due to stress concertation, solder-intermetallic boundary and localized CTE 

mismatch. Creep response is more significant than the ratcheting response in solder 

joints. Liang et al investigated the effect of axial stress on shearing deformation 

behavior of Pb-free SAC387 and SnPb eutectic alloys at shearing strain rats of 1.3x10-

4 1/s and 1.3x10-2 1/s. Figure 2-2 illustrates the test profile with the application of 

constant axial stress prior to performing monotonic shear strain testing. Unlike the lap 

shear tests performed by Hsieh et al, in this experiment solid ingots of the solder were 

re-melted and cast into 4” by ¾” bars which were then machined into samples about 3” 
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long with thin wall (5/128”, or 1mm), 1” gauge length and 0.5” outside and 27/64” 

inside diameters. Specimens were aged as room temperature for a month prior to tests. 

As a result of the constant axial stress a ratcheting strain in the axial direction is 

developed during the monotonic shear loading as shown in Figure 2-3. The extent of 

ratcheting strain is highly sensitive to loading rate and stress magnitude in the tensile 

direction.  

 
Figure 2- 2: Axial tension creep deformation at 1.5 and 3ksi during shear 

monotonic shear test [36] 

 

The effect of the constant axial stress on during shear behavior is shown in Figure 2-3. 

In this experiment the impact of constant axial stress results in reducing the flow stress 

and strain hardening. Slight degree of softening is evident for the condition with 

constant axial stress of 3 ksi. It is important to note that under higher strain rates the 

extent by which flow stress was influenced is lower compared to the slower strain rates 

of 1.3x10-4 which allow for creep deformation to fully develop. This behavior is 

supported by the viscoplastic strain rate sensitive nature of solder alloys.  
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Figure 2- 3: Shear strain vs. stress with axial stress of 0, 1.5, 3.0 ksi at a shear 

strain rate of 1.3x10-4 S-1 for SAC387 [36] 

 

2.1.1.2 Fatigue Behavior of Joint Scale Solder  

Andersson et al. performed isothermal fatigue experiments on bulk and macroscale 

solder joints and observed an inverse fatigue life performance at low and high strain 

ranges [37]. A significant factor that could have manipulated results from their study 

was the type of strain used in cyclic experiments. Bulk solder was tested in cyclic 

tension/compression and solder joints were tested under cyclic shear conditions. It is 

known that fatigue crack propagation rate in solder alloys is dependent both on the 

geometry, intermetallic layer thickness and loading mode.  

Figure 2-4 shows the experimental tests setup and ratcheting displacement performed 

by Hsieh et al. Cyclic loading was performed on double-lap shear specimen with nine 

BGA solder joints mounted to a ceramic substrate [35]. FEA simulations of the double 

lap shear specimen using the Anand constitutive model for SAC387 compared with 

experimental results obtained using double lap shear specimen. Simulations results 
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shown in Figure 2-4 are able to capture the ratcheting effect obtained from experiment 

within acceptable limits.  

 
Figure 2- 4: Anand model vs. experimental results at temperature of 90C with 

225 second dwell with peak force of 90N [35]. 

 

Hsieh et al. indicate in their study that an accurate representation of creep constitutive 

using hyperbolic sine model can adequately capture the ratcheting behavior 

experienced by solder joints under cyclic loading even at elevated temperatures.  

Park and Lee [38] performed isothermal low cycle fatigue loading on SAC305 solder 

joints at room temperature under several loading angles. A small area array consisting 

of nine solder joints was soldered between two FR-4 substrates was attached to grips 

which have specific angle to the loading directions. Figure 2-5 shows the measured 

fatigue life for the different orientations with 0° having purely uniaxial loading and 90° 

having pure shear loading. Their results indicate lower fatigue life for 0° loading by a 

factor of 5X compared to 90° loading orientation at equivalent displacements.  
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Figure 2- 5: Fatigue life versus displacement range for Sn3.5Ag0.75Cu by 50% 

load drop [38]. 

 

Additionally, they showed that the fracture surface direction were about 45 and 0 

degrees to the loading direction under tension and shear loading 

conditions,respectively along the plane of maximum shear stress.  This study directly 

emphasis the importance of loading direction on fatigue life of solder joints in BGA 

packages.  

 

2.1.2 Effect of Thermomechanical loading on solder joints in BGA Packages 

Stresses and strain solder joints in BGAs experience under thermal cycling depends on 

a combination of intrinsic and extrinsic parameters. The intrinsic factors include solder 

alloy chemical composition, creep resistance behavior, and material degradation 

sensitivity to complicated multiaxial stress and strain. Extrinsic factors include 

magnitude of loads, thermal environment, joint geometry and package material 

properties as well as field and test conditions [39, 4]. As the package and assembly 

undergo thermal cycling, solder joint deformation and fatigue is driven by global and 
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local CTE mismatch. The global CTE mismatch is introduced from the mismatch 

between PCB and effective package CTE, while the local mismatch is introduced by 

the solder (22 ppm/ºC) and copper pads (17 ppm/ºC). Global CTE mismatch introduces 

in-plane shear and out of plane bending loads in solder joints. It has been previously 

shown that the fatigue damage done by local and global mismatches is comparable in 

magnitude [41]. Therefore, complicated loading conditions in BGA solder joints are 

inherently complicated although fatigue damage is assumed to be driven primarily by 

shear loading [42]. Idealization of shear load has been proven to be an acceptable for 

many BGA packages; however, the following section will demonstrate situations 

where the dominant loading conditions no longer hold true to the assumption.  

In this section the influence of thermo-mechanical deformation of BGA components 

will be reviewed. A distinction will be made between the stress state and fatigue life of 

BGAs with underfill and BGAs without underfill. Examples from both 1st level 

interconnects in flip-chip packages will be reviewed as wells ones from 2nd level solder 

interconnects.  

2.1.2.1 BGAs without Underfill 

Studies of crack propagation in solder joints in surface mount components with short 

leads have shown that shear straining dominates the creep-fatigue damage as shown in 

Figure 2-6 by the larger hysteresis curve of the shear loading compared to the axial 

loading.  



 

 

26 

 

 
Figure 2- 6: Anand model vs. experimental results at temperature of 90°C with 

225 second dwell with peak force of 90N [35]. 

 

The hysteresis curves from the shear strain and stress accumulate as result of fully 

reversed cyclic shear behavior during thermal cycling are used to determine the energy 

density. This energy density can then be used as a damage indicator within fatigue life 

models. Libot et al. experimentally measured the shear hysteresis behavior for a 

CBGA76 package using strain gauges mounted on both sides of the package and PCB 

[44]. Figure 2-7 shows the experimentally measured shear stress-strain curves for 

different thermal cycles that not only exhibit different strain ranges but also different 

mean shear stress and strain. As temperature increases, solder joints become less 

resistant to viscoplastic deformation while at lower temperatures the solder is more 

resistant to creep deformation and can absorb higher plastic deformation. The shift in 

the mean stress in different cycles depends on the stress-free temperature of the solder 

balls in the BGA, temperature range and creep behavior of the alloy that is highly 

dependent on temperature.  
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Figure 2- 7: Experimental shear strain-stress hysteresis loops for each thermal 

cycling condition [44]. 

 

Influence on thermo-mechanical fatigue life of BGA packages has also been shown to 

be largely influenced by the package characteristic such as mold compound and die 

size [45, 46]. Larger die size such as in chip-scale packages will reduce the effective 

component CTE and result in the increase of the CTE mismatch between the 

component and the board.  

The BGA solder joint geometry can greatly influence fatigue life of BGA packages as 

shown in Figure 2-8. The two most critical geometric parameters responsible for 

controlling the fatigue life of solder joints in BGA packages are the ball height ant area 

of the ball soldered to the component or boards pads. Solder ball height is directly 

proportional to shear strain the corner most joint will experience while the area soldered 

to the pad will dictate the area crack propagation has to progress in to achieve full 

failure.  
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Figure 2- 8: Effect of BGA ball geometry and chip size on fatigue life of SnPb 

eutectic solder balls [47].  

 

The microstructural feature of solder joints has also been found to influence fatigue 

life. Figure 2-9 illustrates the characteristic life of various BGA packages for thermal 

profile of 0°C to 100°C on single sided and double-sided boards with three different 

board thicknesses. A distinct trend in fatigue life as function of die size to package size 

ratio is evident. Chip scale packages with die size that is 60% of greater of the package 

area tend to fail sooner on both thicker and double-sided board compared with even 

larger packages that have a die that is 50% of the package size or smaller.  
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Figure 2- 9: Characteristic thermal cycling life cycle number depends on the 

package design. [48] 

  

Alternatively, large variation in material properties between BGA package types is not 

discussed and could largely affect the effective CTE of components and warpage 

characteristics. Other intrinsic factors influencing thermo-mechanical fatigue life of 

solder joints have been found to be the pad metallization and even the thermal 

preconditioning of the package during thermal aging. 

2.1.2.2 BGAs with Underfill 

Verma et al. measured strain in 2nd level solder joint of FC-PBGA package using moire 

interferometry while cooling from the underfill curing temperature to -40°C [49]. Their 

results found that the third solder ball from the edge of the chip (die shadow) has the 
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largest normal strain as shown in Figure 2-10 below with the remaining solder balls 

under the bare substrate having almost uniform strain regardless of distance to neutral 

point effect. The axial strain was correlated to an inflection point in the warpage 

characteristic of the investigated package that did not contain overmold material.  

 

Figure 2- 10: Strain components of the nodal point in the chip edge solder ball 

with the maximum equivalent plastic strain [49] 

 

Strain measurements in flip-chip solder bumps with low Tg underfill during thermal 

heating was measured by Kwak et al. using digital image correlation (DIC) technique 

[25]. Their measurements were performed using low expansion underfill with a CTE 

of 30ppm/°C and a Tg of 90°. Figure 2-11 below illustrates the average normal and 

shear strains in solder bumps. The results from this study illustrate that normal strains 

do not exhibit the same distance to neutral dependence as the shear strains along the 

package corner. The magnitude of the normal strains steadily increases with 

temperature and is of higher magnitude compared to shear strains.  
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Figure 2- 11: Average normal and shear strain for three flip-chip solder bumps 

with underfills [25]. 

  

Two investigations reviewed here on flip-chip solder bumps demonstrated the presence 

of higher axial strain component in solder bumps during thermal loading. The higher 

axial strain is shown to be on compressive nature during thermal contraction of the flip-

chip package and tensile nature during thermal expansion. The presence of underfill is 

assumed to contribute to the increase in axial strain on solder joints rather than change 

in the package warpage of the underfills flip-chip package. Strain measurements on 

larger solder balls in BGA packages with underfill have not been reported in literature 

to the best of the author’s knowledge. Therefore, it is not possible to compare the strain 

field of an underfilled flip-chip package with that of an underfilled BGA package.  
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2.3 Empirical trends in thermal fatigue life of ball grid array 

packages with underfill 
 

Published accelerated thermal cycling experiments on underfilled flip-chip and BGA 

packages can provide a qualitative assessment on the impact of underfill on the 

reliability of solder bumps and balls. The subsequent sections will review fatigue 

results from thermal cycling experiments of flip-chip and BGA packages with and 

without underfill and outline empirical observations that are unique to each of these 

package types. 

2.3.1 Thermal Fatigue of 1st level solder joints in Flip-Chip Packages 

The information listed in table 2-2 was taken from three different publications on 

accelerated thermal cycling of flip-chip packages with different thermal cycling range, 

solder alloy and package dimensions and underfills. These select publications on the 

reliability of flip-chip packages performed accelerated thermal cycling on flip-chip 

components with and without underfill.  

Table 2- 2: Published thermal cycling fatigue life of Flip-Chip packages.  
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Each of the three data sets represents a unique combination of thermal cycle, die size, 

solder alloy and underfill material. A common factor between the three distinct data 

sets is that all underfilled flip-chip packages demonstrate a large improvement in 

fatigue life with the underfill compared to the non-underfilled one. Figure 2-12. shows 

the fatigue life multiplier as a function of underfill CTE as listed in Table 2-2. The data 

set which illustrates lowest improvement in characteristic life belongs to the harshest 

thermal cycle with the highest underfill CTE. The lowest fatigue life multiplier for this 

data is by a factor of 9 compared with the highest fatigue life improvement with a factor 

of 89 for the thermal cycle with shortest temperature range and low CTE. This figure 

demonstrates a  

Figure 2- 12: Fatigue life multiplier as function of CTE for flip-chip package 

taken from Table 2.  

 

trend in fatigue life improvement for flip-chip packages regardless of underfill CTE, 

solder alloy, package configuration and thermal cycle. Sharp increase in the fatigue life 

multiplier occurs at a CTE of 30ppm/°C at which the improvement increases from a 
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factor of 20 to 80 for underfills with a CTE of 20ppm/°C. Other investigators have 

shown even larger improvement in fatigue life for flip-chip devices with underfill that 

increase the characteristic life beyond a factor of 200 for some combination of flip-chip 

devices and underfill materials shown in Figure 2-13 [53].  

-  

Figure 2- 13: Various flip-chip package types subjected to thermal cycling [53]. 

 

All the reviewed published experiments on thermal cycling of flip-chip devices 

demonstrate dramatic increase in fatigue life with underfill, although not every 

published research provides detailed information on the underfill material used in their 

test vehicle. Taking into consideration the available information of fatigue life 

improvement of flip-chip devices an empirical relationship can be defined using the 

underfill Tg, modulus and CTE.  

𝑁𝑓,𝑈𝐹

𝑁𝑓,𝑛𝑜 𝑈𝐹
= 𝑒−0.05𝐸 × 9000CTE−2 × (0.6 ln 𝑇𝑔 − 1.8) (2-1) 
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Where E and CTE are the underfill properties defined before the Tg. Equation 2-1 is 

comprised of three distinct terms for each of the underfill properties influencing the 

stress state of solder bumps in a flip-chip package. The limitations of these empirical 

acceleration life model is that it does not depend on package or substrate properties not 

the solder alloy and geometry of the flip-chip bump nor information regarding the 

thermal properties. This empirical acceleration factor is used to demonstrate the 

usefulness of experimental data while still reminding of the broad limitation empirical 

models have in reliability assessment of electronic packages.  

2.3.2 2nd level solder joints in BGA packages 

The effect of underfill on thermal cycling reliability of BGA components has been 

thoroughly investigated using both experimental and numerical techniques om a variety 

of BGA package types and underfill materials. In this section, a detailed summary of 

previous experiments on the effect of underfilling on fatigue life of BGA packages is 

presented. Burnette et al. investigated the board level reliability of ceramic BGAs 

(CBGA) with various underfills using a thermal cycle of 0ºC to 100ºC [54]. 21mm 

256IO CBGAs assembled onto 1.55 mm PCBs. Underfill material properties used in 

their study along with thermal cycling results shown in Table 2-3.  

Table 2- 3: Underfill properties and thermal cycling results of CBGAs [54]. 

 
It is important to note that underfill material Tg was not discussed in their analysis. 

Based on the CTEs and failure range, it is not possible to assume if the Tg of the 
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underfilled used in this study was within the thermal cycling range. Nonetheless, an 

obvious trend can be seen in which lowest CTE underfill resulted in improvement of 

fatigue life by a factor greater than 2X and progressively decreased with increase of 

underfill CTE.  The point at which underfill starts to reduce fatigue life in CBGA under 

this thermal profile is somewhere between 44 and 75 ppm/ ºC. Fatigue life predictions 

using FEA and Darveaux’s model were also performed in an attempt to predict 

experimentally determined characteristic life as shown in Table 2-4.  

Table 2- 4: Predicted and measured values of Weibull characteristic life [54].  

 
 

In their analysis, predictions for underfilled BGAs consistently overpredicted 

experimental values but where within 2X range. Prediction for the control BGA 

deviated the most by a factor of almost 3X. Burnette et al. noted that simulation results 

indicated highest creep strain energy while failure analysis found that all underfilled 

BGAs failed at the PCB side. Their investigation demonstrates the need to properly 

characterize the temperature dependent properties of underfill materials for FEA 

analysis.  

Borgesen et al. performed thermal cycling from -40ºC to 125ºC on 30 mm flip chip 

with 27 mm square die BGAs with 256I/O with SAC305 solder balls [55]. Components 

were assembled onto 1.5 mm thick PCB and underfilled using several reworkable and 
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non-reworkable underfills materials with full underfilling and corner bonding. Table 2-

5 lists the thermal cycling results for corner bonded BGAs 

Table 2- 5: Thermal cycle results for corner/edge bonded SAC305 BGAs [55]. 

 
 

Underfill A has a Tg of 0 ºC with CTE of 77 ppm/ºC before and 222 ppm/ºC after 

transition and an elastic modulus of 7 MPa. Underfill B has a Tg of 150 ºC with CTE 

of 21 ppm/ºC before transition with no reported modulus. I can be seen that underfill B 

increased fatigue life by 57% at most depending on fillet and underfill A provided an 

insignificant increase in fatigue life. Borgesen et al. repeated thermal cycling using full 

area underfill with additional materials shown in Table 2-6.  

Table 2- 6: Thermal cycle results for underfilled SAC305 BGAs [55]. 

 
In this test, underfill C had a Tg of 15ºC with CTE of 75 ppm/ºC before transition. 

Underfill D had a Tg of 15ºC and CTE of 80 ppm/ºC before and CTE of 210 ppm/ºC 

after transition with 50 MPa elastic modulus. Underfill E has a Tg 55ºC and CTE of 66 

ppm/ºC before and CTE of 201 ppm/ºC transition with a modulus of 2.3 GPa. Underfill 

G is non-reworkable and had a Tg of 110ºC with CTE of 50 ppm/ºC and 160 ppm/ºC 

before and after transition, respectively with a modulus of 2.0 GPa. Underfill H had a 
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Tg of 115ºC with CTE of 34 ppm/ºC. It can be seen that all high CTE reworkable 

underfills resulted in decreasing the thermal fatigue life by a factor of 2 to 3. Underfill 

H was found to decrease fatigue life the least out of all the combinations. This can be 

attributed to a higher Tg and lowest CTE before the transition. Fatigue life is 

progressively decreasing for underfills with higher CTE and lower Tg. 

The reduction of thermal fatigue life with underfill Tg that is within the thermal profile 

range was clearly illustrated in study performed by Shi et al. In their study, a 12 mm 

CSP BGA with 228 perimeter soldered board assembled onto a 1 mm thick PCB and 

subjected to a thermal profile range of -40ºC to 125ºC [56].  Table 2-7 lists the two 

underfill materials used in their study and application method.  

Table 2- 7: Underfill properties and application method, full underfill, partial 

underfill [56]. 

 
Both underfills A and B are reworkable and exhibit large CTE prior to their respective 

Tg. Thermal cycling results shown in Table 2-8 indicate that both underfills at either 

application method thermal cycling fatigue life with respect to the control components.  

Table 2- 8: Thermal cycling results for underfilled BGAs [56]. 
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Interesting to note that the decrease in the characteristic fatigue life (63.2%) was 

observed for underfill A with the lower CTE which is contrary to previous observation. 

