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Abstract 

 

 

Electronic systems and sub-assemblies undergo a myriad of stresses during operation in their 

lifetime. Electronics in consumer, aerospace and defense industries increasingly use commercial-

off-the-shelf components in their prototyping phase for ease of availability and the cost. Portable 

consumer electronics may be subjected to shock and accidental drop during transportation and 

normal usage. In aerospace and missile applications the electronic assemblies may be subjected to 

high-acceleration stresses during transportation and normal operation. In consumer electronics, 

survivability in the mechanical drop is ascertained using the JEDEC JESD22-B111 test standard. 

Consumer products may be designed in several form factors which may likely differ from the test 

board size and part configuration. The existing configuration of the JESD22-B111 test standard 

does not impose identical strains during drop test on all the 15-components on the test board, 

requiring many boards to develop meaningful life distributions. Two new candidate designs 

intended to serve as replacements for the JEDEC JESD22-B111 test board have been analyzed. 

High speed imaging-based 3D DIC measurements have been used to capture transient strain 

histories along with finite element modeling at various board locations to quantify the symmetry 

of loading including transient mode shapes and interconnect strains at 1500G, 0.5ms shock and 

2900G, 0.3ms shock. Correlation of performance in JEDEC drop test to actual product 

performance is often weak. In order to alleviate this limitation of the JEDEC test, a new test vehicle 

was designed in the form factor of the actual use application. Commercial-off-the-shelf (COTS) 

components more than often find applications in harsh environments. Sustainment of long-term 



iii  

 

systems requires the understanding of the survivability limits on newer fine pitch part 

architectures. Fine-pitch electronics at high-g loads requires the use of additional structural support 

such as underfills and potting encapsulations for better shock damping and improve survivability. 

The potting compounds may serve additional functions including the ability to sustain thermo-

mechanical loads and the high humidity in transport, storage, and use environments. Failure of 

potted assemblies has been shown to be at the interface between the potting material and the printed 

circuit board. New packaging architectures, which often push the edge of the envelope in terms of 

miniaturization, cannot be compared with the state-of-art systems and lack decades of historical 

data to provide robust proof of their survivability. Tools and techniques are needed to determine 

the failure envelopes for new component technologies for operation under high acceleration loads 

in current and next-generation military systems. Componentôs survivability in a product is 

influenced by many factors including board construction, the board size, board thickness, and 

component design rules. Interfacial delamination at the solder mask of potted electronics was 

shown as a major failure mode during mechanical drop/shock loading. Characterization of 

interfacial fracture toughness facilitates the use of computational tools to predict the onset of 

damage in potted electronics. The fracture properties and interfacial crack delamination of the 

PCB/epoxy interface were determined using three-point bend specimens with a pre-crack at the 

interface. The effect of cure temperature on the interface fracture toughness of potted assemblies 

was quantified. The fatigue life of the potted electronic sub-assemblies under cyclic bending 

loading was characterized along with extracting interface parameters for cohesive zone modeling. 

A damage modeling framework using cohesive zone modeling was developed to predict the onset 

of interfacial damage in potted test assemblies subjected to high-G shock loads up to 25,000G. 
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CHAPTER 1  

Introduction 

1.1 Overview of Electronic Packaging 

Electronic packaging is defined as a science of making interconnections between different 

layers and levels of electronic devices, components, modules and systems[Dally 2008]. 

Accordingly, packaging of electronic systems refers to placing and making connections between 

number of electronic and electro-mechanical components in an enclosure, protecting the system 

from environment and enabling easy access for maintenance. Primarily electronic packaging has 

the following functions. It provides signals and power distribution between different circuits and 

layers of electronic devices. It also facilitates cooling of the electronic device by efficient heat 

dissipation and provides protection of components and inter-connections from harsh 

environments. Electronic packaging has various levels of packaging. Figure 1.1 shows different 

levels of packaging, where chip may consist of resistors, capacitors and transistor which form an 

electrical circuit on the die. The die is placed in chip carrier which is called first level of packaging. 

The chip carrier can be placed on a substrate or printed circuit board which is called second level 

of packaging. The printed circuit board is placed on a motherboard through edge connectors which 

forms the third level of packaging. Fourth level of packaging comprises the complete cabinet 

holding printed circuit board on motherboard panel, cables and power supplies together. It is 

important to have safe and reliable packaging of electronics for efficient working. In many 

systems, more than 50% of the electronic product cost is taken up by the packaging aspects of the 

devices.   
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Figure 1.1: Hierarchy of electronic packaging.  Adapted from [Dally 2008]] 

1.2 Drop/Shock Phenomenon in Handheld Electronics 

Shocks events are transient dynamic condition where a single impulse of energy is transferred 

to a system in a short period of time (milli-seconds) with large acceleration such as dropping of 

handheld devices. Handheld electronics includes cameras, calculators, cell phones, pagers, palm 

size PCs, Personal Computer Memory Card International Association (PCMCIA) cards, smart 

cards, personal digital assistants (PDAs) and other electronic products that can be conveniently 

used while held in userôs hand. These handheld electronic products may be subjected to drop 

during manufacturing, shipping and operational periods. These drop events may not only results 
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in mechanical failures in the housing of the devices but also causes electrical failures in the PCB 

assemblies mounted inside the housing due to energy transfer through PCB supports. Various 

failures modes include cracking of solder interconnections between components and the boards, 

cracking of PCB, copper trace cracking on board, component cracks (Figure 1.2).  

    

Figure 1.2: Failure modes in electronics BGA packaging solder joint 

 

 

Figure 1.3: Stresses in solder joint due to different loading types 

The primary driving force of these failures is excessive flexing of circuit board due to input 

acceleration created from dropping the handheld electronic product (Figure 1.3). When the board 

flexes due to drop events, it results in the relative motion between the board and the component 

mounted on it as a result component, interconnect or board fails. It should be noted that the failure 

is function of the combination of the board design, construction, material, thickness, surface finish, 

interconnect material, standoff height and component size [JESD22-B111 2003]. Also, in recent 
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years, trends towards miniaturization of the fine pitch electronics have resulted in the increased 

susceptibility to failure in shock and vibration which are high strain rate events. A basic 

understanding regarding failure mechanism accompanied with analytical, experimental, numerical 

and statistical techniques, is necessary to enable product reliability over the design life. 

Electronic product may be subjected to shock and/or vibration during manufacturing, shipping, 

operational periods. During manufacturing, products may be subjected to a combination of thermal 

aging, thermal cycling and random vibration as a screening environment to eliminate flaws. During 

shipping the products in a container from plant through the distribution chain to the customer, 

products may be loaded and off-loaded on multiple occasions, subjecting product to shock, and 

vibration in conjunction with thermal stresses. Operational life may involve shock, vibration (an 

example is accidental drop of the product during normal usage). Also trends towards miniaturized 

fine pitch electronics, have increased the susceptibility of failure in shock, vibration and high strain 

rate stresses. Fundamental understanding regarding the failure mechanism equipped with 

analytical, experimental and predictive techniques is necessary to enable product reliability over 

the design life. Mechanical systems such as printed circuit board assemblies respond to a dynamic 

disturbance imposed either by forces or displacement by shock and vibration. The shock and 

vibratory response are often complex with several different time dependent motions occurring 

simultaneously. In some cases, the dynamic parameters of complex system can be developed using 

lumped mass analysis for computational efficiency. In these situations, mechanical systems can be 

treated as single degree of freedom system without introducing significant error. Shock and 

vibrations are usually considered together because the system for both are modeled with spring 

and dashpot supported mass. In case of vibration, steady state periodic input such as sinusoid is 
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considered. In shock, transient input which results in the application of velocity (usually 7 time 

dependent) to the structure is considered.  

Portable computing and communication devices, omnipresent in todayôs world, constitute a 

major application of electronic components. Furthermore, emerging trends for smaller and lighter 

form factors have driven the electronic component industry towards robust designing or 

withstanding high shock and vibration environments. With a high probability of careless handling 

at the hand of the consumer, the electronics industry cannot undermine the importance of 

mechanical robustness of their products. The reliability issues associate with the interconnections 

between various electronic components of a product, especially, are of most importance since they 

are most susceptible to failure under harsh environments. For an assessment of the reliability of 

electronic components under drop and shock conditions representative of the real-world usage 

conditions, various testing procedures have been standardized. For evaluation of their reliability 

in vibration environment, various different vibration profiles have been established to serve as 

representation of actual environment in which a component is intended to be deployed. Test 

methods used for Drop/Shock reliability quantification can broadly be classified as board-level 

and product-level tests, under constrained and unconstrained (free drop) conditions. The most 

widely accepted board level constrained drop test is the one developed by the Joint Electron Device 

Engineering Council (JEDEC). The JEDEC test standard ñBoard Level Drop Test Method of 

Components for Handheld Electronic Productsò, JESD22-B111, is used by electronics 

manufacturers to evaluate the performance of surface mount components in drop/shock. The 

standards established for reliability quantification, however, adopt a highly conservative approach. 

The tests, like the one outlined in JEDEC standard JESD22-B111, subject the test vehicle to a very 

harsh shock pulse with constraint conditions resulting in high level of deformations. 
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Consequentially, mapping of the standard test results to product level performance is very 

challenging. While a component may perform relatively worse in a standard test, it might turn out 

to survive through its service life when deployed in the field, since in an actual product, the 

component failure mode and time of occurrence is dominated by its housing design, symmetry, 

component placement and the level of shock its subjected to; which may vary with ïsay, different 

drop orientations and heights. Additionally, factors such as the product mass, structural compliance 

etc also play a vital role in affecting the shock pulse that the component finally experiences. 