This result could be attributed to cure dependent characteristics or to the lower Tg of 

the underfill which enables for the higher CTE for longer temperature duration. The 

influence of underfill cure characteristics on thermal fatigue life has been previously 

investigated by Burnette et al. Three types of BGA were underfilled with the properties 

listed in Table 2-9 and subjected to thermal cycling with the temperature range of -

40ºC to 125ºC. Similar to a previous study, the Tg of underfills was not reported in here.   

Table 2- 9: Underfill properties and cure time (top), package dimensions 

(bottom) [57]. 

 
Thermal cycling results were reported in Table 2-10 below along with FEA predictions 

using the Darveaux model. Again, predictions are found to deviate the most for control 

BGA and provide good agreement with experimental data for the underfilled BGAs.  
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Table 2- 10: Predicted and measured values of Weibull characteristic life for 

280-lead fleXBGA assemblies with and without underfill. [57]. 

 
The discrepancy between predictions of non-underfilled and underfilled BGAs 

indicates an inconsistency in either the validity of the fatigue model to the tested 

configuration or the inappropriate application of the model to the package type by the 

authors. As the two investigations where this inconsistency was found was reported by 

the same author, one could conclude that the author’s inappropriate utilization of the 

Darveaux’s model was a larger contributor to the deviation in results between control 

and underfilled BGAs.A detailed investigation on the influence of underfill on second 

level interconnects in package-on-package BAGs was performed by Lee at al. In their 

investigation, various reworkable underfills were applied to a 14 mm BGA with 353 

IO. As shown in Figure 2-14 below. 
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Table 2- 11: Underfill material properties used in [58].  

Underfill material properties used in their analysis subjected to a standard accelerated 

thermal cycle of -40ºC to 125ºC. Table 2-11 lists underfill material properties along 

with temperature dependent modulus obtained from DMA. Underfill A used in their 

study was a non-reworkable, capillary underfill with low CTE and high Tg. Thermal 

cycling results obtained in their study are shown in Table 2-12. As expected, the low 

CTE capillary underfill did not exhibit any failures compared to the reworkable 

underfills. Underfill D with CTE of 69.4 ppm/ ºC before and 195 ppm/ ºC after a Tg of 

62.9ºC reduced characteristic life by a factor of 6.7X compared to control 

configuration. Underfills F and H followed closely behind with a decrease in 

characteristic life of 5.1X and 4.7X, respectively. This indicates that the CTE of 

underfill above the Tg is as significant as the CTE below the Tg and the temperature 

range across the Tg.  
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Table 2- 12: Temperature cycling results after 2525 cycles [58]. 

 
This study also indicated that the application method of underfill is just as significant 

as the CTE and Tg of underfill. The lowest impact on reduction of characteristic life 

was observed for the CTE with corner staking and progressively decreased with corner 

staking through full area underfill.  

The above literature review demonstrates the effect of underfill materials on the board 

level thermo-mechanical fatigue of different BGA components. A common trend can 

be observed between high CTE underfills that reduce fatigue life while low CTE 

underfills with high Tg improve the fatigue life. It can be deducted that the addition of 

underfill materials strongly influences the stress-strain solder joints exhibit during 

thermal cycling. The temperature dependent properties of underfills are shown to 

significantly influence the fatigue life by modifying the stress-strain solder joints 

experience.  
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A summary of the experimental data reviewed in this section is plotted along with 

additional references in figure 2-15 [59-61].   

Figure 2- 14: Fatigue life multiplier as function of underfill CTE for BGA 

packages.  

Similar to the acceleration factor equation calibrated for flip-chip devices a similar 

relationship can be defined for BGA devices from the data shown in Figure 2-14. 

Equation 2-2 demonstrates an empirical acceleration factor equation for BGA devices. 

Unlikes equation 2-1, the dependence on underfill properties changes for BGA devices 

that demonstrate transition between fatigue life imprvoement and reduction. 

𝑁𝑓,𝑈𝐹

𝑁𝑓,𝑛𝑜 𝑈𝐹
= (50 ∙ 𝐶𝑇𝐸−1.15) × (0.45𝐿𝑁(𝐸) − 0.25) × (0.18𝑒0.01𝑇𝑔) (2-2) 

The same limitations that are defined for flip-chip devices hold true for equation 2-2 

that exclude additional material properties on the package level.  
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2.4 Review of Existing Fatigue Life Prediction Methods 

2.4.1 Empirical and Analytical Models 

One of them most widely used empirical models for reliability assessment of solder 

interconnects in electronic packaging is the Norris-Landzberg (NL) model sohwn in 

equation 2-3 [62]. The NL model was originally developed in the 1960’s to predict 

fatigue failure of SnPb solder joints in flip-chip devices. The NL model assumes 

proportionality between plastic strain range and temperature range in the following 

relationship.  

𝐴𝐹 =
𝑁1

𝑁2
= (

𝑓1

𝑓2
)

−𝑚

(
Δ𝑇1

Δ𝑇2
)

−𝑛

𝑒
𝐸𝑎
𝐾

(
1

𝑇𝑚𝑎𝑥,1
−

1
𝑇𝑚𝑎𝑥,2

)
 (2-3) 

Where 𝑁1, and 𝑁2 are fatigue life at two different thermal environments, 𝑓1 corresponds 

to temperature cycling frequency, 𝑚 and 𝑛 are constants,  Δ𝑇 is the temperature range, 

𝐸𝑎 is the activation energy for the solder, 𝐾 is the Boltzmann’s constant, and 𝑇𝑚𝑎𝑥 is 

the maximum temperature at each thermal environment. Once the model constants are 

determined from experimental data the projected reliability of other thermal 

environments can be predicted. The NL model has been found to provide good 

correlation when the model has been calibrated for specific packages, solders and use 

conditions [63]. Other researchers have identified weaknesses in the NL model between 

various package types and Pb-free solder alloys [64]. They indicated that damage 

accumulation in solder joints occurs throughout the duration of the thermal cycle and 

varies for each segment of the cycle and that a simple acceleration factor cannot be 

taken as a damage indicator for the complex loading conditions solder joints experience 

during thermal cycling.  
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Semi-empirical fatigue life predictions models such as the Engelmaier model 

implemented first order analytical equations to correlate the plastic strain in solder 

joints as damage indicator for empirical Coffin-Manson type fatigue equations [65]. 

Engelmaier approximated the plastic strain in solder joint using the first-order 

approximation due to temperature range, solder joint height and CTE mismatch and 

distance to neutral point 

Δγ = 𝐹
𝐷Δ𝛼Δ𝑇

2ℎ
 (2-4) 

𝐹 is an empirical factor accounting for second-order effects, 𝐷 is the distance to neutral 

point, Δ𝛼 is the CTE mismatch between component and PCB, Δ𝑇 is the temperature 

range and ℎ is the solder joint height. After the plastic shear strain is determined fatigue 

life prediction is made using the following relationship  

𝑁𝑓 =
1

2
(

Δ𝛾

2𝜀𝑓
′ )

1
𝑐

 (2-5) 

Where 𝜀𝑓
′  is the fatigue life ductility coefficient and 𝑐 is the fatigue ductility exponents 

given by the following equation 2-6: 

𝑐 =  −0.442 − 6𝑥10−4𝑇̅ + 1.74𝑥10−2ln (1 + 𝑓) (2-6) 

𝑇̅ is the mean cyclic temperature and 𝑓 is the cyclic frequency. The popularity of the 

Engelmaier model by the electronics industry enabled its adoption into industry 

standards such as IPC-D-279 and IPC SM-785 [66, 67]. Although the Engelmaier 

model has been found to follow fatigue life trends of certain package types it did not 

provide sufficient accuracy for leadless package types where the solder joint height 

could be substantially lower than leaded packages [68]. Shear and axial strain in 
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underfill BGA package can be calculated by the following equations from Suhir’s 

model [69]: 

𝛾𝑧𝑥(𝑥) = 𝑘
3∆𝛼∆𝑇𝑠𝑖𝑛ℎ𝑘𝑥

3𝐺2𝜆𝑐𝑜𝑠ℎ𝑘𝑙
 (2-7) 

𝑥 distance from chip center 

2𝑙 chip length 

𝑡𝑖 thickness of layer i 

𝐺𝑖 =  𝐸𝑖/2(1 + 𝜈𝑖) shear modulus of layer 

𝐷𝑖 =  𝐸𝑖𝑡𝑖
3/12(1 + 𝜈𝑖

2) Flexural rigidity i 

𝐷 =  𝐷1 + 𝐷2 + 𝐷3 Flexural rigidity 

𝑡 =  𝑡1 + 𝑡2 + 𝑡3 Assembly thickness 

𝜆 =  
(1−𝜈1)

𝐸1𝑡1
+

(1−𝜈3)

𝐸3𝑡3
+

𝑡2

4𝐷
  Axial compliance 

𝐾 =  
𝑡1

3𝐺1
+

2𝑡2

3𝐺2
+

𝑡3

3𝐺3
 interfacial compliance 

𝑘 =  √𝜆/𝑘  

 

The axial strain can be calculated with the following equation 

𝜀𝑧 = ((𝛼𝑢𝑓 − 𝛼𝑠𝑜𝑙𝑑) + (𝛼𝑢𝑓 − 𝛼𝑒𝑓𝑓)
2𝜈

(1 − 𝜈)
) Δ𝑇 (2-8) 

Where 𝛼𝑢𝑓 is the thermal expansion of the underfill, 𝛼𝑠𝑜𝑙𝑑 is the thermal expansion of 

the solder, and 𝛼𝑒𝑓𝑓 is an “effective” thermal expansion reflecting the in-plane forced 

deformation of the underfill layer in between the die and substrate. The shear and 

normal strain components are then used to calculate the effective plastic strain  

𝑑𝜀𝑝 =
√2

3
√𝑑𝜀2 +

3

2
𝑑𝛾2 (2-9) 

𝑑𝜀2 = (𝑑𝜀𝑥 − 𝑑𝜀𝑦)2 + (𝑑𝜀𝑦 − 𝑑𝜀𝑧)2 + (𝑑𝜀𝑧 − 𝑑𝜀𝑥)2 (2-10) 

𝑑𝛾2 = 𝑑𝛾𝑥𝑦
2 +𝑑𝛾𝑦𝑧

2 + 𝑑𝛾𝑧𝑥
2  (2-11) 
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The cycle to failure can then be calculated using Solomon’s equation [70] that provides 

a relationship between the number of cycles to failure and equivalent plastic strain as 

shown in equation 2-12: 

𝑁𝑓 = 𝐶(𝑑𝜀𝑝)
𝑛

 (2-12) 

With 𝐶 and 𝑛 are constants.  

Regardless of the complexity of semi-empirical models to predict the plastic strain in 

solder joints certain limitations toward package type, loading environments, solder 

alloys will always be present. Accelerated testing between SnPb and SAC305 solders 

have shown SAC305 solder is more reliable than eutectic Sn37Pb solder alloy at more 

benign thermal environments but proves to be less reliable at more aggressive 

temperature ranges [71]. Capturing such complex behavior under thermal cycling 

requires a more accurate modeling of material behavior and geometry in addition to 

identifying a more suitable damage indicator to correlate with cycles to failure using 

empirical data.   

 

2.4.2 Numerical Models 

Numerical models provide a quantitative approach to predict failure in solder 

interconnects in electronic packages. FEA methods has been extensively used to 

investigate and optimize thermal and mechanical performance of electronic packages 

[72]. Through-out the decades many simulation techniques and model types have been 

used to analyze complex microelectronic packages. Some researcher found that thermal 

cycling simulations of flip-chip packages using simplified axisymmetric, 2D or strip 
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models can provide comparable fatigue life predictions [38]. Figure 2-16 below 

demonstrates the different model geometries of a PBGA package.  

 

Figure 2- 15: Several 2-D and 3-D FEA models of a PBGA package [74]. 

 

In addition to modeling technique, constitutive material models of the solder alloy itself 

can account for a significant role on the accuracy of the prediction [75]. Fatigue life 

models implement a damage indicator that correlates with the number of cycles to 

failure. FEA simulations are used to approximate the value of the damage indicator that 

will be substituted into the fatigue equation. Coefficients in fatigue equations are 

calibrated using combination of empirical data and simulations. Therefore, 

experimental data of failure is necessary for any fatigue life prediction methodology 

and is not exclusive to semi-empirical models that were previously discussed. 

One of the first energy-based models was developed by Morrow that predicted fatigue 

life by taking the plastic strain energy density as a damage indicator [76].  

𝑁𝑓
𝑚𝑊𝑝 = C (2-13) 

Where m is the fatigue exponent and C is the material ductility coefficient. The plastic 

energy density 𝑊𝑝 is obtained from the observed are of the hysteresis loop during cyclic 
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loading. Some of the popular energy-based fatigue models for SnAgCu solder in 

microelectronic were proposed by Schubert and Syed [77,78]. Equation x represents 

Schubert’s model and equation x represents Syed’s model. 

𝑁𝑓 = 345𝑊𝑐𝑟
−1.02 (2-14) 

𝑁𝑓 = (0.0019𝑊𝑐𝑟)−1 (2-15) 

In both models the coefficients and exponents were determined by combining FEA 

simulations results and real test data. A notable difference between the two models is 

that Schubert’s model was calibrated using failure data of flip-chip packages with 

underfill while Syed’s data was calibrated using data from chip-scale packages. Both 

models used accumulated creep strain energy density as damage indicator. Other 

models partition the elastic, plastic and creep component responsible for accumulation 

of energy density as developed by Dasgupta [79].  

1
𝑁𝑓

⁄ = 1
𝑁𝑓𝑒

⁄ + 1
𝑁𝑓𝑝

⁄ + 1
𝑁𝑓𝑐

⁄  (2-16) 

This model predicts the creep-fatigue damage from the deviatoric energy densities of 

the elastic, plastic and creep components.  The motivation behind energy partitioning 

is that plastic and creep deformation mechanism result in different types of material 

damage. Solder joints experience creep at elevated temperature and plastic deformation 

at colder temperatures. Dasgupta’s model was calibrated using separate sets of cyclic 

tests on small scale test specimens at various temperatures and strain rates to account 

for creep and plastic deformation regimes [80].  

Alternatively, Darveaux correlated measured crack growth data and correlated inelastic 

strain energy density in solder [81]. This method yielded in two models that predict 

number of cycles to crack initiation and crack propagation. 
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𝑁0 = 𝑘1∆𝑊𝑎𝑣𝑒
𝑘2  (2-17) 

𝑑𝑎

𝑑𝑁
= 𝑘3∆𝑊𝑎𝑣𝑒

𝑘4  
(2-18) 

Where Δ𝑊𝑎𝑣𝑒 is the volume averaged inelastic strain energy density per stabilized cycle 

at the interface layer. The volume averaging calculation of energy density per element 

is carried out using the following equation.  

Δ𝑊𝑎𝑣𝑒 =
∑ Δ𝑊𝑉

∑ 𝑉
 (2-19) 

Where Δ𝑊 is the inelastic energy density accumulated per cycle and 𝑉 is the volume 

of each element in the layer of interest. This model provided a set of empirical constants 

𝑘1 through 𝑘4 for various modelling methodologies of geometry and solder constitutive 

model. The characteristic life can be predicted knowing the area of the solder joints 

through which crack will propagate to cause complete failure.  

𝜂𝑤 = 𝑁0 +
𝑎

𝑑𝑎
𝑑𝑁⁄

 (2-20) 

Where 𝑎 is the solder joint diameter at the interface and 𝜂𝑤 is the characteristic life. 

Since its inception, the Darveaux model was adopted for various BGA package types 

and solder alloys by calibrating the model constants using experimental data 

[82,83,84]. Each of the models discussed here can have advantages and limitations 

depending on the model methodologies, assumption and accuracy of the empirical data 

used for calibration of model parameters. Fatigue prediction of underfilled BGA 

packages can be carried using these models. Comparison of the Syed and Darveaux 

models will be performed in subsequent section for experimental data obtained in this 
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dissertation for BGA packages with reworkable underfill at different thermal 

environments.   

 

MATERIAL CHARACTERIZATION  

3.1 Underfill Material Selection  
 

This chapter will discuss material selection and characterization of a variety of 

underfilling materials comprising of conventional reworkable epoxy underfills and 

high expansion materials such as acrylics, urethanes and silicones. Three materials 

groups will be individually characterized that pertain to three distinct thermal cycling 

experiments that are discussed in chapter 4.  

As previously discussed, conformal coating can intentionally or unintentionally flow 

under BGAs during processing. Coatings are used to protect PCBs and components 

from moisture, dust, vibration and chemical contamination in harsh end-use 

environments. Conformal coatings can be used in extreme chemical conditions and 

adverse environments. Coating can be applied to PCBs using a number of methods 

including spray, brush and dip coating. Some specialized coatings such as parylene are 

applied using a specialized vapor deposition process [85].  

Commercial underfills and molding compounds typical CTE range per application 

temperature is shown in Figure 3-1. Low expansion underfills typically match the CTE 

of solder that is between 20-30ppm/°C. CTE for most molding compounds is usually 

under 20ppm/°C due to higher filler volume fraction compared to underfill materials. 

Most underfills are epoxy based but in some instances epoxy underfill are limited to 
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operating temperature of 200°C. Selection of underfill materials is specific to the device 

type, application and reliability requirements [86, 87].  

The conformal coating selected in this study represent the most common commercially 

available materials used for protecting electronic devices from moisture and 

contamination. Each conformal coating material possesses unique properties. The main 

types of conformal coating used for underfilling BGA components are silicone, acrylic, 

urethane and epoxy. For the acrylic coating, Humiseal 1B31 was selected as it is a 

commonly used coating in the industry due to its easy application, favorable rework 

properties and short cure time [88]. 

Figure 3- 1: CTE and maximum operation temperature of commercial underfills 

and molding compounds [89]. 

 

Hysol PC12-007M was selected for the epoxy group and provides good moisture, 

dielectric and abrasion resistance. Dow Corning 1-2577 is a silicone coating popular in 

high temperature applications due to its soft nature. Two urethane coatings Conatahen 

CE-1155 and Humiseal 1A33 were selected. Urethane coatings possess excellent 
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hydrophobic properties and moisture protection. The first group of materials comprised 

of conformal coatings is referred to as group A.  

The second group of materials (Group B) used for underfilling consists of mixed lower 

expansion and stiffer materials shown in Table 3-1. The first material used is 

manufactured by United Adhesives EP1238 as a low viscosity epoxy adhesive for 

bonding electronic devices. This material can be cured at room and elevated 

temperatures. The second material is the Silicone conformal coating carried over from 

group A. The third material is a dedicated capillary reworkable underfill manufactured 

by Henkel Loctite 3808. The fourth material is Namics U8437-2 that is a high Tg, low 

CTE underfill. It offers Low-K protection and high temperature reliability. This 

underfill uses an epoxy-amine curing system with 55% weight filler particle. Both 

Loctite 3808 and Namics U8437-2 are one component heat cured materials. It is 

important to note that the Namics underfill has a 150°C cure temperature compared to 

Loctite 3808’s 130°C cure temperature. This second group of materials was specifically 

selected with gradual variability in CTE and Tg. 

Table 3- 1: Material properties taken from manufacturer’s data sheets. 