Despite the availability of standard testing procedures, the component deigns process is still very 

challenging, owing to the possibility of a multitude of failure inducing environments that the 

product much can be subjected to-each of which the product cannot be tested for. It is very difficult 

to analyze various design variations, of a product by subjecting each variation to exhaustive testing 

procedures. An underlying theme of this work is development of life prediction models and design 

guidelines which eliminate the need of such exhaustive testing procedures and aid in speeding up 

the product development cycle. 

1.3 Finite Element Damage Modeling 

In the highly competitive electronics market, the product development cycles are continuously 

shrinking. New technologies are being rapidly developed and introduced into the products at 

unprecedented rates. Conception-to-Production times have substantially shrunk as novel 

technologies continue to make older ones obsolete within the span of a few months. With tight 

production schedules and small product development cycles, exhaustive testing of all the design 

iterations of a product has become unfeasible. Owing to the complexities involved in in-situ 

measurement of Solder joint response to the transient dynamic shock phenomenon, analytical 

methods have established their superiority over experimental methods. Finite element modeling 



7 

 

approach can be used to understand the dynamic phenomenon of electronic systems. It is an 

effective tool which is computationally efficient, and its accuracy can be verified with data 

obtained from actual drop tests. Various modeling approaches have been pursued previously to 

address these issues, including [Dally 2008]: 

1. Equivalent layer models to represent the solder joints and simulate their behavior under 

drop impact.  

2. Solid-to-solid sub-modeling techniques to analyze BGA reliability for drop impact using 

half the PCB board.  

3. Shell-to-solid sub-modeling using a beam-shell-based quarter symmetry model to reduce 

the computational time.  

4. Symmetry of load and boundary conditions used to obtain computational efficiency and 

decrease the model size. 

The FE method-based simulations make it easier to account for scale differences between the 

dimensions of the individual layers of an electronic assembly, such as the solder interconnects, 

copper pad and chip interconnects. [Dally, 2008]. In the past, several techniques to simulate 

electronic packaging subjected to shock pulses such as those induced by drop testing test have 

been developed. To this effect, in addition to employing implicit FE method by translating the 

input acceleration pulses into effective support excitation loads on the test vehicle; [Yeh 2004], 

researchers have also used the explicit finite element solver to simulate transient dynamic event 

[Lall 2004, 2005, Xie 2002, 2003, Wu 1998, 2000]. Explicit time integration serves as a better 

approach to transient dynamic deformation of electronic assemblies since it approximates the 

phenomenon as a wave propagation problem. The governing equation for a dynamic system can 

be expressed as [Cook 1989]:  
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Methods of explicit direct integration calculate the dynamic response at the time step (n+1) from 

the equation of motion, using the central difference formulation and known conditions at one or 

more preceding time steps as shown below [Cook 1989]: Other FE techniques used in electronic 

packaging reliability studies include implicit global models[Irving 2004, Pitaressi 2004, Syed 

2005], global-local sub modeling [Wang 2004, Tee 2003, Wong 2003, Zhu 2001, 2003, 2004], 

smeared property models [Jie 2004, Lall 2006b] and explicit-implicit sequential model [Zhu 2005]. 

The global-local sub modeling is a very powerful approach which significantly reduces the 

computational time by dividing a model into two parts. In the first run, a defeatured global models 

created and used to simulate the phenomenon using boundary conditions representative of the 

actual test. Subsequently, detailed ósub modelsô of the area of interest are developed. These sub 

models preserve the geometric and material intricacies of the area of interest in complete detail. 

The outputs from the global model simulation are extracted at key locations and provided as 

driving inputs to the sub model. The Finite Element method has been extensively used for 

simulating transient dynamic phenomenon in electronic assemblies, in the studies presented in this 

work. 

Element size in the explicit model is limited due to the conditional stability of the explicit time 

integration. Explicit time integration is well suited for propagation problems that occur in the 

impact events, because dynamic response of the board decays within a few multiples of its longest 

period. It is also better suited to accommodate material and geometric nonlinearity without any 

global matrix manipulation. Reduced integration elements are employed in modeling of printed 

circuit board assemblies, because they require fewer integration points to form element stiffness 

matrices. The following crack/flaw analysis techniques can be used to analyze discontinuities in 

finite element approach. 
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(a) Extended Finite Element Method 

(b) Cohesive Zone Modeling 

(c) Line Spring Method 

XFEM is an extension of the conventional finite element method based on the concept of 

partition of unity. It allows presence of discontinuities in finite element by adding degrees of 

freedom with special displacement functions. It does not require the mesh to match the geometry 

of crack. Material and geometric nonlinear modeling is possible with XFEM analysis. XFEM can 

be used with the surface based cohesive behavior approach or the virtual crack closure technique, 

which are best suited for modeling interfacial delamination.  Enrichment definition 

*ENRICHMENT is associated with the possible region of failure in the model. Only degrees of 

freedom in elements within these regions are potentially enriched with special functions. The 

region should consist of elements which are presently intersected with crack or which are likely to 

be intersected by crack when crack propagates. Cohesive segment and phantom node based XFEM 

approach in FE tool simulates crack initiation and propagation. It simulates the crack nucleation 

and propagation along arbitrary solution dependent path in the bulk material, since the crack 

propagation is not tied to the element boundaries in a mesh. The formulae and laws that govern 

the crack propagation analysis using XFEM technique are very similar to those used for cohesive 

elements with traction separation behavior. For the linear elastic traction separation model, damage 

initiation criteria and damage evolution laws are defined. Modeling shock response of an electronic 

product is very challenging task due to the scale difference between the dimension of the individual 

layers, such as solder interconnects, copper pad, chip-interconnects, and the dimensions of the 

electronic assembly. These scale difference makes the computational effort required to attain fine 

mesh necessary to model solder joints while capturing the system-level dynamic behavior very 
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difficult. In this work, explicit time-integration scheme is implemented which is suitable for 

solving wave propagation equation necessary to model drop impact event. 
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CHAPTER 2  

Literature Review 

2.1 Introduction  

 The handheld electronic products such as cell phones, cameras, calculators etc are subjected o 

shock and drop during their actual service life because of their lesser weight and smaller 

dimension. As a result, interconnect fails due to bending of PCB and mechanical shocks which are 

the most common failure modes seen in shock and vibration environment. JEDEC drop test is one 

of the most common experimental methods used to address shock and vibration reliability, which 

involves subjecting the board to a 1500g pulse for 0.5 milliseconds half-sine pulse in 0° horizontal 

drop orientation. Figure 2.1 shows typical drop test apparatus and mounting scheme for PCB 

assembly. JEDEC drop test is considered as a common ground for an assortment of semiconductor 

component manufacturers to compare the solder joint reliability under impact. This standard has 

been widely accepted and used by researchers to compare their reliability results. However, the 

JEDEC standard has some limitations. One of the limitations is that it has too many loading 

conditions, which may be unnecessary, and results in reduced sample sizes of 12 each loading 

condition for statistical analyses. To overcome this drawback, Zhao et. Al [Zhao 2007] proposed 

an alternative board design with only one loading condition and a sufficiently large sample size, 

while Tsai et. al. [Tsai 2007] demonstrated applications of the response spectra to a JEDEC 

standard drop test board subjected to different JEDEC drop test conditions. In spite of its 

drawbacks, JEDEC is the most frequently used drop test standard. The JEDEC standard specifies 

that the test vehicle should be mounted with the package side 13 facing downwards to create a 
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more critical loading condition [Yeh 2004]. It also states that the drop orientation should be 

horizontal or at zero degrees during the drop test. But this is not the only angle at which a product 

might hit the floor. Experiments conducted on cell phones by Liu et. al. [Liu 2005], Seah et. al. 

[Seah 2002], Ong et. al. [Ong 2003] and Lall et. al. [Lall 2006c] have shown that impact reliability 

is very sensitive to the impact angle of the product. Chong et. al. [Chong 2005] reported that pin-

supported vertical drop of PCB generated much lower PCB flexing and impact stress damage to 

the solder joints compared to the horizontal orientation drop. 

2.2 Digital Image Correlation 

 Digital Image Correlation (DIC) is a technique based upon tracking a geometric point before 

and after deformation that enables full field displacement and their derivatives measurement 

during a transient event such as shock and impact. Tracking points on the test vehicle is done by 

speckle coating the surface of the structure which is of interest. Studies reveal that size, consistency 

and density of the speckle pattern affect the accuracy of the method [Zhou 2001, Amodio 2003, 

Srinivasan 2005]. This method is extremely favorable in comparison to the use of strain gage which 

measure strain only at discrete locations on the test structure. It is also advantageous over 

interferometry as this technique is non-contact and has reduced sample preparation time and lower 

costs. The DIC technique was used in the electronics industry for various applications. 

Investigating stresses in solder interconnects of BGA packages under thermal loading [Zhou 2001, 

Yogel 2001, Rajendra 2002, Zhang 2004, Zhang 2005, Xu 2006, Bieler 2006, Sun 2006], stresses 

and strain in flip-chip die under thermal loading [Kehoe 2006], and monitoring crack propagation 

and calculating Youngôs modulus of the underfill at elevate temperatures during four-point 

bending tests [Park 2007a, Shi 2007] are some of the areas for which this technique has proven to 

be valuable. Deformation measurement in microsystem structure subjected to milling [Vogel 
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2007], In addition, DIC technique was used in the study of behavior of materials like polyurethane 

foams. [Jin 2007], polymer films [Park 2007b] and coating materials [Thompson 2007]. It was 

also used for material characterization at high strain rates [Tiwari 2005]. Although this technique 

has become popular in the thermal area of electronic packaging, it is fairly new in the field of drop 

and shock. DIC has been used to measure full field displacement and deformation gradient in 

electronic assemblies subjected to drop and shock [Lall 2007b, 2008a,b,Miller 2007, Park 2007a,b, 

2008], [Scheijgrond 2005] examination of velocity, rotation, bending on portable products 

subjected to impact test. Damping ratio on the surface of the board [Peterson 2008]. 