 

 

Units 

United 

Adhesive 

EP1238 

Dow 

Corning 1-

2577 

Henkel 

Loctite 

3808 

Namics 

U8437-2 

Viscosity 
@ 25°C 

Pa.s 
3000 750 360 65 

Density g/cm3 1.01 1.11 1.16 1.4 

CTE ppm/°C 75 200 55 35 

Tg °C 55 NA 113 128 

 

Material selection of conventional reworkable underfill was necessary to provide a 

variety of material properties such as Tg, CTE and elastic modulus. All selected 

materials are commercially available underfilled designed for capillary flow 
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application specifically for BGA and flip-chip devices. Table 3-2 lists the volume 

fraction and size of filler particles in the selected underfill of group C. All materials 

were cast in bulk form for characterization were cured using the same conditions as 

board level underfilling applications for consistency. Both Henkel underfills used in 

the study have no filler materials while all three Namics underfills come with a filler 

content of 30 to 50 percent by weight. The Namics underfills used in this study are 

designed to be used in both flip-chip applications with narrow gap between the die and 

substrate as well as fine-pitch board level BGAs. The reworkable underfills are tailored 

for higher throughput and thermal cycling reliability requirements compared to the 

previous materials used for underfilling in this study.  

Table 3- 2: Properties of underfills provided by manufacturer data sheets. 

 

 Namics 

SUF157

5-9 

Namics 

XSUF159

4-6 

Namics 

XSUF159

4-6F 

Henkel  

E1216

M 

Henk

el 

3808 

Filler 

Content (Wt%) 30 35 50 0 0 

Size (mean) 0.6 2 2 0 0 

Size (max) 3 10 10 0 0 

Curing 

Conditi

on 

Temperature/Ti

me 
130°C/15 minutes 

Viscosit

y 
@25°C Pa.s 3.5 0.6 2.0 

4.0 3.6 

Density g/cm3 1.4 1.4 1.5 1.4 1.4 

 

3.1.1 Sample Preparation for Characterization 

A total of 13 materials were characterized to determine their temperature dependent 

elastic modulus and CTE. Temperature dependent elastic properties were determined 

using thin strip tensile specimens. The conformal coating materials were first cast into 

plastic container and cured at room temperature over night as shown in Figure 3-2. 
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After the bulk conformal coating were fully cured, they were cut into thin strips using 

a Buhler Isomet low speed cutting saw.  

 
Figure 3- 2: Conformal coating materials poured and cured for testing. 

 

Underfill materials from Group B and C were also cast and cured into bulk vessels and 

cut into smaller strips using the low speed saw. Figure 3-3 illustrates the bulk specimen 

of Loctite 3808 one part reworkable underfill. Thin strip specimens for plasticity and 

creep testing were cut from the these bulk castings. No mold release agents was used 

during the curing of the bulk underfill since it has been previously shown to chemically 

alter the surface of the underfill samples [90]. Instead, the underfills were cast and 

cured in thin aluminum foil pants that are easily peeled off after the curing process. To 

obtain the necessary thickness for the thin strip sample geometry another fixture was 

prepared to obtain consistent geometry from sample to sample. A stainless-steel fixture 

was prepared by laser etching thin grooves into the surfaces of the block as shown in 

Figure 3-4. The etched reliefs of the stainless-steel block are designed to hold the strip 

of underfill material during grinding procedure. After the thickness of an individual 

strip was achieved, the sample was inserted into the thinner grooves that held the 

sample during the second grinding step that achieved the desired sample width.  
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Figure 3- 3: Cured bulk specimen of Henkel 3808 for creep and plasticity testing. 

 

Grinding of thin strip samples to required thickness and width was accomplished using 

an Allied M-PREP manual polisher with 600 grit sanded paper at a speed of 150 rpm. 

The fine grit and velocity of the polishing head provides a consistent sample variation 

and does not grind away the hard surface of the stainless-steel fixture.  

 
Figure 3- 4: Stainless steel mold block for underfill sample preparation  
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The final specimen geometry is shown in Figure 3-5. Wider 3.5mm samples of all 

materials were used for temperature dependent modulus measurements while the 

narrower 1.5mm samples were used for plasticity and creep tests. Any notches and 

inconsistencies in the samples were cut off prior to testing.  

 
Figure 3- 5: Final shape of Henkel 3808 underfill samples for characterization.   

 

3.2 Inelastic characterizations of a reworkable underfill  

3.2.1 Temperature Dependent Elastic Properties 

Temperature dependent elastic modulus and CTE of all materials used in this study 

were measured using TA Instruments RSA3 Dynamic Mechanical Analyzer (DMA) 

and TA Instruments Q400 Thermomechanical Analyzer (TMA), respectively. CTE 

measurements using the TMA device were performed using a temperature ramp rate of 

3°C/minute. A constant compressive force was applied to material samples using the 

TMA probe during temperature ramp. The constant force varied between materials as 

to avoid probe penetration in the sample for the softer materials.  
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Elastic modulus was determined using the DMA device by applying a linear heating 

rate to the thin strip sample at a rate of 3°C/minute. DMA measures the stiffness and 

damping of materials under oscillating sinusoidal force. This allows for the material 

response to be represented as in-phase component by the storage modulus and an out-

of-phase component by the loss modulus shown in Figure 3-6. The storage modulus 

often represented by E’ provides a measure of the materials elastic response while the 

loss modulus represented by E” provides a measure on the dissipated energy of a 

material.  

 
Figure 3- 6: Principles of DMA [91] 

 

The elastic modulus can be calculated from the loss (𝐸′′) and storage (𝐸′) moduli using 

equation 3-1: 

𝐸 = (𝐸′2
+ 𝐸′′2

)
1
2 (3-1) 

Temperature sweep is performed on materials during DMA to determine the glass 

transition region. This transition region often differs between TMA and DMA as they 

measure different physical processes to each other. Changes in the CTE in polymers 

tend to be driven by changes in the free volume while change in the modulus tend to 
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be driven by increase in translational and rotational movement of the polymer chain. 

Change in CTE tends to initiate before a significant decrease in the modulus since lower 

levels of energy are required to increase the free volume compared to increase motion 

along polymer chain 

The glass transition in thermosetting polymers that is observed with a DMA in 

reduction of the storage modulus is driven by change in the molecular mass. This 

transition occurs between a phase change from a crystalline to a rubbery state. In 

addition to a phase change, a melting and freezing behavior can occur that mimics the 

glass transition but occurs at different temperatures. 

TMA works by measuring a sample height during temperature change. Changes of 

polymeric materials height during expansion or contraction are driven by changes of 

the free volume of the polymer. TMA is used primarily for determining the CTE and 

Tg of polymers along with information on the viscoelasticity of materials. Figure 3-7 

illustrates the transition of these properties driven by changes in the free volume. 

Isotropic materials are measured by single dimension change such as sample height.  

 

Figure 3- 7: Volumetric expansivity with temperature for polymers [92]. 
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Figure 3- 8: CTE measurements using TMA (left) and modulus measurements 

using DMA (right).  

 

Figure 3-8 illustrates the TMA quarts glass stage and probe with underfill sample on 

the left side and a sample of underfill loading in the DMA device for measuring the 

elastic modulus. In both devices, thermocouples are placed as close as possible to the 

sample surface to ensure consistent temperature reading. Figure 3-9 illustrates the 

change in elastic modulus with temperature for the four conformal coating materials 

for which the CTE was determined using the previously described procedure. These 

materials exhibit a stable linearly decreasing modulus with temperature up to the onset 

of their respective transition region at which the elastic modulus decrease by an order 

of magnitude. The end of the glass transition region for Humiseal 1B31, 1A33 

coincides with the material’s melting point at which complete liquid state is achieved 

preventing measurement and resulting in fracture or overextension of the thin film 

samples. DMA tests were performed using TA instruments RSA3 DMA with 

3ºC/minute ramp for all measurements. Measured CTE, modulus and Tg values of 

conformal coating of Group A materials is listed in Table 3-3.  

 



 

 

61 

 

Table 3- 3: Group A conformal coating material properties. 

Material Commercial Name Tg (°C) CTE (ppm/°C) E (MPa) 

Silicone Dow Corning 1-2577 -90 210 350 

Epoxy Hysol PC12-007M 26 83 2500 

Acrylic Humiseal 1B31 15 145 1800 

Urethane 1 Humiseal 1A33 57 124 1600 

Urethane 2 Conathane CE-1155 37 95 2180 

 

The elastic modulus of each conformal coating reported in Table 3-3 is taken from the 

lowest measured temperature to demonstrate the large difference in material 

crystallinity at cold temperatures. Polyurethane demonstrates the largest elastic 

modulus at cold temperature while the silicone exhibits the lowest elastic modulus. The 

epoxy conformal coating possesses the lowest CTE with the silicone having the highest 

expansion.  

 
Figure 3- 9: Temperature dependent elastic modulus of group A conformal 

coating materials. 

 

Figure 3-11 illustrates additional DMA measurements for various potting and underfill 

materials used in the second thermal cycling test (experiment B). The Dow Corning 
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Silicone exhibits an unusually high melting temperature at approximately 50ºC. The 

Silicone conformal coating Tg was measured to be about -90ºC using TMA. Materials 

with experiment B were selected with larger variation in mechanical properties as those 

for experiment A to induce a higher variation in mechanical stresses. Variation in 

modulus at room temperature between the stiffest and softest materials accounts for 

about 35X and change in their CTE is approximately an order of 6.6X. The measured 

elastic modulus of the silicone and urethane conformal coatings is found to be in 

agreements with those obtained for similar materials [93].  

 
Figure 3- 10: Strain vs. temperature of group A conformal coating materials.  

 

The linear CTE is calculated by determining the slope of the strain vs. temperatures 

curve measured by the TMA. The first method to calculate the CTE from the slope of 

the strain vs. temperature curve is called the differential CTE. A second method to 

calculate the CTE is called the mean CTE show in the following equations.  
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𝛼̅(∆𝑇) =
1

𝑙𝑜
∙

𝑙2 − 𝑙1

𝑇2 − 𝑇1
=

1

𝑙𝑜

∆𝑙

∆𝑇
 (3-2) 

𝛼(∆𝑇) =
1

𝑙𝑜
∙

𝑑𝑙

∆𝑇
 (3-3) 

Where 𝑙2 is the length increment for a given temperature increase of 𝑇2. When the  

material crosses the Tg the strain vs. temperature curve deviates from linearity and can 

result in erroneous calculation of CTE. Therefore, the differential CTE was calculated 

for all materials in this study using the differential method. Figure 3-11 shows 

temperature dependent elastic modulus and CTE of group B materials superimposed 

on the same temperature scale. This behavior demonstrates that higher changes in the 

CTE occurs prior to sufficient reduction of the elastic modulus occur within the 

transition region.  

 

Figure 3- 11: Temperature dependent CTE and modulus of group B  

Underfills. 

A notable decrease in the silicone conformal coating CTE and modulus is observed at 

a temperature of 45°C. This transition occurs due to material crossing the melting point. 
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The melting point of the silicone further decreases the elastic modulus beyond the point 

to carry the weight of the quartz probe from free thermal expansion. As a result, the 

quartz probe sinks into the sample and measures decrease in thermal strain. Additional 

material properties such as Poisson’s ratio has been shown to change with temperature 

for epoxy resin. Some epoxy resins demonstrate a Poisson’s ratio of around 0.5 at the 

material Tg [94]. This behavior is indicative of rubbery materials that exhibit nearly 

incompressible behavior.  

Temperature dependent material properties of group C materials is shown in Figure 3-

12. In this group a higher consistency between the CTE and modulus is observed with 

lower variation in materials Tg.  

 
 

Figure 3- 12: Temperature dependent CTE and modulus of group C reworkable 

underfills. 

 

Most of the epoxy underfills in group C demonstrate similar behavior in which the Tg 

from TMA was found to be lower than that of DMA measurements. Interestingly, only 

the Namics XSUF 1594-6F demonstrates a higher Tg from TMA compared with that 
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measured using the DMA.  Consequentially, the XSUF 1594-6F demonstrates the 

higher Tg amongst the group C materials; although Namics U8437-2 from group B has 

a higher Tg and does not follow the same trend. This behavior is believed to belong to 

the specific chemical formulation of each proprietary underfill material. 

 

3.2.2 Plastic deformation  

Plastic deformation of Henkel 3808 was measured using the TA Instruments RSA3 

DMA device that was used to measure temperature dependent elastic modulus for the 

same underfills. Modeling plastic behavior of underfills has been shown to fit an 

empirical three-parameter hyperbolic tangent model that can capture that nonlinear 

stress-strain curves shown by equations 3-4 and 3-5 [95].  

𝜎(𝜀) = 𝐶1𝑡𝑎𝑛ℎ(𝐶2𝜀) +𝐶3𝜀 (3-4) 

𝐸 = 𝐶1𝐶2 + 𝐶3 (3-5) 

 Where 𝐶1, 𝐶2 𝑎𝑛𝑑 𝐶3 are all material constants. These three constants are determined 

using a nonlinear regression analysis through experimentally obtained stress-strain 

curves. Constants for the three-parameter hyperbolic tangent models are unique for 

every strain rate and temperature combination. Specimen used for monotonic tensile 

loading had a gauge length of 10mm, thickness of 0.20mm and a width of 1 mm. Figure 

3-13 illustrates a failed specimen of Loctite 3808 loaded monotonically in tension with 

the breaking point at the center of the gauge length. Three or more replicants were 

performed at each temperature and strain rate until consistency in the stress-strain 

response was observed. Due to the rectangular sample geometry there was no distinct 

stress concentration region for necking to occur. Data from samples that fractured at 
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one of the clamping points were dismissed. Failure of the specimen other than at the 

center of the gauge length in rectangular samples is a result of sample alignment, 

variation in the grip pressure and or differences in material properties within the 

samples. Underfills samples that were used for characterization were not annealed after 

sanding to achieve final thickness. It is assumed that any residual stress in the underfill 

material introduced into the bulk sample during the cure process was relieved during 

singulation process using the low speed saw. Therefore, the polishing is believed to 

have no further influence on the residual stress state of the prepared samples.  

 
Figure 3- 13: Sample of Henkel 3808 under monotonic tensile loading. 

 

Figure 3-14 shows the measured engineering stress and strain for Loctite 3808 at a 

strain rate of 10-3 at different temperatures. The underfill exhibits small plastic 

deformation and low strain to failure below the Tg. As soon as the temperature increases 

above the underfill’s Tg  flow stress decreases dramatically and the ductility increases 

by an order of magnitude. This behavior demonstrates the drastic temperature 

dependent plastic flow behavior of the reworkable underfill. At temperature below the 
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glass transition the material exhibit a glassy brittle like behavior that is exacerbate by 

the lower strain to failure compared to elevated temperatures. At temperature above 

80°C the flow stress is not possible to achieve due to the rubbery almost liquid like 

state of the material.  

  
Figure 3- 14: Stress-strain curves of Loctite 3808 at strain rate of 10-3 and 

various temperatures. 

 

Strain rate sensitivity of polymers is an important aspect for accelerated life testing. 

Accelerated thermal cycling  

As strain rates decrease the potential energy required to promote rotational and 

translational motion of the chain segments is reduced. This causes reorientation of the 

chain segments that relieve local strain imposed by the stress [96]. The increase in 

temperature enables the material to change from the glassy to rubbery state due to the 

distortion of the cross-linked network of polymer long molecular structure.  
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3.2.3 Creep Deformation of Reworkable Underfill  

Measurements of creep deformation was performed using TA Instruments Q800 DMA 

as shown in Figure 3-16. Samples for creep testing were similar to dimensions of 

specimen used for plastic deformation but with a larger width of 3mm to prevent 

prematurely rupturing the samples at higher temperatures and stress levels. Performing 

creep experiments past the underfill materials Tg require careful monitoring of the load 

level during test to prevent unintending failure of the specimen. Figure 3-16 illustrates 

comparison between steady state creep rate as a function of stress and temperature. 

Equations 3-6 and 3-7 are the Norton’s power law and the Arrhenius power law 

equations [97]. These equations provide a rudimentary behavior for creep activation. 

 

Figure 3- 15: DMA Q800 (left) with Henkel 3808 underfill sample loaded in 

tensile fixture (right). 

 

 

𝜀𝑆̇ = 𝐴1𝜎𝑛𝑒(−
𝑄

𝑅𝑇
)
 

(3-6) 
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𝜀𝑆̇ = 𝐴2

𝐸

𝑇
(

𝜎

𝐸
)

𝑛

𝑒
(−

𝑄
𝑅𝑇

)
 

(3-7) 

Where n is the stress exponent, Q is the activation energy, R is the Boltzmann’s 

constant, and A1 and A2 are constants. Figure 3-17 shows these two equations in 

logarithmic form with a linear relationship between creep strain rate and applied stress. 

The slope of the curve represents the stress exponent n that increases with temperature 

indicating dependence on creep flow mechanism. The creep curves shown in equation 

3-16 demonstrate samples that achieved creep rupture at higher stress and temperature 

levels as well as ones that did not fracture and achieved steady-state strain rate. A direct 

comparison between samples that achieved creep rupture and ones that achieved steady 

state creep strain rate and did not fail during the test duration is not practical as it 

compares two distinct creep mechanism responsible for secondary (steady-state) and 

tertiary creep regimes.  

Figure 3- 16: Creep deformation of Loctite 3808 underfill. 
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Figure 3- 17: Steady state creep behavior of Loctite 3808 underfill. 

 

The logarithmic steady state creep strain rate is plotted vs the reciprocal of the absolute 

temperature in figure 3-18. The ratio between activation energy and Boltzmann’s 

constant corresponds to the slope of the linear relationship between creep strain rate 

and the reciprocal of the absolute temperature in Norton’s law and the Arrhenius 

equation. The slope of this curve varies with temperature non-linearly as function of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3- 18: Steady state creep strain rate vs. 1/T(K). 
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temperature or stress level which means that there could be more than one process 

driving creep deformation mechanism throughout the temperature range as the underfill 

crosses the Tg. This means that the Arrhenius equation and Norton’s law are not suitable 

for modeling the creep behavior of reworkable underfill. The power law breakdown 

phenomenon can be evident from the temperature dependent n value shown in Figure 

3-17. To capture the power law breakdown behavior a single hyperbolic sine power 

expression can be used as in equation 3-8: 

𝜀̇𝑐𝑟 = 𝐴1(𝑠𝑖𝑛ℎ𝛼𝜎)𝑛 exp (−
𝑄

𝑅𝑇
) (3-8) 

Fitting the hyperbolic sine equation to the test data provides the following coefficients 

for the reworkable underfill Loctite 3808 listed in Table 3-4.  

Table 3- 4: Coefficient for hyperbolic sine model for Loctite 3808. 