2.3 Finite Element Analysis and Cohesive Zone Modeling 

 During Impact test, it is difficult to measure displacement and their derivatives across board-

joint interface using strain gage and other experimental techniques. In the past, many researchers 

have tried to predict the transient dynamic behavior of board and product levels using various 

simulations. Prediction of transient dynamics has been investigated using equivalent layer models 

[Gu 2005], smeared property models [Lall 2004, 2005], Conventional shell with Timoshenko-

beam Element Model and the Continuum Shell with Timoshenko-Beam Element Model [Lall 

2006a,b, 2007a-e, 2008ad], implicit global models [Irving 2004, Pitaressi 2004], and global-local 

sub-models [Tee 2003, Wong 2003, Zhu 2001, 2003, 2004]. Implicit transient analysis with Input-

G Method [Luan 2004]. [Yeh 2004] used an implicit solver by translating the input acceleration 

pulse into effective support excitation load on the test vehicle. However, in product application 

transient dynamic stresses may be imposed on parts with accrued thermo-mechanical damage. Life 

prediction in presence of sequential and simultaneous transient-dynamic and thermal loads is 

presently beyond the state of art. Insight into the nature of damage initiation and progression will 

enable the formulation of damage relationships for life-prediction in shock environments. Material 
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deformation under high strain rates, previously, has been incorporated in simulation frameworks 

using linear elastic models and elastic-plastic models [Lall 2004, 2005, 2006a-c, 2007a-e, 2008a-

d, Xie 2002, 2003, Wu 1998, 2000] for interconnects. 

In this work, the transient dynamic behavior of leadfree and leaded solder interconnects has been 

studied in ball-grid array and copper-reinforced solder column package architectures using 

advanced FE techniques such as extended finite element method (XFEM) and cohesive zone 

modeling (CZM) for ceramic and plastic packages. Previous researchers have used various 

modeling methods to simulate shock and vibration including smeared property models [Lall 2004, 

2005], Timoshenko beam models with conventional and continuum shell [Lall 2006a,b, 2007a-e, 

2008a-d], global local sub-models [Tee 2003, Wong 2003, Zhu 2003, 2004], Implicit transient 

analysis with Input-G Method [Luan 2004]. [Yeh 2004] used an implicit solver by translating the 

input acceleration pulse into effective support excitation load on the test vehicle. Cohesive zone 

models are previously investigated to study failure at IMC layer [Lall 2007f, 2009]. Previously, 

the authors have developed explicit finite element models, cohesive zone models, and global-local 

models for prediction of transient dynamics and life prediction of electronics [Lall 2004, 2005, 

2006a-c, 2007a-e, 2008a-d]. Previous researchers have applied XFEM in various other fields such 

as concrete, composite materials [Unger 2007, Hettich 2008]. XFEM technique has been 

previously used in various other applications including shock and detonation loaded thin walled 

structures [Cirak 2007], thin films and nanotubes [Oswald 2009]. Delamination of composites and 

brittle fracture in polycrystalline microstructures are studied using this enrichment approach of 

XFEM [Sun 2009, Sukumar 2003]. The use of XFEM to predict leadfree interconnect survivability 

in electronics subjected to dynamic environments is new.  
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CHAPTER 3  

Board Level Drop Test Method for Handheld Surface Mount Electronics  

3.1 Introduction 

Electronics in portable products may be subjected to shock and accidental drop during normal 

usage. In order to determine the survivability of electronic components under accidental drop, the 

industry has adopted the JEDEC Test Standard JESD22-B111. The test standard prescribes the 

application of a 1500g, 0.5ms shock pulse to the board assembly. The test board for the JESD22-

B111 shock test has 15 components in a 3x5 component-array configuration on a 132 mm x 77 

mm test board [JEDEC 2003]. The test method widely used to assess the board level drop 

reliability of components for handheld electronic products. Previous researchers have shown that 

the asymmetric array configuration of the components on the JEDEC test board imposes different 

stresses at different component locations [Gu 2006; Park 2007; Farris 2008; Xie 2010]. Owing to 

the different stress histories, a large number of test boards are required to develop meaningful life 

distributions, since components from different locations cannot be plotted on the same Weibull 

graph. In this study, two new test board designs have been studied for symmetry of the shock pulse, 

strain and displacement distributions using a combination of high-speed imaging with 3D-DIC and 

simulation methods. Previously, Digital Image Correlation (DIC) has been widely used in a full 

field measurement by industry and researchers. [Zhou 2001, Yogel 2001, Hang 2005, Xu 2006] 

have studied the stresses in solder interconnects of BGA packages under thermal loading with DIC 

technique. Lall [2007, 2008, 2012] has measured deformation gradients and full field displacement 

in electronics subjected to drop and shock using digital image correlation. The use of 3D-DIC has 
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the advantage of providing full-field strain and displacement data. The new test board is 3-inch x 

3-inch in size. Configuration-A includes four components located symmetrically on the test board. 

Configuration-B includes one component per test board located symmetrically at the center of the 

test board. Both configuration-A and configuration-B of the board assemblies have been studied 

under 1500g, 0.5ms shock-pulse. In addition, the one component Board-B has been studied under 

2900g, 0.3ms shock-pulse as well. Explicit finite element models have been used to study both the 

strain and displacement response of the test assemblies at the board center and the package corners. 

Modal analysis has been used to characterize the mode shapes of the test board. High speed 

imaging along with 3D digital image correlation has been used to study the full-field transient 

strain and displacement distributions at the package corners on both the one component board and 

the four component board assemblies. All the components have been monitored in-situ for resistive 

opens using high-speed data acquisition system. Previously, Xie [2013] studied the strain response 

of the two-board configuration using stain gages at discrete locations. This studyôs acquisition of 

full -field displacement and strain data with high speed imaging to study transient mode shapes, 

use of explicit finite element models to capture the transient dynamic response of the board 

assemblies, and use of high-speed data acquisition for in-situ damage monitoring of all the 

components is new. Results shown in this study can be used to assess the potential of the new test 

board design to provide uniform strain distributions on the test board for all components under 

test. 

3.2 Test Vehicle 

Two test boards have been used to characterize the strain field levels and the transient dynamic 

behavior. Test Assembly-A is a 3ò x 3ò square boards with four-BGA packages. Test Assembly-

B is a 3-inch x 3-inch square board with one-BGA package mounted in the center (Figure 3.1). 
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The BGA is 13mm x 13mm in length and width and the PCB has 6 layers with a thickness of 1mm. 

The BGAs in both test assemblies are mounted in a symmetric configuration with respect to the 

board center. There is 10-pin connector at each corner and one screw hole at each corner of PCB. 

The X-ray image of the package footprint is shown in Figure 3.2. All the packages are identical 

and have the configuration as shown in the Table 3.1. 

 

 

Figure 3.1: Test vehicle(A) on the left and Test vehicle (B) on the right 

 

Table 3.1: Package attributes  

Ball I/O Count 432 

Ball Pitch 0.4mm 

Chip Size 8mm x 8mm 

Body Size 13mm x 13mm 

Ball Matrix 31 x 31 Partial-Array 

Package Type CVBGA 

Ball Diameter 0.25mm 

Substrate Pad SMD 
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Figure 3.2: Package footprint seen through X-Ray imaging 

 

 

3.3 Experimental Setup 

The drop test was setup as per the layout shown in Figure 3.3. The test boards were subjected 

to controlled drop under 1500g, 0.5ms and 2900g, 0.3ms test conditions on a Lansmont Model-23 

shock tower. The required sine wave pulse was obtained using pulse shapers on the shock tower. 

 

 

Figure 3.3: Drop test layout 

 

An accelerometer of sensitivity 0.103 mV/g was used to measure the acceleration levels during the 

shock event. Drop heights for 1500g and 2900g levels were 14.2 inches and 20.6 inches 

respectively. A sample 1500g shock pulse is shown in Figure 3.4. The shock tower used an assisted 

gravity drop to attain the g-level required for the shock event. Package continuity was monitored 

during the transient dynamic shock event using a high-speed data acquisition system at a sampling 
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rate of 5 MHz. The data acquisition system was triggered to monitor for loss of continuity for 

every shock event. Each test package on the test assembly was in situ monitored for any high 

resistance events during the transient shock event to identify loss of continuity because of 

interconnect failure. 

 

Figure 3.4: 1500g shock pulse 

 

 

 

Figure 3.5: High-speed video recording setup for 3D-DIC 
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Figure 3.5 shows the drop tower test setup and high-speed camera setup. The test board was 

speckle coated on the top surface facing the high-speed cameras. The speckles were used to 

measure the full-field strain and displacement of the test assembly during the shock event. The 

board assemblies were mounted to the shock-base with the components in the face down 

configuration as specified in the JEDEC JESD22- B111 test standard. Targets were mounted on 

the front face of the test assembly to measure the velocity prior to impact of the drop base. The 

velocity of the target points was measured from Image Analysis software. Figure 3.6 and Figure 

3.7 shows the close-up views of the speckle coated test board mounted on the shock-tower. The 

drop event was simultaneously captured by two high speed cameras at 25,000 fps. The images 

extracted from the high speed video cameras were used to perform the 3D DIC analysis. 