Underfill A1(K/S/MPa) α (MPa-1) n 
Q 

KJ/mol 

Loctite 3808 0.005 0.028 2.2 6.5 

 

Underfill materials are exposed to isothermal aging conditions during the repeated high 

temperatures dwells in thermal cycling conditions. It has been shown that an increase 

in effective elastic modulus and ultimate tensile strength with the isothermal aging time 

or temperature regardless if it occurs below or above the underfill Tg [98]. In addition, 

thermal aging has also been found to significantly reduce the steady state creep rate of 

underfills. From Figure 3-17, the hyperbolic sine model is found to fit well with the 

creep behavior of reworkable underfills below the Tg while a significant deviation of 

model occurs at temperatures above the Tg. 
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3.3 BGA Package Material Characterization 

Temperature dependent material behavior of other package constituents are important 

to know in order to fully determine the factors responsible for inducing strain on BGA 

solder joints. The largest components are the BGA package materials and PCB to which 

the package is soldered to. The dummy BGA package analyzed in this dissertation is 

comprised of a an over molded silicon die that is soldered to an organic substrate using 

a silver sintered die attach adhesive. Deconstruction of the BGA package was 

performed in order to measure the temperature dependent elastic properties that will be 

later implemented in simulations. Figure 3-19 illustrates sequential images of a planar 

grinding process used to separate the mold compound from the substrate. The grinding 

process is destructive and only one package material is able to be extracted from a 

single BGA component.  

Figure 3- 19: BGA package deconstruction process using serial grinding steps. 

Steps. 

 

The two packaging materials that were able to me characterized using the methods used 

in this study are the over mold material and organic substrate of the BGA package. The 
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total package thickness of 1.0mm means that the substrate and overmold thickness after 

planar grinding results in extremely think samples. Measurement of such thin samples 

requires delicate manipulation during tests. Both the substrate and mold compound 

were then cut into thin strip specimen for DMA testing. Measurements of the PCB 

using DMA was performed with three-point bending fixture. Tensile loading of the 

PCB in the RSA3 DMA was not possible as the force necessary to perform the 

measurements exceeds the devices load cell limits. Therefore, the three-point bend 

shown in Figure 3-21 provides a suitable configuration to test the elastic modulus.  

 

Figure 3- 20: PCB sample tested with DMA Three-point bending fixture. 

 

The CTE of the PCB test board was measured to be 15.6 and 17. ppm/°C in the in-

plane directions using TMA. Figure 3-21 shows the temperature dependent properties 

of the BGA overmold material. Overmold materials are highly filler epoxy resins that 

provide strong coupling to BGA substrate and die during the mold transfer process.  
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Figure 3- 21: Temperature dependent elastic modulus and CTE for BGA mold 

compound. 

 

Temperature dependent materials properties of the BAG substrate were performed up 

to a temperature that is below the substrate Tg. The in-plane CTE of the substrate was 

found to be within 18-20ppm/°C with an elastic modulus of 14 GPa that did not vary 

much throughout the temperature range of -40°C and 120°C. To verify the effective 

CTE of the BGA package a sample of the BGA was cut in half and placed under the 

probe of the TA as shown in Figure 3-22. Cutting of the BAG package can relieve some 

of the internal stresses of the package and alter the measurement of the effective 

properties 
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Figure 3- 22: Measurement of package Effective CTE using TMA.  

 

Measurement of the effective property was performed for verification of modeling 

accuracy by implementing the material properties that were determined from individual 

package constituents during the deconstruction process. A simple, half symmetric 

model was constructed to simulate the thermal expansion of the BGA package using 

inputs obtained from the BGA mold and substrate. Silicone die was assumed to have a 

CTE of 2.6ppm/°C with an elastic modulus of 130 GPa. Figure 3-23 shows the 

measured and modeled temperature dependent CTE of the BGA package. A large 

decrease in strain is observed around the Tg of the mold compound that indicates a 

possible inflection point. 
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Figure 3- 23: Comparison between measured and calculated effective BGA 

package CTE. 

 

The reason for the inflection point can be attributed to change in the package 

characteristic warpage that results in the strain decreasing under the TMA probe force 

and then increasing again. A similar increase past the mold compound Tg is not 

captured in the FEA since the exact probe force contact was not simulated and the 

effective CTE of the package increases while the effective modulus decreases.  

3.4 Pb-free Solder Alloy  
 

The SnPb eutectic consists of solid solution strengthened Sn and Pb mixed crystals that 

have similar deformation resistance. The biomaterial system of Sn, Ag and Cu 

solidifies in a complex system forming various intermediate phases namely Ag3Sn and 

Cu6Sn5. The deformation resistance of these intermetallic phases is significantly 

higher than the β-Sn matrix surrounding them. As plastic deformation occurs, 
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dislocations are arrested or pinned down as they reach the hard-intermetallic phases 

increasing the creep deformation resistance forcing dislocations to climb around the 

hard particles.  

Wiese et al. found that an improved accuracy in simulation of stress-strain hysteresis 

behavior can be obtained when plastic flow incorporated into the finite element model 

[99]. In their experiments, three specimen types of SnAg and SnAgCu solder were 

tested for creep characterization. Although, the microstructure of the specimens was 

significantly different, a good agreement in creep behavior was found for the SAC 

solder. The proposed double power law creep model was found to fit well with the three 

data sets shown in equation 3-9. 

𝜀𝑐̇𝑟 = 𝐴1 (
𝜎

𝜎𝑁
)

𝑛1

exp (−
𝑄1

𝑅𝑇
) + 𝐴2 (

𝜎

𝜎𝑁
)

𝑛2

exp (−
𝑄2

𝑅𝑇
) (3-9)  

Where 𝑄1 and 𝑄2 are the activation energies obtained from creep test for low 

stress and high stress regimes. Weise et al. reported that flip-chip solder joints cast with 

SAC solder were found to deviate from creep behavior of dog-bone and PCB types 

creep specimens [100]. 

Schubert’s constitutive model based on a hyperbolic sine function, which is shown as 

Equation 3-10 was implemented for both SAC305 and SnPb37solder.  In this equation 

𝜀̇𝑐𝑟 is the steady state creep strain rate, k is Boltzmann’s constant, T is the absolute 

temperature and 𝜎 is the applied stress. The constants 𝐴1, 𝛼, n and 𝐻1, which is the 

apparent activation energy, are material properties that depend on the material and 

define the power law relationship between creep strain rate and applied stress.  

Published values for SAC305 and SnPb37 are listed in Table 3-5 [101]. 
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𝜀̇𝑐𝑟 = 𝐴1(𝑠𝑖𝑛ℎ𝛼𝜎)𝑛 exp (−
𝑄

𝑅𝑇
) (3-10)  

Table 3- 5: Schubert’s constitutive model coefficients [103]. 

Solder A1 (S-1) Α (MPa-1) n Q 

SAC305 277984 0.02447 6.41 54041 

SnPb37 23343480 0.06699 3.30 67515 

 

In another study, Schubert et al, found that the measured creep behavior of solder joints 

is different from that measured by bulk solder specimen. They compared different 

literature creep data of bulk and joint material and determined that scatter in the data 

due to sample preparation, test methods (shear versus tensile), alloy composition and 

microstructure were determined to be more pronounced as due to a real geometrical 

effect with a small number of grains per joint compared to bulk material [102]. The 

steady state creep behavior modeled using equation 3-10 has been previously shown to 

fit the secondary creep response of various SAC solders well at different strain rates 

and temperatures as shown in Figure 3-25 [103].  

 

Figure 3- 24: Curve fitting of SAC creep data to hyperbolic sine model Eq. 2 

based on 108 data points from own measurements and literature [103]. 
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Darveax demonstrated that significant error can result if only the steady state creep 

were accounted for [104]. Figure 3-26 illustrates the simulated hysteresis loops using a 

combination of constitutive relations. It is known that time-independent plastic flow 

and primary creep can occur before steady state creep is achieved. The significance of 

this in calculating the hysteresis loops for solder joints undergoing thermal cycling is 

important since most BGAs subjected to accelerated thermal cycling tests experience 

strains less than 0.05 and even lower in field conditions. 

 

Figure 3- 25: Thermal stress simulations of 96.5Sn3.5Ag solder incorporating 

progressively more complex constitutive relations [104]. 
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THERMAL CYCLING OF UNDERFILLED BALL GRID 

ARRAY COMPONENTS  
 

4.1 Thermal fatigue of BGAs with high expansion materials 
 

Conformal coatings are used to protect electronics from moisture, dust, vibration 

chemical contamination and temperatures in harsh end-use environments. Coatings can 

be applied to circuit boards using several ways such as spray, brush and deep coatings. 

In this study industry standard spray coating was applied to represent a control 

configuration and underfilling of BGAs as performed using a pneumatic syringe. Prior 

to injection of the conformal coating underneath the BGAs using syringe, the coatings 

were prepared by mixed with thinning agents to reduce their viscosity. Thinning agents 

were selected for each coating to avoid influencing the chemical structure of coating 

during cure and is shown in the Appendix.  

 

4.1.1 Experimental procedure 

The test vehicles included daisy-chained, 1mm pitch, 256 IO BGA components with a 

package size of 17mm x 17mm. Each test board was populated with 60 individual 

components. The FR4 test boards were 2.05mm (81 mil) thick and included 8 dummy 

inner layers to simulate circuitry. BGA components assembled using a 0.127mm (5 

mil) thick stencil. Two conformal coating configurations were applied to the two halves 

of each test vehicle as shown in Figure 4-1. 
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Figure 4- 1: Assembled test vehicle showing two halves of the board with one 

side applied with Thich conformal coating 

 

 The left half of each board was coated using “Standard” production spray process 

while the right half of the boards was coated with a manual process using pneumatic 

syringe to completely fill the conformal coating material under each BGA.  This 

configuration, which is referred to as “Thick” application in this paper, represents a 

worst-case scenario of conformal coating application that can occur in dipping method 

and heavy spray coating applications.  Additional “Control” boards with no conformal 

coating were also included in the test to compare to the reliability of components that 

were not coated. Figure 4-2 shows the underfilling application process using the 

pneumatic syringe. 
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Figure 4- 2: Application of Thich conformal coating using pneumatic syringe. 

 

 

Each test vehicle was subjected to one of two different thermal cycling ranges.  

Temperature Profile 1 had a temperature range of -55°C to +125°C for 620 cycles while 

Temperature Profile 2 used a temperature range of -20°C to +80°C for 2020 cycles.  

The two profiles, which are shown in Figure 4-3, used a minimum 15-minute dwell 

time at each temperature extreme and a ramp rate of 5-10°C/minute, per IPC- 9701.  
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Figure 4- 3: Temperature profile measured from four thermocouples places 

throughout the chamber.  

 

Test boards were placed inside the thermal chamber with thermocouples as shown in  

Figure 4-4. Adequate spacing was provided to ensure airflow is not prevented in 

impeded which can result in uneven heating and cooling of the PCB.  

 
Figure 4- 4: Test board placed inside Sun thermal chamber with thermocouples. 
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4.1.2 Experimental results 

Reliability data of BGA components were analyzed using regression analysis to 

determine the Weibull shape factor (β) and characteristic life (η) for each configuration. 

The Weibull function correlates the cumulative failure distribution F(t) to the number 

of thermal cycles at which failure occurs shown in equation (4-1).  

F(t) = 1 − exp (−
t

η
)

β

 (4-1) 

 

The reported characteristic life corresponds to number of cycles at which 63.2% of the 

population is expected to have failed.  

Figure 4-5 shows the cumulative failure distribution for BGAs with SAC305 solder 

joints and compares the reliability of Thick application for Acrylic and Silicone 

coatings at both temperature profiles.  In addition, data for SnPb BGA is included with 

Thick Acrylic coating at the -20°C to 80°C profile. For the Control samples and those 

with Standard coating application, the thermal cycling profile significantly affected the 

reliability, with the samples subjected to the less severe temperature excursions 

exhibiting much longer fatigue life.  However, the poor reliability of the samples with 

Thick coating was essentially just as low with Temperature Profile 1 as with 

Temperature Profile 2. Weibull slope changes more so between the two temperature 

profiles and is more consistent for different materials with the Thick coating 

application. The characteristic life for the two temperature profiles is found to fall 

closely for the Silicone and Acrylic Thick coating application although the two profiles 
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have an 80°C difference in temperature range. This observation might be indicative of 

the temperature dependent material properties of the Acrylic and Silicone coatings.  

 

Figure 4- 5: Weibull distribution of silicone and acrylic Thick conformal 

coatings at the two thermal profiles 

 

Another observation in Figure 4-5 indicates the number of cycles to first failure. The 

cycles to first failure for both the Acrylic and Silicone Thich coating was found to be 

approximately 50% lower at temperature profile 2 compared with cycles to first failure 

at temperature profile 1. This observation is indicating of the lower beta values that 

result in longer cycles between first and last failures of the tested population. These 

figures are listed in Table 4-1 along with the characteristic life of the SnPb BGA that 

indicate a 6.4X increase in characteristic life at temperature profile 2 compared to the 
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equivalent SAC305 configuration. Control BGAs that were not coated with any 

conformal coating did not exhibit failure throughout the applied number of cycles in 

each of the thermal profiles. The characteristic life of the 17mm BGA package is 

dependent on-board thickness, solder mask definition, copper pad plating chemistry.  

Table 4- 1: Thermal cycling results for Silicone and Acrylic Thick applications at 

two temperature cycles. 

Alloy SAC305 SAC305 SAC305 SAC305 SnPb 

Temperature 
-20°C to 

80°C 

-55°C to 

125°C 

-20°C to 

80°C 

-55°C to 

125°C 

-20°C to 

80°C 

Coating 
Acrylic 

1B31 

Acrylic 

1B31 

Silicone 1-

2577 

Silicone 1-

2577 

Acrylic 

1B31 

Application Thick Thick Thick Thick Thick 

# of samples 30 30 30 30 30 

# of failures 30 30 30 30 4 

First Failure 88 171 64 161 756 

𝜼 191 197 193 188 1234 

β 3.78 17 2.84 16.7 7.21 

 

Figure 4-6 shows failure distribution of three conformal coating materials with standard 

spray process and thick coating. The three conformal coatings are the Hysol epoxy and 

the two urethane coatings. The largest difference between the characteristic life of the 

spray coated and thick coated applications is found for the Humiseal 1A33 material. 

The difference between 400 and 153 cycles amounts for a factor of 2.6X. The ratio 

between the characteristic lives of the epoxy and urethane conformal coatings are 1.55 

and 1.66, respectively. The lowest characteristic life was found for the Thick coated 

epoxy conformal coating which consequentially possessed the lowest time to first 

failure along with the highest beta value of the group. 
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Figure 4- 6: Weibull distribution of urethane and epoxy Thick and Spray 

conformal coating tested at -55°C to 125°C. 

 

The values of the Weibull distribution shown in Figure 4-6 are listed in Table 4-2. This 

experiment provides a first account not only to the impact of standard conformal 

coating process on the reliability of BGA components but also on the effect of certain 

conformal coatings when used as non-traditional underfill materials with different 

thermal cycling range. Some investigators reported no adverse effects of conformal 

coatings on thermal cycling of surface mount components. The findings in thermal 

cycling of group A materials demonstrate that the impact of conformal coatings is 

highly dependent on the application type, the package and PCB it is applied to, thermal 

cycling range and most importantly the material type itself.  
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Table 4- 2: Thermal cycling results for epoxy and urethane Thick and Spray 

applications at temperature profile 1. 

Alloy SAC305 SAC305 SAC305 SAC305 SAC305 SAC305 

Temperature 
-55°C to 

125°C 

-55°C to 

125°C 

-55°C to 

125°C 

-55°C to 

125°C 

-55°C to 

125°C 

-55°C to 

125°C 

Coating 
Hysol 

Epoxy 

Hysol 

Epoxy 

1A33 

Urethane 

1A33 

Urethane 

Conatahen 

CE-155 

Conathane 

CE-1155 

Application Thick Spray Thick Spray Thick Spray 

# of samples 30 30 30 30 30 30 

# of failures 30 30 29 30 30 30 

First Failure 136 187 124 293 140 181 

𝜼 147 245 153 400 157 244 

β 34.48 7.12 22.39 8.69 23.8 8.17 

 

4.1.3 Failure analysis 

Post thermal cycling metallographic cross sectioning was performed on SAC305 and 

SnPb37 BGAs to assess the solder joint damage and crack locations.  Figure 4-7 shows 

a solder ball from a SAC305 Control sample that exhibits cracking at the (lower) circuit 

board pad interface.  SnPb37 Control components more typically had cracks at the 

(upper) package interface. 

 

Figure 4- 7: Cross-section along DNP for control BGA with no conformal 

coating tested at -55°C to 125°C. 
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Figure 4-8 shows cross sections of failed SAC305 components for both Standard and 

Thick coating applications.  The appearance of the solder joint and locations of the 

crack for the Control and Standard conformal coating samples is quite similar, 

suggesting that they encountered the same failure mechanism.  However, the Thick 

conformal coating introduced a new failure mechanism that significantly compressed 

the solder joint, which ultimately separated away from the circuit board a considerable 

distance.  It appears that the acrylic conformal coating, which was occupied a much 

larger portion of the package than the solder joints, placed mechanical stresses on the 

solder joints, likely due to thermal expansion of the conformal coating itself.  

 
Figure 4- 8: Failure of SAC305 BGA with acrylic coated using a) standard spray 

and b) Thick application from -55°C to 125°C. 
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Figure 4-8b shows severe plastic deformation in the SAC305 solder joints and no 

evident distance to neutral effect. Similar cracking at the board pad was observed for 

the -20°C to 80°C thermal cycle, but with less plastic deformation as in Figure 4-8b.  

Large compressive strains caused solder joint to be extruded outwards. This failure 

mode is also attributed to the lack of adhesion and interaction between the conformal 

coating and solder alloy during the low and high temperature extremes. At the high 

temperature dwell, solder joints creep and conformal coating softens and eliminates 

any possible adhesion between solder and the acrylic material. At the cold temperature 

extreme, the solder is compressed and squeezed outward in the normal direction to the 

applied load. The lack of hydrostatic stress on solder joints during low temperature 

dwell implies that no physical constraint is being placed on the solder and allows for 

the deformation to occur. This solder/conformal coating interaction is greatly 

dependent on the conformal coating CTE and modulus at the dwell temperature. It 

should be noted that the cross-sections shown in Figure 4-8 were made after the 

samples had accumulated more than 1000 thermal cycles.  Since the SAC305 

component exhibited a solder joint electrical open at ~100 thermal cycles, it is 

reasonable to assume that the majority of the severe deformation evident in Figure 4-8 

occurred well after the initial solder joint failure. Figure 4-9 shows an x-ray image of 

the same BGA package with Thick acrylic coating. The outline of the squished solder 

balls is seen to be dependent on the distance to neutral effect. The edge of the package 

is less constrained as the package center due to edge effects and die shadow effect. 

Therefore, solder joints toward the center of the package did not experience as much 

plastic deformation as solder joint on the perimeter rows of the package.  
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Figure 4- 9: Cross-section and X-ray image of BGAC with SAC305 solder with 

Thick application of Acrylic 1B31 from -55°C to 125°C. 

 

 

Figure 4-10 shows cross-section of the BGA with thick conformal coating that was cut 

on the second row of balls and a BGA package with standard spray conformal coating. 

Although some spray coating end up bridging the gap between the package and PCB 

the failure mode of the standard spray coating was different than the thick coating. 

Figure 4- 10: Cross-section of BGA with Thick acrylic coating (left) and Spray  

coating (right) after thermal cycling. 
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4.2 Thermal cycling of BGAs with underfill under mean temperature 

conditions  
 

4.2.1 Experimental procedure 

Table 4-3 lists the test matrix indicating the number of components used for 

each thermal cycle and underfilling material. Two boards with 20 (Figure 4-13) 

components on each board were used for each temperature and underfill material 

combination. All BGA components with underfill applied were for single sided 

assemblies. One double-sided configuration was assembled and placed at the High 

Mean temperature conditions for comparison. The boards with double-sided 

components were placed with a checkered pattern to provide spacing between 

components and avoid influencing neighboring parts during the thermal cycling tests. 

Therefore only 20 mirrored sets of components were used compared to 40 individual 

parts that were used for each underfill material. 

Table 4- 3: Test matrix for thermal cycling of group B underfills.  

 
Test boards were placed inside thermal chambers and each of the chamber 

profiles was calibrated prior to start of test. Figure 4-11 shows the measured 

temperatures and set temperatures for each of the mean conditions. The “High Mean” 
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temperature profile consisted of temperature range of 20°C to 125°C with 20-minute 

dwells at each extreme and had a mean cyclic temperature of 52.2°C. The “Low Mean” 

temperature profile consisted of a temperature range of -50°C to 50°C with similar 

dwell times and mean temperature of 0°C. Both thermal profiles utilized a ramp rate of 

10°C/minute. Boards were hung inside the thermal chambers and spaced to allow 

adequate airflow. Resistance monitoring was performed using an Agilent 34980 

multifunction switch/measure unit. Failure definition was taken according to criteria 

defined in IPC-SM-785 [14]. Complete failure was considered at the number of cycles 

coinciding with recording 9 consecutive measurements of resistance values that 

increased by 10 percent above the baseline resistance measurement. 

Figure 4- 11: Temperature profiles with High and Low mean temperatures. 

 

4.2.2 Test vehicles Assembly  

The test vehicles were assembled at the Rockwell Collins Coralville production facility. 

An MPM UltraPrint 2000 automated MPM stencil printer using a 0.004 inch thick  
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stainless steel stencil applied Indium 8.9 SAC305 solder paste to the test vehicles. 

Figure 4-12 illustrates the MPM stencil printer. The BGA components were placed on 

the test vehicles using Universal GC-120 machine. The test vehicles were reflowed 

with a 14 zone Heller 1912EXL Convection Reflow Oven using a ramp-to-spike 

profile.  The conveyor speed was 43 inches per minute and the nitrogen flow was 1500 

cubic feet per hour. The oven used the high convection setting, and the boards were 

placed on the rails. 

 
Figure 4- 12: MPM Stencil Printer (left), Universal GC-120 Machine (right) 

 

 

The underfill materials were applied manually using an EFD Dispensing Products 

syringe and dispensing needle with a 27-gauge opening. The boards were heated, using 

the Hakko FR-1012 (Figure 4-14) preheater station to 60ºC prior to the application of 

underfill material. The underfill materials were cured according to manufacturer 

recommendations. Henkel Loctite 3808 was cured at 130ºC for 15 minutes, with the 

cure time started once the test vehicles had reached the specified cure temperature. 

Namics was cured at 140ºC for 6 minutes. Silicone and EP1238 were subjected to room 

temperature cure. 
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Figure 4- 13: Assembled test board with 20 components. 

 

 
Figure 4- 14: Hakko FR-1012 preheater with sample test board.  

 

Figure 4-15 shows the components after underfilling for each material. It is evident that 

the fillet size of both the silicone and EP1238 materials are larger than the dedicated 

underfill materials as they are not designed to be applied as capillary underfills unlike 

the Namics and Loctite3808. It could be possible to adjust the size of the fillet of these 
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non-underfill materials by carefully controlling cure time, temperature and syringe 

application method; however, the method used for this study is indicative of the 

capillary flow that these materials could experience by dip or heavy coating 

applications in various electronic products. 

 
Figure 4- 15: Components underfilled with (a)Silicone 1-2577 (b) EP1238 (c) 

Loctite 3808 (d) U8437-2. 

 

4.2.3 Experimental results 

BGA components with silicone underfill materials exhibit lowest characteristic life at 

the High Mean Temperature along with EP1238 which shows equally low characteristic 

life. Compared to the single sided control components, the addition of the soft underfill 

materials led to an almost 20X reduction in fatigue life. BGAs with the Loctite3808 

resulted in 2.5X reduction of fatigue life similar to the mirrored components 

configuration while BGAs with the Namics underfill did not show failures at either 

temperature profiles. Figure 4-16 shows the failure rate as function of thermal cycles. 

In addition to characteristic life, the first failures demonstrate lowest probability of 

failure of a component with a certain underfill and thermal profile. In general, first 
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failures under accelerated thermal cycling tests are expected to occur at approximately 

1/3 of the projected characteristic life. The β from the plot of the 2-parameter Weibull 

distribution provides information on the scatter of the failure rate. For the underfilled 

BGAs, β is found to be approximately 3 while control and mirrored configuration 

indicate values of 9 and 6, respectively. The higher the slope of the failure rates, the 

smaller the time between first and last failures. Inclusion of first failures and suspension 

point (non-failed sample population) in failure rate is necessary in order to project the 

estimated time to failure at which 63.2% of the population is expected to be failed as 

was the case of the control BGAs at the High Mean temperature profile.  

Figure 4- 16: Thermal cycling results for underfilled BGAs at the two thermal 

profiles. 

 

A total of 4400 thermal cycles have been performed with both thermal profiles. 

Summary of failure results are listed in Table 2 for the underfilled materials, control 

boards with no underfill and a double-sided (mirrored) configuration with no underfill. 
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NA indicates no failure recorded during tested cycles. The mirrored configuration was 

placed only in the High Mean temperature profile in order to compare failure rates with 

the single sided control configuration. Mirrored components experienced a reduction 

of 2.8X in characteristic life compared to single sided control boards. Similar trends in 

the reduction of fatigue life in mirrored components have been previously demonstrated 

in literature [15]. The reduced number of cycles in double-sided condition is direct 

result of components constraining PCB which results in increasing the in-plane shear 

strain solder joints experience during thermal cycling. 

Table 4- 4: Characteristic life for thermal cycling experiments of underfilled 

BGAs at two thermal profiles. 

 
 

4.2.4 Failure analysis 

Select components were cut from test boards for cross-sectioning after thermal 

cycling. Figure 4-17 shows a cross-section of the control BGA after 4400 thermal 

cycles. Cracking in the corner solder joints is found at the lower interface with the PCB. 

All four corners of the control BGA were found to be partially or fully cracked with 

minor cracking evident at the subsequent solder joints along the distance to neutral 

direction. Crack location in the control BGA was also found to shift from the lower 
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PCB side of the ball to the component side by the third solder joint; the extent of 

cracking by the third solder joint toward the package center shows much less damage 

than the corner joints. All fatigue cracks in the control BGA with the High Mean 

temperature profile occurred in the bulk of the solder and not through the intermetallic 

interface. 

Figure 4- 17: Cross-section of single-sided control BGA after 4000 thermal cycles 

at High Mean thermal profile.  

 

 

A cross-section of the double-sided configuration which was subjected only to the High 

Mean temperature profile is shown in Figure 4-18. Cracks in mirrored components 

follow the trend observed in the single sided control BGA. Fully cracked solder joints 

are found only at the corners of the mirrored BGA packages with progressively 

decreasing degree of cracking toward the package center. A similar shift in crack 

location from the PCB interface to the upper component interface is found in joints that 

lay inward in the package. Figure 4-19 shows cracks in a BGA component underfilled 

with the United Adhesives EP1238 material at the high Mean Temperature profile. 

Figure 4-19 (left) shows cracking for the corner joint and matches that of the control 

BGA; however, Figure 4-19 (right) illustrates cracks in a joint located at the center of 

the package. Additional cracks occurred in the BGA package with the EP1238 underfill 
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at both package and PCB interfaces. No preferential cracking pattern was found at the 

High Mean temperature profile. Fatigue cracks were found to alternate between the 

upper and lower solder joint interfaces with some joints showing cracks that are 

propagated diagonally toward the center of the solder joint. Unlike the single sided 

control BGA, the BGA with the EP1238 underfill did not exhibit distance-to-neutral 

effect with reduction of fatigue cracks toward the package center.     

Figure 4- 18: Cross-section of double-sided BGA at High Mean temperature 

profile after 1862 cycles. 

 

A reason behind the irregular crack paths and location at the High Mean temperature 

profile are attributed to the underfill materials Tg.which falls within the temperature 

profile. Across this temperature EP1238 exhibits a CTE increase from 75 to 200 

ppm/°C. Although the CTE of this material before crossing the Tg is substantially large 

the increased expansion contributes to the axial loads during heating and cooling 
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regimes which explains the low characteristic life obtained with this material. Even 

with slightly lower life demonstrated at the Low Mean profile with UF2, fatigue crack 

damage was found to align with the one observed in the equivalent control 

configuration. 

 
Figure 4- 19: Cross-section of BGA with EP1238 underfill at (a) corner joint (b) 

8th joint from the corner with High Mean thermal profile. 

 

Fatigue cracking with the Silicone underfill material exhibited different characteristics 

compared to the other configurations. Figure 4-20 shows fatigue cracks at both corners 

of BGA cross-section with the Silicone underfill material at the High-Mean temperature 

profile. The characteristic lives at both temperature profiles with underfill are closer to 

each other than any other underfill material configuration. Fatigue cracks are found to 

be consistent in solder joints with silicone underfill between the two profiles. Only the 

corner solder joints exhibit cracks which run along either the diagonal of the joint or 

the bottom interface as shown in Figure 4-20. Further observation of the BGA package 

exterior with the silicone underfill was found delamination of the silicone fillet from 

the package surface as well as cracks. Cracking and delamination of the silicone fillet 

was found only for the Low Mean temperature profile. No cracking or deadhesion of 

the silicone was observed for the High Mean temperature profile. A reason for the 
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cracking could be attributed to the high stiffness of the silicone at low temperature 

which results in higher interfacial loads during the contraction of the material. the silicone  

 
Figure 4- 20: Cross-section of two corner joints in BGA with silicone at High 

Mean temperature profile (a) bottom interface (b) diagonal cracking. 

 

Figure 4-21 shows a cross-section of BGA package with Loctite3808 underfill 

material after 2414 cycles with High Mean temperature profile.  Cracks in solder joints 

of the BGA package with the Loctite3808 are Similar to those observed in BGA 

package with EP1238 underfill at the High Mean temperature profile. No distinct 

pattern can be observed with fatigue cracks alternating between the top and lower 

interfaces of solder joints through the bulk region of the solder. Figure 4-21(b) shows 

cross-polarized image of the 3rd solder joint from the edge with cracking observed at 

the upper interface. Crack path at this instance progresses down toward the center of 

the joint before shifting direction and changing path toward the other edge of the joint. 

In some joints, fatigue cracks were found to progress diagonally and emanate from both 

interfaces. The occurrence of recrystallization at the central region of the solder joint 

at the High Mean temperature profile indicates that substantial deformation occurs at 

the central region of the joint rather than the localized interfacial regions of the solder 

and copper pads. No particular location along the cross-sectional edge of the BGA 
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package indicates a pattern that would explain the cracking phenomenon that was 

observed. 

 

 
Figure 4- 21: Cross-section of BGA packages with Loctite3808 at High Mean 

profile (a) Fifth solder joint from package corner, (b) third solder joint from 

package corner 

 

The underfill application method used in this study resulted in distinct fillet 

shape formation for each of the underfill materials. The difference between the fillet 

formed for each material is depicted in Figure 4-22. Fillet geometry measurements were 

taken from cross-sectional images of the BGA package with each underfill material. 

Namics U8437-2 and Loctite3808 were found to have nearly identical fillet shapes 

which extend from the PCB up the center of the assembled BGA package. The two 

non-dedicated underfill materials EP1238 and silicone resulted in large fillet sizes that 

extended up to the top of the BGA package and away from the package to a distance 

with excess of 1.5mm. Such large fillet size is not ideal for BGA with dedicated 

underfill materials. Under vibration fatigue or mechanical shock loading the large fillet 

geometry might not have any adverse effects on the time to failure of solder 

interconnect. The same assumption could not be applied for the influence of the fillet 

geometry under thermal cycling since material expansion is responsible for physically 
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constraining the package thermal expansion itself which in turn influences the loads 

transmitted to the solder joints.  

 
Figure 4- 22: Cross-section of underfilled BGA package (a) control (b) UF1 (c) 

UF3 (d) UF2.  

 

4.3 Thermal cycling of BGAs with reworkable underfill  
 

The process of reworking underfilled BGAs consist of heating the electronic 

PCB and components to a temperature that is higher than the solder melt temperature. 

This rework temperature for Pb-free solder is typically around 230°C to 260°C. 

Underfills classified for reworkable purposes are designed to minimize damage to 

copper pads and residues on the PCB to ensure that no interference with the reflow of 

the new BGA package.  Reworkable underfills can come in variety of material 

properties and volume fraction of filer particles.  



 

 

105 

 

4.3.1 Experimental procedure 

Each test board was preheated to manufacturer recommended temperature of 

70°C prior to underfilling using a BIPEE SH-4 hot plate. A thermocouple was placed 

on the surface of test boards to monitor preheating temperature. Each thermocouple 

was calibrated using a Fluke -140 Dry-well temperature calibrator. To ensure event 

temperature distribution between the hot plate and the PCB a thermally conductive 

material is used as shown in Figure 4-23. Laird Tflex HR400 series 0.5mm thick 

thermal interface material made of filled silicone rubber with thermal conductivity of 

1.8 W/m-k provides sufficient heat transfer for underfill application process. 

 
Figure 4- 23: Hot plate preheating test board for underfilling. 

 

Underfill application was manually performed using Tehcon Systems 700 series 

manual syringe gun as shown in Figure 4-24. Underfill cartridges of 10 cm in volume 

were loaded to the syringe and applied to the gap between the PCB and BGA using an 

L pattern. This pattern utilizes the underfills capillary flow characteristics. The underfill 

is applied to two perpendicular sides of the BGA package and the heated PCB increased 
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underfills capillary flow by reducing its viscosity which pulls it all the way underneath 

the package to the other two sides that were not been applied resulting in uniform void 

free epoxy interface between the PCB and package.  

 

 
Figure 4- 24: Techon Systems 700 series manual underfilling syringe gun. 

 

An accelerated thermal profile with a range of -55°C to 125°C was used according to 

IPC 9701 standard similar to thermal cycling of group A materials as shown in Figure 

4-25. The high range of the thermal cycle is chosen such that the both temperature 

peaks are above the glass transition temperature of all underfill materials and the 

obtained results from this experiment will provide information on the effect of 

reworkable underfill properties such as glass transition temperature, CTE and modulus.  
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Figure 4- 25: -55°C to 125°C temperature profile. 

 

4.3.2 Experimental results 

Test boards with different underfills were removed once all components met failure 

criteria defined by increase in the electrical resistance. The test boards with the control 

components and Namics XSUF1594-6 were exposed to a total of 2272 thermal cycles. 

The remaining test boards comprising of BGA with Henkel E1216M and Loctite 3808, 

Namics 1575-9 and 1594-6F underfills were removed after 1442 thermal cycles. The 

failure rate of this experiments is plotted using 2-parameter Weibull distribution as for 

the previous thermal cycling experiments shown in Figure 4-26.  
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Figure 4- 26: Weibull distribution of group C underfills and control BGA under 

-55°C to 125°C thermal profile.  

 

 

From first observation it can be seen that the failures of all underfills are clustered in 

one group that is substantially earlier than the control group. Table 4-5 provides the 

characteristic life, Weibull beta value, first failure and respective CTE and glass 

transition temperature measured with both TMA and DMA for each underfill material. 

It is directly evident that the characteristic life increases with underfill Tg. The center 

of the glass transition region was found to be higher using DMA measurements than 

ones measured using TMA.  
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Table 4- 5: Weibull plot of BGAs with five reworkable group C underfills. 

 
 

The beta value of 11.99 for the control BGA is higher than the beta of all underfilled 

BGA similar to the one found for group B underfills under mean temperature 

conditions. This means that for a sample population of the same size the underfilled 

component result in longer spread between first and last to fail components. The 

smaller beta value inevitably increases the proportion of characteristic life to first 

failure compared with the higher beta values of the non-underfilled BGAs.  

Figure 4-27 shows the characteristic life and underfill CTE prior to the glass 

transition temperature on the vertical axis with the Tg plotted on the horizontal axis. A 

distinct non-linear relationship can be seen in the characteristic life dependence on Tg 

more so than just the CTE alone. Namics 1575-9 and 1594-6 with closely measured Tg 

values have closer characteristic life even though their CTE after the glass transition 

are different. It is important to note that the ratio between the control and BGA with 

Loctite 3808 underfill was 4.8X for -55°C to 125°C profile compared with only 2.5X 

reduction in characteristic life in the 20°C to 125°C profile. This observation supports 

the limitation of empirical models and illustrates the dependence of characteristic life 

on the combination of underfill material properties and temperature range.  
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4.3.3 Failure Analysis 

Underfilled test boards were taken out of the thermal chamber after 1441 thermal cycles 

from -50°C to 125°C to ensure complete failure in all underfilled BGAs. No extruded 

solder joints were observed in any of the reworkable underfilled BGAs in this study 

compared to the ones observed with high expansion conformal coatings. Figure 4-27 

shows diagonal cross-section of control BGA that failed at 1896. The two corner most 

joints indicate fatigue cracking at the PCB side through the bulk of the solder near the 

intermetallic region. No damage was observed except for the corner most solder joints. 

This observation is consistent with control BGA with the high mean temperature 

profile.  

 

Figure 4- 27: Cross-section of control BGA along package diagonal. 

 

Figure 4-28 shows cross-section of BGA with Loctite3808 underfill along the perimeter 

of the package. Fatigue cracking is found to occurs throughout the perimeter solder 

balls without distinct pattern. Crack location is found to alternate between the 

component and board sides.  
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Figure 4- 28: Cross-section of BGA with Henkel 3808 along package side. 

 

Figure 4-29 shows cross-section of BGA with Namics XSUF1594-6F that has the 

highest glass transition among group C underfills. Cracking behavior is found to be 

consistent among all group C underfills with no distance to neutral effect that was 

observed for the control components.  

 
Figure 4- 29: Cross-section of BGA with Namics XSUF1594-6F along the 

package side.  
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Figure 4-30 shows cross-sections of BGA with Namics 1594-6 along the diagonal of 

the package to provide a better indication of cracking behavior along the distance to 

neutral line. Again, no distinct dependence on ball position and crack occurrence is 

shown. Cracked solder joints are found throughout the package with cracking 

alternating between PCB, package side and cracks that run diagonally in the solder 

joint.  

 

 
Figure 4- 30: Cross-section of BGA with Namics 1594-6 along package diagonal.  