 

Figure 3.6: Test-board mounted on the drop tower 
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Figure 3.7: Speckle coating on the PCB for DIC purposes 

 

 

3.4 Input Velocity  

 The high-speed cameras have been mounted on rigid tripod mounts to prevent movement of 

the cameras during the shock event relative to the shock tower or relative to each other. Two targets 

have been attached to the base and a target on the drop tower frame to track the rigid body motion 

before impact Figure 3.8. Software called Motion Plus has been used to calculate rigid body 

displacement of the whole drop event before impact. The initial velocities have been calculated 

through the first derivative of the displacement function. The velocities just before the impact for 

1500g and 2900g drop levels were measured to be 2.417 m/s and 3.280 m/s respectively. 
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Figure 3.8: Target tracking before drop (a), during drop (b) and after impact (c) of the drop event 

 

3.5 Explicit Finite Element Model 

The transient dynamic response of the board assemblies during the shock event has been 

modeled using explicit finite element models. Reduced integration elements have been used for 

model both reduced integration shell element S4R for the printed circuit board, reduced integration 

8-node solid element for the package, and the Timoshenko beam element for the solder 

interconnects. Figure 3.9 shows the finite element models for the four-component test assembly 

and the one component test board assembly.  
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(a)                                                                       (b) 

 

Figure 3.9: FE models of 4-component test vehicle (a) and 1-component test vehicle (b) 

 

The governing differential equation of motion for the system consisting of board assembly 

mounted on the shock table system can be expressed as 

ext
n n nn[M]{D} +[c]{D} +[K]{D} ={R }        [1] 

Where {D} is the d.o.f vector, the ñ.ò on top represents time differentiation, and subscript ñnò 

represents the time-step. 
e

{R }
xt

n
 is the external force. The degree of freedom vector has been 

discretized in time using a Taylor series. Taylor series expansion of the {D}  vector at time step at 

n+1 and n-1 

2 3

nn nn+1 n
ȹt ȹt

[D] ={D} + ȹt.{D} + {D} + {D}
2 6

       [2] 

2 3
- -n nn 1 n-

ȹt ȹt
[D] ={D} ȹt.{D}+ {D} {D}

2 6
       [3] 

Equation (5) and (6) have been combined to calculate the velocity and acceleration of the body. 

Higher order terms have been omitted. So, velocity and acceleration can be written as 

1 1

1
[ ] ({ } { } )

2.
n nn

D D D
t

+ -
= -          [4] 
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1 12

1
[ ] ({ } 2{ } { } )n nn nD D D D

t
+ -

= - +
D

      [5] 

The equation of motion has been updated by substituting the expressions for velocity and 

acceleration from Equations (4) and (5) into Equation (1) to derive the Equation (6), 

2 1 12

e
1

1 1 1 1
[ ]{ } {R } [ ]{ } [ ](2{ } { } ) [ ]{ }

2. 2.
n nn n n

xt
nM C D K D M D D C D

t t t t
- -++ = + + - +

D D D
 [6] 

For initial condition (n=0), [D]-1 has been calculated by given starting conditions for the board 

assembly mounted to the shock table including initial displacement {D} 0, velocity just before 

impact. {D} 0 has been computed by equation of motion 

1 e

0 0 0 0
[ ] { } ({R }) [ ]{ } [ ]{ } )xtD M K D C D

-
= - -     [7] 

Thus, based on (6) [D]-1 can be obtained by ignoring the higher order term ȹt3.  

2

01 0 0
[ ] { } .{ } { }

2

t
D D t D D
-

D
= -D +        [8] 

The degree of freedom vector at the next time step, [D]n+1 requires the computation of the internal 

force vector {Rint} n. The internal force vector {Rint} n has been obtained from the displacement 

vector at the prior time step {D}n and constitutive laws for the materials in the board assembly and 

shock table. Therefore, strains at n.ȹt are known. 
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Figure 3.10: Isometric view of the finite element model of the 1-component test vehicle 

 

Figure 3.11: Front view of the 1-component test vehicle model 

 

Figure 3.12: Cut-Section of the BGA Finite Element Model of the One-Component Board  
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The PCB has been modeled with reduced integration S4R shell elements. The components 

have been modeled with solid C3D8R elements and B31 Timoshenko beam elements. The 

concrete floor has been modeled with rigid R3D4 elements. A reference node has been placed 

behind the rigid wall for application of constraints. Node to surface contact has been used for 

impact between the shock table and the floor. An event length of 5ms after impact has been 

modeled. Time history has been monitored at a time period of 0.1ms at the corner solder joints of 

all BGAs in the test assembly. Transient dynamic behavior of the populated board assemblies has 

been modeled under transient shock from two different initial velocities to get acceleration level 

of 1500Gs and 2900Gs have been simulated using ABAQUS Explicit. The experimentally 

measured velocity prior to impact using high speed imaging has been assigned as the initial 

conditions for the finite element model. The velocities before the impact were 2.417 m.s-1 and 

3.280 m.s-1 for the 1500g and 2900g levels respectively. 