 

 

It is not yet well understood why the cracking location through packages with 

reworkable underfill result in different cracking location and pacth throughout the 

solder joints. Throughout the thermal cycles underfill expansion and contraction 

alternated between shear, compressive and tensile loading. The response of Pb-free 

SAC305 solder microstructure with few numbers of grain to such complex multiaxial 

loading conditions has not been thoroughly studied and is outside the scope of this 

study. One of the limitations of thermal cycling BGAs with single daisy chain pattern 

is identification of the solder joint that fails first. Since all group C underfill 
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components were taken from the thermal chamber past the recorded characteristic life 

the extent of cracking makes identifying the critical location using cross-sectioning 

almost impossible. Therefore, the subsequent chamber will utilize simulation tools to 

predict the most critical location in the package and provide answers to the magnitude 

of energy density each underfill introduces to BGA solder joints.  

 

 

 

 

FINITE ELEMENT MODELING AND FATIGUE LIFE 

PREDICTION MODEL DEVELOPMENT  
 

5.1 Finite Element Modeling  
 

Modeling and simulations have been widely used to analyze the electrical, mechanical 

and thermal behavior of electronic packages. [105]. FEA methods are used to provide 

an approximate solution for field variables for problems to which analytical solutions 

are difficult to obtain. In this study a 3D model of the 17mm BGA package previously 

used for thermal cycling is modelled using the Abaqus FEA software. Underfill 

materials that were characterized are applied BGA package under the thermal cycles 

used in chapter 4. Stresses and strains are pos processed to calculate the accumulated 

creep strain energy density at for each experimental test combination. An mode 

separation scheme is then employed to determine the change in shear an axial energy 

component for each underfill. Fatigue life prediction equation based on the mode 

separation is then calibrated using experimental data.  
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5.1.1 Thermal mechanical simulations  

Thermo-mechanical simulations of electronic components often utilized 

simplifications in model geometry or material properties. Generating 2-D models over 

3-D models is a popular approach for simplifying electronic packages [106]. In this 

study, quarter symmetric 3D model of the BGA package was modeled as shown in 

Figure 5-1. The model contains information on the geometry and material properties of 

the BGA package, solder and PCB. Internal structure of the package was generated 

including the overmold, die, die attack material and organic substrate.  

 

  
Figure 5- 1: Global quarter symmetric model with tied underfill UF2 (Left) 

solder joint in package center with coarse mesh (Right). 

 

The solid element C3D8R is a hexahedral eight-node linear brick with first order 

reduced integration element. First order elements are favorable for materials 

experiencing large deformation. Reduced integration uses a lower-order integration to 

form element stiffness leading to lower computation time. C3D8R reduced integration 
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points are robust against distortions; however, some limitations of this type of element 

include hour glassing that [107]. Having only one integration at the center of the 

element. Figure 5-2 shows the boundary conditions placed on the quarter-symmetric 

BGA model where displacement on the face of the package and PCB were constrained. 

The face of the underfill was constrained as well in later models. A single node on the 

center of the PCB was constrained in space by setting the x,y,z displacement to zero. 

This is done to ensure prevent the model from rotating around itself under thermal 

expansion while reduce the possibility of over constraining the faces of the model that 

expand and contract.  

 

Figure 5- 2: Displacement boundary conditions for the quarter symmetric BGA 

model.  

 

 

Prior to simulating the interaction of underfill and BGA it is important to understand 

the behavior of the control non-underfilled BGA package and how energy density 

calculated from this configuration can be used to validate the characteristic life that was 

experimentally obtained. Figure 5-3 shows a cut view of the quarter symmetric model 
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and a close-up view of the corner BGA with higher mesh density compared to the rest 

of the solder joints. It is also possible to see the internal structure of the BGA with the 

die shadow located right above the corner solder ball as it was previously shown in the 

failure analysis portion. The corner most solder joint consisted with the highest mesh 

density. The mesh density of subsequent package constituents can be decreased farther 

away from the area of corner solder joints in order to limit the total number of elements 

and nodes of the FEA model. The model shown in Figure 5-3 consists of 141,950 

C3D8R elements with the corner solder joints comprising of 3796 elements. The total 

number of elements in the local model of the corner solder joints was 21013 elements 

while the coarser plugs used for the remaining 63 local models consisted of 1464 

elements. The global/local modelling approach used in this study has been previously 

used for thermal simulations of BGA packages and found to have satisfactory results 

in models that do not contain tie constraints in the local model [108].  
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Figure 5- 3: Cross-sectional view of underfilled BGA along the distance to 

neutral axis to the center of the package.  

 

The first control BGA with no underfilled is initially studied to determine the stress 

state and energy density accumulations in the solder. FEA model inputs are derived 

from chapter 3 of the dissertation. Figure 5-4 shows the energy density contour 

obtained from the FEA model and compared with the cross-section of the corner BGA 

that found to fail at the board side of the joint. Crack propagation I found to coincide 

with the location of energy density in the FEA model at the bottom of the solder joint. 

Although the energy density contour shown in Figure 5-4 represents only three thermal 

cycles longer progression of thermal cycles will result in matching the strain localized 

region with the location of highest dissipated creep energy density.  

 

Figure 5- 4: Various layers in FEA model corresponding to location of crack 

propagation in solder joint.   

 

Figure 5-5 illustrates the volume averaged energy density for three solder volumes at 

the bottom interface of the BGA where fatigue cracking was observed with the -40°C 

to 125°C thermal cycle. Cycles to failure are then calculated using equation 2-15 and 

indicated by the red bars. It can be seen that the bottom 35µm volume of solder at the 

PCB side results in a characteristic life closer to the one obtained experimentally for 
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the same component and thermal profile. A note to make is that a single element at the 

upper interface of the second most solder joint along the perimeter showed highest 

energy density. Although the top left corner of the solder joint indicated single most 

loaded element the volume weighted averaged energy density at the PCB interface is 

significantly lower than that at the bottom interface where fatigue cracking was found 

to occur for the control BGA.  

 
Figure 5- 5: Accumulated creep strain energy density for the various solder joint 

volumes in control BGA.  

 

 

5.1.2 Model development and assumptions 

 

To successfully execute a numerical model and result in meaningful result a few 

assumptions were made regarding the model geometry, material properties and 

boundary conditions. One of the most important factors in underfill model construction 

is the underfill fillet shape itself. Since the final underfill fillet geometry is process 

dependent it is important to capture the dimensions for each material and application 

using cross-sections. The underfill fillet for the three underfills used in Group B study 

is shown in Figure 5-6. Loctite3808 and the Namics underfill were found to closely 
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match each other and therefore a single dimension was used in both models. The 

silicone and EP1238 underfill; however, demonstrates a quite different underfill 

formation due to material behavior during dispensing and cure. Silicone underfill 

flowed outward of the package and significantly varied from package to package while 

the fillet with the EP1238 underfill is shown to flow outward of the package in a more 

consistent triangular geometry. In both of these non-conventional underfill materials 

the resulting fillet reached the entire package side wall from the PCB.  

 
Figure 5- 6: Filler size for group B underfill materials. 

 

• Underfill is tied only to the BGA package and PCB. 

• Solder mask has no effect on CTE mismatch of package and PCB. 

• No residual warpage and stress in the BGA package due to model transfer process 

• PCB, silicon, substrate and mold compound behave in a linear elastic manner with 

temperature.  

• Solder deformation is dominated by creep deformation only.  
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• Temperature of the package and PCB changes uniformly through the thermal 

cycle. 

• No effect of solder microstructure and grain orientation 

• Solder joint geometry is consistent from joint to joint.  

 

Figure 5-7 shows the modeled underfill fillets for Group B underfill that were 

obtained from cross-sections shown in Figure 5-6. 

 
 

Figure 5- 7: FEA models of BGA with underfills including accurate 

representation of underfill fillet geometry for group B materials.  
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5.1.2 Mesh Convergence Study 

The number of elements in a given numerical model has been shown to influence the 

accuracy of the model [109,110].  Therefore, a mesh convergence analysis on the 

number of elements in the critical solder joint is performed. The local model of the 

corner most joint is built using continuous mesh and does not contain any tie contacts 

of linear elastic materials to the viscoplastic solder itself. Figure 5-8 shows the variation 

of energy density with mesh size for the local model. The number of elements from in 

the local model varied from 328 to 11,840. The energy density was averaged for the 

same solder volume at the board side of the solder joint. Two approaches for 

representing the energy density were demonstrates. The first one utilized volume 

weighted energy density and a second one with element averaged energy density. The 

element averaged and volume weighted approach closely match each other at the 0.04 

and 0.02mm mesh sizes. Overall the energy density between the finest and coarsest 

mesh size demonstrated here varied by 30 percent. A mesh size of 0.04mm was 

determined to provide a reasonable density for the local model. The local model is then 

connected to the global model using tie constraints at the surfaces of the PCB and 

substrate.  
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Figure 5- 8: Mesh convergence of corner most solder joint in BGA without 

underfill.  

 

 

 

 

 

5.2 Stress State in BGA Solder Joints  
 

5.2.1 Effect of Underfill Properties on Energy Density   

The influence of underfills material properties can be evaluated using simulations by 

introducing simplistic assumptions prior to introducing more complex temperature and 

time dependent material models. To investigate the influence of underfill CTE and 

modulus on creep strain energy density constant underfill properties are first assumed. 

Figure 5-9 illustrates the obtained creep strain energy density for thermal cycling the 

17mm BGA package from -40°C to 125°C using underfill CTE ranging from 20 to 70 

ppm/°C and modulus from 1MPa to 8000MPa. Each data point represents an 3D 
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simulation of the quarter symmetric model. The strain energy density was averaged for 

the corner most solder joint at the board interface for 35µm thick solder volume. 

 
 

Figure 5- 9: Dissipated energy density in corner solder as function of underfill 

CTE and modulus.   

 

A few observations can be made from the simulations of the underfills with constant 

properties. The first observation shows that all configurations converge to the same 

point as a BGA without underfill as the elastic modulus decreases. This indicates that 

an elastic modulus of 1MPa will not provide the underfill substantial stiffness to act in 

the load sharing during thermal cycling. The second observation indicates that 

underfills with elastic modulus of 2000MPa and beyond do not contribute in load 

sharing. It can be seen that an underfill with a CTE of 40 ppm/°C will result in minimal 

energy accumulation in the solder compared to the non-underfilled controlled BGA.  

To understand this behavior the 30 and 60 ppm/°C configurations are evaluated with 

respect to the mode of the energy density. Figure x shows the partitioned Mode I and 

Mode II energy densities along with the control configuration. Underfill with 60 
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ppm/°C has mode I energy that is 1.7X to 2X higher than mode II energy for elastic 

modulus of 500MPa to 8000MPa, respectively. Underfill with 30 ppm/°C has higher 

Mode I energy than Mode II by a factor of 1.2X to 1.7X for underfill with 500MPa and 

8000MPa, respectively. These two underfills are selected since it is knowns from the 

previous thermal cycling experiments that the lower expansion underfill improves 

fatigue life while the higher expansion underfills reduces thermal fatigue life compared 

to the non-underfills package. Interesting, both Mode I and Mode II energies for the 

control BGA are nearly identical and are comparable in magnitude to Mode II energy 

of the 60 ppm/°C underfill.  

 

 

 

5.2.2 Energy density partitioning into Mode I and Mode II 

 

A new mode separation scheme is proposed in this study that approaches the 

partitioning of the total dissipated creep energy density per cycle to Mode I and Mode 

II loading. The global loading modes are taken with respect to the direction of crack 

propagation in the solder that usually occurs along the intermetallic interface. The 

normal stress and strain components to the location of crack propagation are taken for 

Mode I energy density. The deviatoric stress components along with the 𝜎11 and 𝜎22 

are used for Mode II energy density calculation as shown by the stress tensor below.  
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The total dissipated energy density is calculated by integrating the sum of the stress 

and creep strain components in equation 5-1.  

∆𝑊𝑎𝑐𝑐 = ∫ 𝜀𝑖𝑗 𝜎𝑖𝑗 
(5-1) 

 

Mode I energy density is calculated with respect to the coordinate system of the FEA 

model. Post processing the stress and strain components are performed with the normal 

component that is perpendicular to the interface of the copper pads and the solder. In 

this study the 33 direction represents the normal direction that is perpendicular to crack 

propagation shown in equation 5-2.  

∆𝑊𝑀𝑜𝑑𝑒 𝐼 =  ∫ 𝜀33 𝜎33 (5-2) 

 

Mode II energy density is calculated from the remaining normal stress components 

along with the deviatoric shear stress as shown in equation 5-3.  

∆𝑊𝑀𝑜𝑑𝑒 𝐼𝐼 =  ∫ 𝜀11 𝜎11 + ∫ 𝜀22 𝜎22 + ∫ 𝜀12 𝜎12 + ∫ 𝜀13 𝜎13 + ∫ 𝜀23 𝜎23 (5-3) 

 

Calculation of Mode I and mode II energy density is carried out using the post 

processing python script that is calculated at every step increment in the solutions for 

every element in the solder joints at the integration points. Due to the reduced 

integration element type the energy density is an average representation of stress and 

strain at the center of the element. Figure 5-10 shows cross-section of the corner most 

solder joint with mesh and a slice of two elements in thickness that is used for volume 

weighted average of the energy density.  
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Figure 5- 10: Volume of solder used for energy density partitioning and fatigue 

prediction. 

 

After averaging the energy density that is partitioned the impact of the addition of 

underfill to the BGA package can be determined. Two underfill conditions from Figure 

5-9 are post processed to determine the loading mode in the solder joint as a result of 

underfill under thermal cycling. Figure 5-11 shows the volume weighted energy density 

for the two-layer slice of elements in the corner most solder joint for control BGA and 

with 30ppm and 60ppm underfill assuming no glass transition effect. 

 
 

Figure 5- 11: Mode I and Mode II energy density for 30 and 60 ppm underfills as 

function of elastic modulus.  
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The control BGA indicates Mode II energy to be slightly higher than Mode I energy 

density for the -40 to 125°C thermal cycle. This indicates that shear loading conditions 

is dominant for the non-underfilled BGA while both the underfills indicate that Mode 

I is higher than Mode II due to the contribution of the tensile stress that occurs between 

the expansion of the underfill between the package and PCB. The respective amount of 

Mode I increase over Mode II between 30 and 60ppm underfill is dependent on the 

CTE mismatch between the solder and the underfill as well as the height of the gap 

between the package and PCB. Mode I and Mode II energy density is a culmination of 

global and local CTE mismatch as well as the warpage of the package and PCB that 

result in straining the solder joints. Figure 5-12 illustrates the separation of Mode I and 

Mode II through the height of the corner most solder joint for the non-underfilled BGA 

for the -40 to 125°C thermal profile. The magnitude of the energy mode is plotted on 

the horizontal axis and it shows that the highest values occur at the bottom layer where 

crack propagation was found in the previous experimental section. The magnitude of 

the energy density and ratio between Mode I and Mode II changes throughout the 

thickness of the solder joint with the center of the solder showing the smallest variation 
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between the two modes and lower magnitude compared to the upper and lower 

interfaces.  

Figure 5- 12: Energy density Mode I and Mode II components for each 32 µm 

thick layer in corner joint of BGA package without underfill.  

 

Figure 5-13 shows both energy density components for the same solder volume for a 

BGA with Loctite 3808. In this configuration the Mode I energy component is larger 

than Mode II energy at all the layers along the corner joint height. This behavior 

indicates that the axial stresses and strains contributing to Mode I energy are 

substantially larger than Mode II deviatoric components. Unlike the control BGA that 

exhibits closer Mode I and Mode II components in the center of the solder joints, the 

underfills BGA demonstrates higher difference between the center and interfacial 

solder volumes in the solder joint.  
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Figure 5- 13: Energy density Mode I and Mode II components for each 32 µm 

thick layer in corner joint of BGA package with Loctite 3808 underfill.  

 

Another significant observation is the magnitude of Mode II energy in the underfilled 

BGA compared to the non-underfilled BGA. Mode II energy increases by 4X at the 

lower interface for the underfilled BGA compared to the control one. This observation 

is in agreement with recent experimental measurements on strain in solder joints of PoP 

BGA with reworkable underfill [111]. In their research Wu et al. demonstrated that the 

average shear strain in solder joints increases with reworkable underfill. Although this 

observation is important it does not provide information on the axial strain component 

or the stress state of the solder. In addition, it is currently not possible to experimentally 

measure the stress state of the solder as a function of temperature. Therefore, FE 

simulations provide an alternative for approximating the stress state in solder with and 

without the application of underfill. Figure 5-14 illustrates the energy modes for the 

control and unrefilled BGA with Loctite 3808 along the package distance to neutral 

point. The magnitude of energy density for both modes is evidently higher for the 
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underfilled BGA compared with the control BGA. Another observation is that Mode II 

energy density is higher for the control BGA at every solder joint along the diagonal 

with the center joint having the lowest energy density and corner one having the highest 

as expected.  

 

Figure 5- 14: Mode I and Mode II energy densities on the distance to neutral line 

for BGA with and without Loctite 3808 underfill.  

 

The underfilled BGA demonstrates an opposite behavior where there is no distinct 

distance to neutral effect. The magnitude of Mode I and Mode II energies are tightly 

clustered for all solder joints along the distance to neutral only with the corner most 

solder joint demonstrating a slight increase in Mode I energy density. Again, this 

observation is in agreement with experimental results that found no dependence on 

distance to neutral effect for Loctite3808 underfill.  

 The stress and strain behavior in the solder with and without underfill 

throughout thermal cycling can provide information on the accumulation of Mode I 
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and Mode II energy densities. Figure 5-15 shows the 23 and 33 creep strain components 

for the first 15 thermal cycles. The strain is averaged for the same volume of solder. 

 
 

Figure 5- 15: Average creep strain in corner solder joint for 15 thermal cycles 

for BGA with Loctite3808 underfill -50°C to 125°C. 

 

The both the 23 and 33 creep strain range for the BGA with no underfill is found to 

closely follow each other with thermal cycles and reach steady state mean strain 

condition after sufficient number of cycles. The average strain is used for qualitative 

illustration here rather than quantitative assessment to demonstrate the strain behavior 

in the modeled region of the solder that experiences fatigue cracking. The magnitude 

of the out of axial strain is significantly higher than the 23 components for the 

underfilled BGA. The shear strain component is found to ratchet with the number of 

thermal cycles. The cyclic ratcheting behavior is indicative of structures experiencing 

cyclic stress reversals that experience creep strain accumulation. A similar creep 

ratcheting behavior was previously demonstrated using numerical models for BGA 
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packages with eutectic solder undergoing thermal cycling [112]. This causes the center 

of the hysteresis loop to shift and cause relative motion between the pad and the solder 

and lead to crack propagation. As previously discussed, ratcheting behavior is 

indicative of the mean stress effect and interaction of shear and tensile loads during 

thermal cycles.  

 

 

5.2.3 Hydrostatic Stress in BGA solder Joints with and Without Reworkable Underfill 

 

Hydrostatic stress was previously correlated to enhance volume growth of microscopic 

voids in metals [113]. The hydrostatic stress is defined as the trace of the normal stress 

components shown in equation 5-4.  

 

𝜎𝐻𝑦𝑑 =
𝜎11 + 𝜎22 + 𝜎33

3
 (5-4) 

 

The effect of hydrostatic stress on fatigue life of solder joints under mechanical  

vibrations previously demonstrated and found to increase with board bending [114]. 

The shift in hydrostatic tension and compression during temperature cycles have been 

shown to contribute to the damage in solder joints of electronic packages [115]. In 

addition, research into the effect of hydrostatic stress due to cure of flip-chip packages 

found a hydrostatic constraint imposed on the solder [116, 117]. To understand the 

effect of hydrostatic stress on characteristic life obtained for different underfills in this 

study the average hydrostatic stress was calculated for the 376-element layer at the 

bottom of the corner most solder joint of the 17mm BGA package. Figure 5-16 shows 

the change in hydrostatic stress for each element for the first three thermal cycles. 
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Figure 5- 16: Hydrostatic stress as a function of time for control BGA from -50 

to 125°C thermal cycles for 376 elements at the PCB side of the corner solder 

joint.  

 

Due to the loading mode and geometry of the solder joint some elements exhibit higher 

hydrostatic stress than other. The compressive point of the hydrostatic stress is shown 

to occur at the low temperature dwell while the tensile hydrostatic stress occurs at the 

onset of the high temperature well prior to stress relaxation. The average hydrostatic 

stress is used for comparison with the underfilled and non-underfilled BGA as a 

function of time for the first three thermal cycles as shown in Figure 5-17 below. The 

uniform temperature profile is superimposed on the stress to illustrate the dependence 

of the stress state on temperature. The blue line is shown for Loctite 3808 underfill 

while the orange line for the control BGA. A compressive mean hydrostatic stress is 

found for both underfilled and non-underfilled BGAs.  
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Figure 5- 17: Average hydrostatic stress for the first three thermal cycle for 

control BGA and Loctite 3808 from -55°C to 125°C. 

 

The underfilled BGA represented by the blue line shows a tensile peak in the 

hydrostatic stress around the underfills Tg that does not occur in the orange line for the 

non-underfilled BGA. In fact, this peak around the glass transition was found in 

simulations of all underfills in which the thermal profile crossed the Tg. The peak 

tensile hydrostatic stress decreases after a short temperature increment due to underfill 

softening across the transition region. This is evident in the same stress relaxation 

between the non-underfilled and underfilled BGAs during the high temperature dwell. 

Interestingly, the thermal profile crosses the underfill Tg on the ramp up and ramp 

down. During the ramp down cooling of the package the underfill contraction occurs 

faster than the PCB and package and result in increasing the hydrostatic stress as the 

underfill stiffens below the Tg.  
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The mean hydrostatic stress for Group B and C underfills was determined and plotted 

in Figure 5-18. It can be seen that the mean hydrostatic stress changes with the 

underfill material as well as the thermal profile itself.  

 
Figure 5- 18: Average mean hydrostatic stress in corner most solder joint for 

BGA with group B and C underfills at different thermal profiles.  

 

The mean hydrostatic stress for all group B materials is found to be tensile while all 

group C materials are found to have a mean compressive hydrostatic stress. This 

observation is indicative of the temperature dependent material properties of the 

underfill and the range of the temperature profile itself. The non-underfilled BGA 

exhibits mean tensile stress from 0°C to 125°C and a mean compressive one from -55 
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to 125°C. In both profiles the stress-free temperature was assumed to be 20°C. 

Although the mean temperature in both profiles is above the assumed stress-free 

temperature the mean hydrostatic stress also depends on the warpage and CTE 

mismatch characteristics of the package and PCB. The highest tensile hydrostatic stress 

at the 20 to 125°C profile is found for the BGA with silicone underfill that 

consequentially had the lowest characteristic life. All group C underfills that found 

decrease fatigue life with respect to the control BGA demonstrate a more compressive 

hydrostatic stress. This observation can be used to determine if the loading condition 

between control and underfilled BGAs will result in the decrease of fatigue life based 

on the ratio of the mean hydrostatic stress with respect to the control BGA for a given 

temperature cycle.  

 

5.2.2 Interaction of Underfill and Solder  

In this study two conditions are examined between the underfill and solder. The first 

condition assumes mesh tie interaction between the underfill material and the solder 

and the second conditions assumed no interaction with the solder. The second condition 

is modeled in a manner at which the underfill occupies the same space of the solder 

and is only tied to the surface of the component and PCB. The first condition is 

implemented by defining tied constrain between the surface of the underfill and the 

solder. The tie constraints ties nodes o 

n surfaces that are in contact with each other and makes translational and rotational 

degrees of freedom equal for the pair of surfaces.  Figure 5-19 illustrates the tied 

constraint on the left and the “through” condition on the right that neglects any 
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interaction with the solder. Larger stress in the underfill are observed at the tied 

interface between the solder and the underfill as shown in Figure 5-20.  

 
Figure 5- 19: Boundary conditions for underfill tied to package and solder (left) 

tied to package and component only (right).  

 

 

 
Figure 5- 20: Von-mises stress distribution in underfill without interaction with 

solder (left) with interaction with solder (right) and strain energy density in 

corner solder joint after three thermal cycles. 

 

The configuration of the underfill that is not in contact with the solder results in lower 

stresses in the solder but with higher dissipated energy density in the solder. This 

difference is performed assuming linear elastic underfill behavior. The non-tied 

underfill and solder configuration is used to illustrate the energy density in the solder 

for group B underfills as function of temperature as shown in Figure 5-21. Since these 
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materials include high expansion soft underfills that cannot induce compressive load 

on the solder during cure the trough boundary conditions was used. 

 
Figure 5- 21: Normalized energy density as function of temperature for thermal 

profiles with mean temperature conditions with Group B underfills.  

 

The normalized energy density was plotted for each configuration as function of 

temperature due the difference in magnitude between thermal profiles that will result 

in different scale. The control configuration indicates that the total dissipated creep 

energy density accumulates mainly in the ramp up and some in the dwell regions. It 

can be seen that the energy density per cycle decreases for the first thermal cycle 

compared. The Energy density of the BGA with silicone underfills exhibit a stark 

contrast to the control BGA. At the high mean temperature profile, the energy density 

accumulated until the elastic modulus decreases around 50°C to dismiss the effect of 

the high expansion silicone on the solder. The low mean temperature of the silicone 
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demonstrates that most of the energy is accumulated as the ramp events. BGA with 

Loctite 3808 and EP1238 both show increase around the glass transition temperature. 

The energy density accumulation rate decreases as soon the glass transition region is 

crossed. The low mean temperature profile with Loctite3808 demonstrates a similar 

behavior to the low mean temperature of the control BGA out of all the underfills. This 

is due to the lower CTE and stiffness of the underfill below the Tg that result in similar 

energy density to the control configuration. For underfills with higher Tg such as 

Loctite3808 the fraction of energy density that accumulates during the ramp down 

increases as well due to the stiffening of the underfill. The increase in the energy density 

across the Tg occurs over a narrow temperature range. With the rate of temperature 

change of 10°C/minute the increase in energy occurs over a period of 4 to 6 minutes 

before the increment of energy density per temperature stabilizes.  

The influence on solder joint energy density accumulation can be represented by 

visualizing the package and board warpage with temperature as shown in Figure 5-22.  

 

Figure 5- 22: BGA and PCB warpage for control BGA and with Loctite 3808 

underfill at different temperature on the same deformation scale. 
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The control BGA warpage on a 30x deformation scale indicates that at the maximum  

profile temperature of 125°C a substantial warpage occurs. This components warpage 

relative to the board introduces significant axial loading to the solder. Unlike the 

control BGA, the underfilled components shows a decrease in component warpage at 

the peak temperature as well as a decrease in the rigid body motion of the solder due to 

additional constraint of the underfill. The contribution of the underfill in altering the 

package warpage characteristics as well as suppressing rigid body motion of the board 

is indicative of the increase in energy density solder joint sustains through the same 

temperature profile with underfill. 

5.3 Fatigue Life Prediction of BGA with Underfill 
 

5.3.1 Fatigue Life Prediction of Existing Models 

In existing energy-based models, the number of cycles to failure is assumed to have a 

linear relationship with the accumulated creep strain energy density 𝑤𝑎𝑐𝑐. The model 

shown in equation 1 was developed by Syed and calibrated using data from chip-scale 

packages. The second fatigue life prediction model used in this analysis was determined 

for thermal cycling failure rate of flip-chip BGA with underfill [121].  

𝑁𝑓 = (0.0019∆𝑊𝑎𝑐𝑐)−1 Eq 1 

 

 

𝑁𝑓 = 345(∆𝑊𝑎𝑐𝑐)−1.02 Eq 2 

 

The above analysis was performed by setting the underfill expansion to interact purely 

with the PCB and BGA package surface by tie constraints. To model the interaction 

between underfill materials and solder joints during thermal cycling requires certain 

assumptions to be made. To illustrate the effect of certain underfill interaction with the 
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component and solder joints two boundary conditions were selected. The first boundary 

condition referred to as “BC1” was selected as previously defined by ignoring the 

interface between the solder and underfill and setting tie interaction only with the 

surfaces in contact with the package and board. A second boundary condition referred 

to as “BC2” was set by providing tied contact interaction between the underfill 

materials and solder in addition to the package and PCB surfaces as in BC1. Fatigue 

life predictions were then performed using the models defined by equations 1 and 2 for 

the four underfill materials. Figure 5-23 shows a comparison between the fatigue life 

prediction for the High Mean thermal cycle with both boundary conditions and fatigue 

life models. Characteristic life obtained from experimental data is displayed by a red 

column at the center of fatigue life prediction values for the two models and underfill 

boundary conditions.  

 

 
Figure 5- 23: Fatigue life predictions for group B underfills at High Mean 

temperature profile.  

 

Fatigue life predictions from both models are found to be within 20% of the 

experimental characteristic life for the control BGA with equation 1. predicting slightly 
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above and equation 2 below the characteristic life of 4441 cycles. For the BGA with 

silicone (UF1) and EP1238 (UF2) underfills both models over predict experimental 

results. Component with Loctite3808 (UF3) provides more conservative predictions. 

In all underfill cases BC1 results with eq. 2 yield lower fatigue life predictions. 

Predictions for BGA with Namics (UF4) underfill provide values which within 50% of 

prediction for control BGA. No cycles to failure were observed within the test time 

with no visible crack forming in solder joints indicating that both models and boundary 

conditions under predict the possible improvement such underfill would provide under 

the High Mean thermal profile compared to the rest of the underfills in the study which 

lower solder joint fatigue life with respect to the non-underfilled BGA. Predictions for 

the Low Mean temperature profile are displayed in Figure 5-24.  Experimental results 

for the Low Mean thermal profile were obtained only for UF1 and UF2 underfill 

materials within the tested number of thermal cycles. Similarly, predictions for control 

BGA for both models match closely with each other and provide an acceleration factor 

of 2.7 between the High Mean and Low Mean thermal profiles. Predictions for BGA 

with UF1 and UF2 underfills under predict characteristic life compared to experimental 

results by an order of magnitude. Unlike predictions for High Mean thermal profile 

which indicates lower than expected improvement in fatigue life for the UF4 underfill, 

predictions for the Low Mean thermal profile seem to overestimate fatigue prediction 

with both boundary conditions and models. Although results both of the accumulated 

creep strain energy density models are found to provide accurate predictions for the 

control BGA they fail to provide acceptable predictions of the characteristic life for all 
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underfill materials used in this test with regard to configurations which reduce and 

improve the fatigue life.  

 

 
Figure 5- 24: Fatigue life predictions for group B underfills at Low Mean 

temperature profile. 

 

 

 

 

 

5.3.2 Fatigue life Prediction with Mode Separation Approach 

 

The ratio of Mode I and Mode II energy density is plotted in Figure 5-25. This figure 

illustrates the ratio in energy modes for control and underfilled BGAs. The ratio 

between Mode I and Mode II was found to be less than 1 only for the control and 

double-sided BGA components with no underfill. The average ratio between Mode I 

and Mode II is found to be 1.6. This indicates that even if Mode I is higher than Mode 

II for underfilled components the magnitude of both components is critical for 

evaluating the fatigue life of solder joints.  



 

 

144 

 

 
Figure 5- 25: Mode I vs. Mode II energy densities for linear elastic underfill 

materials.  

 

The proposed fatigue life model with the new mode separation approach is shown in 

equation 5-6. Each energy component is calibrated using fatigue coefficient and an 

exponent similar to the model developed by Darveaux for crack initiation and 

propagation.  

 

 

 

𝑁𝑓 = 𝐶1(∆𝑊Mode I)
𝑛1 + 𝐶2(∆𝑊Mode II)

𝑛2 

 

The change in mode I and Mode II energy components with characteristic life depend 

on the underfill properties and thermal profile range. A trend in which the conference 

of energy density component is shown in Figure 5-26. In this figure, both energy 

density modes seem to converge for the non-underfilled BGA that had the highest 

characteristic life.  
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Figure 5- 26: Characteristic life as function of Mode I and Mode II energy 

density for group C underfill from -55 to 125°C. 

 

After fitting the model using experimental data of characteristic life it was evaluated 

again the existing models previously shown along with the Darveaux model for 

SAC305 solder. Figure 5-27 shows the bar chart of predicted and experimental 

characteristic life for group C underfills and percent error for each of the three models. 

It can be seen that the orange bar representing experimental data in the control 

configuration closely matches the Syed model than the new mode separation and 

Darveaux model. Underfilled BGA shown closer correlation to the mode separation 

model except for the Namics 1594-6F underfill.  
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Figure 5- 27: Fatigue life prediction comparison for group C underfills. 

 

 

Aggregating test results for group B and group C underfills provides a broad picture on 

the applicability of the new energy density partitioning approach. Figure 5-26 shows 

the predicted number of cycles on the vertical axis and the experimental characteristic 

life on the horizontal axis. The center line corresponds to one to one correlation while 

the two peripheral line represent 2X deviation of model prediction from experimental 

values. Interestingly, the four data points that show the least correlation belong to group 

B underfills with high and low mean temperature profile while group C underfills show 

excellent correlation. Figure 5-29 summarizes the methodology developed in this 

chapter for reliability assessment of BGAs with reworkable underfills. The total 

dissipated creep energy density for all five group C underfills along with the control 

BGA is shown in Figure 5-28. Tracking the total energy density as a function of 

temperature exhibits the respective increase in energy density in the solder for each 

underfill material. All underfills resulted in lower characteristic life compared with the 

control BGA shown in chapter 4. Similarly, the magnitude of energy density is higher 
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with all underfills; however, the underfill with the largest energy density is not 

indicative of the components that had the lowest characteristic life. Therefore, 

partitioning the total creep energy density into mode I and mode II components will 

provide further understanding to the proportional decrease in energy density.  

 

Figure 5- 28: Total accumulated creep energy density for group C underfilled 

and control BGA for first three temperature cycles. 

The first step of the method is creation of a BGA model and underfill that is 

representative of the actual component. This is necessary to capture any process 

induced effects such as the size of the underfill fillet. Temperature dependent underfill 

properties should be determined using TMA and DMA and used as input parameters 

for underfill behavior. The most appropriate boundary condition to consider in board 

level reliability of reworkable underfills is the underfill interaction with the package 

and PCB. It is recommended to neglect any interaction of the underfill with solder. This 

is due to the lack of adhesion solder has with the epoxy underfill and the relaxation of 
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possible residual stresses induced by curing as the material crosses the glass transition 

region. 

 

Figure 5- 29: Process flow of energy density partitioning approach for 

underfilled BGA. 

 

The effect of this process flow can be illustrated in Figure 5-30. The comparison 

between the experimental obtained characteristic life that are compared with the ones 

obtained using the process outlined in Figure 5-27. The two diagonal black lines 

represent the 2X boundary from the center. Most of the underfills that were tested under 

the -55 to 125°C thermal profile shows excellent correlation with experimental results. 

There are however a few predictions that failed to meet model acceptance criteria to 

fall within the 2X prediction range. These data points belong to Group B materials that 

were tested at the mean temperature conditions and with high expansion materials such 

as the Dow Corning Silicone and United Adhesives EP1238.  
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Figure 5- 30: Predicted vs. experimental characteristic life for group B and C 

underfills.  

 

The reason for this deviation could be attributed to many factors such as one discussed 

in the model assumptions section. Since the model does not account for hydrostatic 

stress directly, Mode I energy density is believed to incorporate the increase in normal 

stresses across the Tg. Alternatively, model deviation could potentially be attributed to 

the linear elastic material model and variation in measured material properties in bulk 

form factor and the underfilled form factor on the package itself.  

The effect of modelling and material assumptions provide a strong argument on the 

applicability of the method used to assess the reliability of the package. Loctite3808 

underfill was extensively characterizes to determine the creep and plastic behavior 

across strain rates and temperature. To account for potential effects due to shrinkage 

during cure the model was adjusted by determining the change in CTE across cure 

temperature that will induce 0.5% volume shrinkage. The cure temperature was 130°C 

as shown in Figure 5-31. It is assumed that after the 15-minute cure duration at 130°C 
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the underfills are fully cross-link and possess the same temperature dependent 

properties above the underfill Tg.  

 
Figure 5- 31: thermal profile with consideration to underfill shrinkage.  

 

At the set cure temperature, the underfill transforms from a liquid to a gel state with  

increased cross-linking density. This transition has been previously measured using and 

found to occur over the course of a few minutes [111]. Other investigations on underfill 

cure behavior found that the underfills Tg can increase with curing time as consequence 

of the increase in the degree of crosslinking [112]. Now, the effect of underfill material 

model can be identified using the method previously used for fatigue life assessment 

of reworkable underfills. Figure 5-32 shows the accumulated energy density with 

assumption of underfill shrinkage and material models. The creep and plasticity models 

were modeled in conjunction with the temperature dependent elastic properties. It can 

be seen that the highest energy density is found for the model with underfill creep 

behavior and lowest for the linear elastic material assumption.  
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Figure 5- 32: Accumulated energy density with time for BGA with Loctite3808 

underfill using elastic, plastic and creep material behavior.  

 

This finding contradicts the assumption that more accurate material models will 

improve model accuracy. In essence if the creep material model was used for the mean 

temperature condition it will result in even lower prediction of the characteristic life 

than just the linear elastic material assumption. This statement might not apply to all 

the material tested in this study but could in fact support the notion of utilizing linear 

elastic temperature dependent material properties across the Tg of an epoxy based 

underfill. Figure 5-33 shows the accumulation of energy density as function of 

temperature for the three Loctitie3808 material models with cure shrinkage. It can be 

seen that the creep material model results in higher energy density in the solder during 

cure as well as the thermal cycles themselves.  
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Figure 5- 33: Accumulated energy density as function of temperature for BGA 

with Loctite3808 with elastic, plastic and creep behavior.  

 

 

The combined effect of model assumption with Loctite3808 material models and 

boundary conditions are well summarized in Figure 5-32. The tied boundary condition 

with the underfill creep model is not shown due to lack of model convergence. 

 
Figure 5- 32: Energy density for elastic, plastic and creep underfill behavior for -

55°C to 125°C for through and tied conditions.  
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Imposing tie constraint on high expansion material such as reworkable underfills on 

solder joint can result in misleading stress state that provides lower energy density. As 

previously show, the tie interaction with the solder result in higher stresses transmitted 

to the underfill which leads to lower energy dissipation in the solder. The similarity in 

energy density between elastic and plastic underfill models in the tied configuration is 

a warning on potential erroneous model assumptions for board level applications.  

 

SUMMARY, CONTRIBUTIONS AND FUTURE WORK 
 

6.1 Summary 
 

The influence of underfill materials on thermo-mechanical fatigue of BGA components 

was investigated using thermal cycling experiments and numerical methods. The 

literature review of this work summarizes the effect of biaxial loading conditions on 

fatigue life of solder alloys and discusses the influence of complex stress states on 

reliability of underfilled BGAs. Secondly, the literature review compares published 

work on underfilled BGAs and demonstrates that existence of two distinctly different 

empirical trends between the reliability of flip-chip devices and underfilled board level 

BGAs.  

Material characterization portion of this work provides temperature dependent elastic 

modulus and CTE for all the materials used in the subsequent thermal cycling chapter. 

The glass transition temperature was found to be dependent on the test method used for 

characterizing the material. The elastic modulus is found to decrease only after 

substantial increase in the underfill CTE occurs. This delay is due to the higher energy 

necessary to cause translational and rotational movement in the polymer chain that 
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influences change in the modulus while the CTE is driven by the free volume that 

requires lower level of energy and temperature. Plasticity of the underfill was 

determined to be temperature and strain rate sensitive. The strain rate sensitivity of the 

underfill increases at temperature closer to the Tg. Creep deformation of the a 

reworkable underfill dramatically increases across the Tg. Steady state creep was not 

achieved at high stresses and elevated temperatures. Hyperbolic sine creep model was 

used to fit the steady state creep behavior and found to deviate for temperature beyond 

the Tg indicating a change in creep mechanism. The material properties of the BGA 

package used for thermal cycling were determined by deconstructing the BGA 

package. The mold compound glass transition temperature was found to be within the 

temperature range of accelerated thermal profiles. 

Experimental study on the effect of reworkable underfills on reliability of BGA 

components consisted of underfilling 17mm daisy-chained BGAs and subjecting them 

to thermal cycling environments. A unique failure mechanism was found for BGAs 

underfilled with an acrylic conformal coating that are indicative of the compressive 

loading. The failure rate plotted using Weibull distribution demonstrated a dependence 

on the underfill material properties and mean temperature conditions of the thermal 

range. High expansion conformal coatings when used as underfills resulted in lowering 

the characteristic life compared to the non-underfilled components at both benign and 

harsh environments. This observation supports that hypothesis that solder joints 

experience higher multiaxial stress state as the thermal cycle crosses the underfills Tg. 

The second group of materials comprised of a combination of reworkable underfills, a 

high expansion epoxy and silicone conformal coatings carried over from the previous 
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test group. The second group of materials was assembled on the same devices on boards 

that are slightly thinner than the first group of materials. Two temperature profiles were 

used with high and low mean temperatures. Fatigue life of BGAs was found to depend 

on the glass transition temperature of the underfills and the properties around it. 

Diagonal cracks were found in solder joints with the silicone conformal coating 

underfill due to the large fillet that formed during application. No distinct distance to 

neutral effect was observed for underfills where the thermal profile crosses the Tg. 

Meanwhile, both single sided and double-sided non underfilled BGAs demonstrated 

classic distance to neutral effect with the corner solder joints cracking first. The last 

group of materials utilized dedicated reworkable underfills with different CTE and Tg 

and subjected to a harsh temperature profile of -55°C to 125°C. The resulting 

characteristic life was found to have strong dependence on underfill Tg and CTE. 

Although all of the reworkable underfills resulted in lower characteristic life compared 

to the non-underfilled components the harsh thermal cycle used in this study does not 

allow to easily discriminate between the effect of the five underfills.  

The final chapter presents the numerical investigation on the impact of reworkable 

underfills using Abaqus FEA software. Thermal cycling simulations were performed 

using linear elastic underfill properties on a variety of underfills at the experimental 

thermal profiles. A new energy density partitioning approach was demonstrated by 

partitioning the total dissipated energy density per cycle to Mode I and Mode II 

energies. The shift from Mode II to Mode I energy density was demonstrated between 

underfilled and non-underfilled components. The increase in Mode I energy density 

was shown to occur over the glass transition region of the underfill when the material 
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expands prior to sufficient relaxation of the elastic modulus occurs. During this brief 

temperature range large axial stresses are developed in the solder joints. FEA 

simulations also demonstrated the lack of distance to neutral dependence in energy 

density for underfilled with Tg that is within the temperature profile range. Loctite 3808 

that was characterized in chapter 3 was used to evaluate the effect of shrinkage and 

underfill material model and interaction with the solder on fatigue life prediction using 

the partitioned energy density. It was demonstrated that the linear elastic underfill 

behavior was found to be most appropriate for modelling board level interaction under 

thermal cycling. The hydrostatic stress that develops in the solder as a result of underfill 

load sharing was found to strongly depend on both the underfill temperature dependent 

material properties and temperature range. The new energy density partitioning model 

calibrated using experimental results obtained in chapter 4 was demonstrated to fit well 

for the majority of test results and deviate for test data obtained with the mean 

temperature test. Overall, the new mode separation model provides improvement over 

existing fatigue life prediction models for evaluating the durability of BGA packages 

with underfills.  

  

6.2 Contributions 
 

The impact of reworkable underfills on the thermo-mechanical reliability of BGA 

packages were investigated using a variety of commercially available materials that 

are used in the electronic industry. The main contributions of this dissertation are 

outlined: 
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1. A systematic, hybrid (i.e. analytical + empirical) methodology was developed for 

quantifying the risks incurred when the underfill Tg is crossed in temperature 

cycling tests. 

2. A sample implementation of this approach was provided for a few selected, 

reworkable underfills.  

3. Acceleration factors were developed from published empirical trends for the 

reliability of both BGA and flip-chip devices based on underfill CTE, modulus and 

glass transition temperature.  

4. Temperature dependent elastic modulus and CTE were measured for a wide range 

of underfills.  

5. The reliability of BGA components was found to strongly depend on the 

temperature dependent properties of underfill materials more so than the 

temperature profile range and decrease substantially when the temperature cycle 

crossed the underfill glass transition temperature.  

6. Unique cracking behavior was found in BGA solder joints with different underfill 

materials. Acrylic underfills were found to induce extensive deformation in solder 

joints. Reworkable underfills with Tg that is within the thermal cycling range 

demonstrated cracking behavior that is independent of distance to neutral effect. 

7. It is the first work to detail the energy density accumulation in the solder around 

underfill glass transition region due to the increase in temperature dependent elastic 

modulus before the corresponding decrease in CTE of reworkable underfills with 

mean temperature conditions. 
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6.3 Future Work 
 

The findings outlined in this dissertation create opportunity for validating reworkable 

underfill material models for thermal environments that cross the glass transition 

temperature. Optical measurement techniques can be used to experimentally measure 

underfill and solder deformation during thermal cycling in order to calibrate numerical 

models to better account for variability in the solder alloy microstructure and underfill 

properties across the Tg.  

Additional empirical data is necessary for underfills that improve fatigue life to validate 

the model’s accuracy in environments and materials that improve the characteristic life 

over non-underfilled components. The model applicability to other BGA package types 

and chip scale packages needs to be evaluated. Other components such as QFNs, LGAs 

and wafer level packages are sensitive to thermo-mechanical loads and should be 

evaluated with the underfilled used in this study.  

The effect of hydrostatic stress on damage should be considered. A hydrostatic stress 

component can potentially be incorporated into the model as a function of the ratio 

between the underfilled and non-underfilled component. Comparing the energy density 

between an underfilled and a reference configuration can potentially provide more 

understanding on how the change in stress state influences fatigue life rather than a 

model that attempts to predict the reliability of an underfilled component with no prior 

knowledge of the component without the underfill as attempted in this work.  
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APPENDIX 
 

CHAPTER 2 

 

 

 

 

 

 

 

 

Experimental

CTEE (MPa) Tg Multiplier

[54] 75 1500 15 Full -40 to 125C 30mm carrier with 27 mm die 256 IO BGA SAC305 824 403 0.49

[54] 80 50 15 Full -40 to 125C 30mm carrier with 27 mm die 256 IO BGA SAC305 824 229 0.28

[54] 66 2300 55 Full -40 to 125C 30mm carrier with 27 mm die 256 IO BGA SAC305 824 330 0.40

[54] 66 2300 56 Full -40 to 125C 30mm carrier with 27 mm die 256 IO BGA SAC305 824 285 0.35

[54] 50 2000 110 Full -40 to 125C 30mm carrier with 27 mm die 256 IO BGA SAC305 824 462 0.56

[54] 34 7000 115 Full -40 to 125C 30mm carrier with 27 mm die 256 IO BGA SAC305 824 655 0.79

[54] 77 7 0 Corner -40 to 125C 30mm carrier with 27 mm die 256 IO BGA SAC305 824 884 1.07

[54] 21 10000 150 Corner -40 to 125C 30mm carrier with 27 mm die 256 IO BGA SAC305 825 1159 1.40

[55] 75 2600 90 Full 0 to 100C 21mm Ceramic package 256 IO BGA SnPb 2426 2070 0.85

[55] 44 5600 170 Full 0 to 100C 21mm Ceramic package 256 IO BGA SnPb 2426 5160 2.13

[55] 40 8500 170 Full 0 to 100C 21mm Ceramic package 256 IO BGA SnPb 2426 5097 2.10

[55] 26 5500 170 Full 0 to 100C 21mm Ceramic package 256 IO BGA SnPb 2426 6000 2.47

170

[56] 70 2600 170 Full -40 to 125C flex BGA 16mm 10mm die 280 IO BGA SnPb 1030 2230 2.17

[56] 44 5600 170 Full -40 to 125C flex BGA 16mm 10mm die 280 IO BGA SnPb 1030 3720 3.61

[56] 40 8500 170 Full -40 to 125C flex BGA 16mm 10mm die 280 IO BGA SnPb 1030 2090 2.03

[56] 26 5500 170 Full -40 to 125C flex BGA 16mm 10mm die 280 IO BGA SnPb 1030 5600 5.44

[57] 20 8500 113 Full -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 3000 1.05

[57] 61 3200 67 Full -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 1481 0.52

[57] 64 1800 124 C dot -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 2470 0.86

[57] 64 1800 124 L edge -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 2348 0.82

[57] 70 1500 63 Full -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 426 0.15

[57] 52 1600 50 Full -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 NA NA

[57] 42 1500 60 Full -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 560 0.20

[57] 58 3500 89 Full -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 1209 0.42

[57] 59 3000 94 Full -40 to 125C Package-on-package 14mm 353 IO BGA SAC405 2858 597 0.21

[58] 52 3080 69 Partial -40 to 125C 12mm CSP BGA 228 IO perimeter SAC305 4268 3206 0.75

[58] 52 3080 69 Full -40 to 125C 12mm CSP BGA 228 IO perimeter SAC305 4268 3406 0.80

[58] 60 3500 85 Partial -40 to 125C 12mm CSP BGA 228 IO perimeter SAC305 4268 3640 0.85

[58] 60 3500 85 Full -40 to 125C 12mm CSP BGA 228 IO perimeter SAC305 4268 3932 0.92

[59] 38 7000 115 Full -40 to 125C 12mmCSP with 10mm die 160 IO perimeter SAC305 2114 3555 1.682

[59] 50 4000 110 Full -40 to 125C 12mmCSP with 10mm die 160 IO perimeter SAC305 2114 1963 0.929

[59] 60 3000 135 Full -40 to 125C 12mmCSP with 10mm die 160 IO perimeter SAC305 2114 2107 0.997

Solder AlloyNf Control Nf w/UFRef
Underill Properties

Full/Perimeter Thermal Cycle Package Size Package Style
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CHAPTER 4 
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CHAPTER 5  

 

 

 

 

 
 

First order reduced integration element type C3D8R used in Abaqus model 
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Python script for post processing energy density component, hydrostatic stress and 

triaxiality. 

 

from abaqus import * 

from abaqusConstants import * 

from odbAccess import * 

from textRepr import * 

import math 

import sys 

from time import localtime, strftime, sleep 

 

 

def log( str, printTime = True): 

    """Print to console instead ot Abaqus CAE Console""" 

    if printTime == True: 

        print >> sys.__stdout__, strftime("%I:%M:%S%p  ", localtime()), str 

    else: 

        print >> sys.__stdout__, str 

    return; 

 

odbToReadFile  = './control.odb' 

odbToRead  = openOdb(path = odbToReadFile, readOnly = False) 

 

components = ['11', '22', '33', '12', '13', '23'] 

 

solderSet = odbToRead.rootAssembly.elementSets['TWO_LAYER_ENERGY'] 

 

for stepNumber in range(len(odbToRead.steps)): 

    stepName = odbToRead.steps.keys()[stepNumber] 

    log('Step: ' + stepName) 

    step = odbToRead.steps[stepName] 

    myStep = odbToRead.Step( 

        name = stepName+'-energyAB', 

        description = '', 

        domain = TIME, 

        timePeriod = step.timePeriod 

    ) 

    # 

    zeroField = 0*step.frames[-

2].fieldOutputs['S'].getSubset(region=solderSet).getScalarField(componentLabel='S1

1') 

    accumulatedCreepEnergy      = 

[zeroField,zeroField,zeroField,zeroField,zeroField,zeroField] 

    accumulatedPlasticEnergy    = 

[zeroField,zeroField,zeroField,zeroField,zeroField,zeroField] 
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    accumulatedIneslasticEnergy = 

[zeroField,zeroField,zeroField,zeroField,zeroField,zeroField] 

    # 

    for frameNumber in range(1,len(step.frames)): 

        print 'Frame Number: ' + str(frameNumber) 

        log('    Frame: ' + str(frameNumber)) 

        previous_frame = step.frames[frameNumber-1] 

        current_frame  = step.frames[frameNumber] 

        previous_S_set  =   

previous_frame.fieldOutputs['S'].getSubset(region=solderSet) 

        current_S_set   =    current_frame.fieldOutputs['S'].getSubset(region=solderSet) 

        previous_CE_set =  

previous_frame.fieldOutputs['CE'].getSubset(region=solderSet) 

        current_CE_set  =   

current_frame.fieldOutputs['CE'].getSubset(region=solderSet) 

        previous_PE_set =  

previous_frame.fieldOutputs['PE'].getSubset(region=solderSet) 

        current_PE_set  =   

current_frame.fieldOutputs['PE'].getSubset(region=solderSet) 

        previous_IE_set =  

previous_frame.fieldOutputs['IE'].getSubset(region=solderSet) 

        current_IE_set  =   current_frame.fieldOutputs['IE'].getSubset(region=solderSet) 

        ## 

        myFrame = myStep.Frame( 

            incrementNumber = current_frame.incrementNumber, 

            frameValue = current_frame.frameValue, 

            description = current_frame.description 

            ) 

        triaxialityField = myFrame.FieldOutput( 

            name = 'TRXX', 

            description = 'Stress triaxiality', 

            type = SCALAR 

            ) 

        hydrostaticField = myFrame.FieldOutput( 

            name = 'HYDS', 

            description = 'Hydrostatic Stress', 

            type = SCALAR 

            ) 

        PrincipalStress1 = 

current_frame.fieldOutputs['S'].getScalarField(invariant=MAX_PRINCIPAL).getSub

set(region=solderSet) 

        PrincipalStress2 = 

current_frame.fieldOutputs['S'].getScalarField(invariant=MID_PRINCIPAL).getSubs

et(region=solderSet) 
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        PrincipalStress3 = 

current_frame.fieldOutputs['S'].getScalarField(invariant=MIN_PRINCIPAL).getSubs

et(region=solderSet) 

        VMStress =         

current_frame.fieldOutputs['S'].getScalarField(invariant=MISES).getSubset(region=s

olderSet) 

        hydrostaticPressure = (PrincipalStress1 + PrincipalStress2 + 

PrincipalStress3)/3.0 

        hydrostaticField.addData(hydrostaticPressure) 

        if (stepNumber==1 and frameNumber==1): 

            triaxiality = hydrostaticPressure * 0 

        else: 

            triaxiality = hydrostaticPressure/VMStress 

        # 

        triaxialityField.addData(triaxiality) 

        # 

=============================================================

==== 

        # 

=============================================================

==== 

        temperatureField = myFrame.FieldOutput( 

            name = 'NTEMP', 

            description = 'Nodal Temperature', 

            type = SCALAR 

        ) 

        mode2EnergyField = myFrame.FieldOutput( 

            name = 'MII', 

            description = 'Mode 2 Energy', 

            type = SCALAR 

        ) 

        nodalTemperature = 

current_frame.fieldOutputs['NT11'].getScalarField().getSubset(region=solderSet) 

        temperatureField.addData(nodalTemperature) 

        # 

=============================================================

==== 

        # 

=============================================================

==== 

        for index, component in enumerate(components): 

            print '    Component ' + component 

            log('        Component ' + component) 

            creepEnergyField = myFrame.FieldOutput( 

                name = 'CSED'+component, 

                description = 'Creep Strain Energy Density '+component, 
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                type = SCALAR 

            ) 

            plasticEnergyField = myFrame.FieldOutput( 

                name = 'PSED'+component, 

                description = 'Plastic Strain Energy Density '+component, 

                type = SCALAR 

            ) 

            inelasticEnergyField = myFrame.FieldOutput( 

                name = 'ISED'+component, 

                description = 'Inelastic Strain Energy Density '+component, 

                type = SCALAR 

            ) 

            previous_S  =  

previous_S_set.getScalarField(componentLabel='S'+component) 

            current_S   =   current_S_set.getScalarField(componentLabel='S'+component) 

            previous_CE = 

previous_CE_set.getScalarField(componentLabel='CE'+component) 

            current_CE  =  

current_CE_set.getScalarField(componentLabel='CE'+component) 

            previous_PE = 

previous_PE_set.getScalarField(componentLabel='PE'+component) 

            current_PE  =  

current_PE_set.getScalarField(componentLabel='PE'+component) 

            previous_IE = 

previous_IE_set.getScalarField(componentLabel='IE'+component) 

            current_IE  =  

current_IE_set.getScalarField(componentLabel='IE'+component) 

            accumulatedCreepEnergy[index]      = accumulatedCreepEnergy[index]      + 

abs((current_CE-previous_CE)*(previous_S+current_S)/2) #trapezoidal integration 

            accumulatedPlasticEnergy[index]    = accumulatedPlasticEnergy[index]    + 

abs((current_PE-previous_PE)*(previous_S+current_S)/2) #trapezoidal integration 

            accumulatedIneslasticEnergy[index] = accumulatedIneslasticEnergy[index] + 

abs((current_IE-previous_IE)*(previous_S+current_S)/2) #trapezoidal integration 

            creepEnergyField.addData(accumulatedCreepEnergy[index]) 

            plasticEnergyField.addData(accumulatedPlasticEnergy[index]) 

            inelasticEnergyField.addData(accumulatedIneslasticEnergy[index]) 

        m2Energy = 

2*(accumulatedCreepEnergy[3]+accumulatedCreepEnergy[4]+accumulatedCreepEne

rgy[5]) 

        mode2EnergyField.addData(m2Energy) 

    # 

    odbToRead.save() 

 

# 

odbToRead.close() 
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