 

Figure 3.13: Front View of the Finite Element Model of the four-Component Board Assembly-A 
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Figure 3.14: Transient dynamic model response before and after impact for four-component TV 

 

 

Figure 3.15: Transient dynamic model response before and after impact for one-component TV. 
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3.6 Material Properties 

The simulated weight of the model for all components and test board closely approximates 

the actual weight. Table 3.2 shows the material properties used as inputs for development of the 

smeared property models. Table 3.3 shows the simulated and actual weights for test boards A and 

B. Solder joints have been modeled using high strain rate properties from [Lall 2012] shown in 

Figure 3.16. 

Table 3.2: Material properties input for the FE explicit model 

 Elastic Modulus (GPa) Poissonôs Ratio Density (Kg/m3) 

Solder Ball 

(SAC105) 

42 0.37 7400 

Mold Compound 23.5 0.25 1650 

Die 162 0.28 2320 

Die Attach 2.76 0.35 7800 

Epoxy Film 0.649 0.35 2100 

BT Substrate 17.4 0.28 1800 

Bare FR406 22.4 0.35 1850 

 

Table 3.3: Comparison of actual and simulated masses 

Board Actual weights in gms 

Simulated model weight 

in gms 

Test board A 13.72 13.98 

Test board B 12.67 12.94 
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Figure 3.16: Stress vs. Strain for 1-day room temperature (25°C) aged SAC105 alloys at strain 

rates of 10 per sec, 35 per sec and 50 per sec [Lall 2012]. 

3.7 Modal Analysis 

Natural frequencies and mode shapes for both the test board assemblies have been extracted 

from modal analysis of the board assemblies. The first six-modes correspond to three translations 

and three- rotations and have been ignored. Figure 3.17 to Figure 3.26 show the deformation mode 

shapes 1, 2, 3, 4, 5 for both test assembly A and B. Mode shapes 2 and 3 are identical as the test 

board is symmetric. For the four-component test board-A, the eigen frequencies for deformation 

mode shapes 1 thru 5 are 454.44 Hz, 848.64 Hz, 981.97 Hz and 1610.8 Hz. For the one-component 

test board- B, the eigen frequencies for mode shapes 1 thru 5 are 468.92 Hz, 854.65 Hz, 978.45Hz 

and 1596.2 Hz (Table 3.4). The transient mode shape is dominated by mode 1 and mode 4. While 

all the components on the four-component board experience the same deformation in mode-1; it 

can be seen that the deformation history is different for mode shapes 2-5 for the four component 

locations. 
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Table 3.4: Natural frequencies for the Four-Component Test Board and the One Component Test 

Board 

 Four-Component Test Board-A One component Test Board-B 

Natural Frequency-1 454.44Hz 468.92Hz 

Natural Frequency-2 848.64Hz 854.65Hz 

Natural Frequency-3 981.97Hz 978.45Hz 

Natural Frequency-4 1610.8Hz 1596.2Hz 

 

 

Figure 3.17: Mode-Shape-1 for Four Component Test Assembly-A 
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Figure 3.18: Mode-Shape-2  for Four Component Test Assembly-A 

 

 

Figure 3.19: Mode-Shape-3 for Four Component Test Assembly-A 
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Figure 3.20: Mode-Shape-4 for Four Component Test Assembly-A 

 

 

 

 

Figure 3.21: Mode-Shape-5 for Four Component Test Assembly-A 
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Figure 3.22: Mode-Shape-1 for One-Component Test Assembly-B 

 

 

 

 

Figure 3.23: Mode-Shape-2 for One-Component Test Assembly-B  
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Figure 3.24: Mode-Shape-3 for One-Component Test Assembly-B 

 

 

 

Figure 3.25: Mode-Shape-4 for One-Component Test Assembly-B 
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Figure 3.26: Mode-Shape-5 for One-Component Test Assembly-B 

 

 

3.8 Model Predictions 

In this section, the model predictions from the explicit finite element transient dynamic model 

have been presented for both 1500g and 2900g shock pulses.  

3.8.1 Printed Circuit Board Displacement Field  

The peak board deflection and strains along with solder joint stresses have been extracted for 

both board assembly A and B subjected to the shock levels of 1500g and 2900g. The symmetry of 

the strain field on the test board at the various component locations and at the corner interconnects 

of each component have been evaluated. The location of the peak stress in interconnects has also 

been identified. Figure 3.27 shows the deformation field under a 1500g transient shock is 

symmetric and the four components on Board Assembly-A experience the same displacement field 

on the printed circuit board after impact. The one-component test board-B experiences the 

symmetric transient deformation on the PCB for both 1500g and 2900g shock levels. Figure 3.28 
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shows the deformation field under 1500g for the one component test board-B. Figure 3.29 shows 

the deformation field under 2900g for the one-component test board-B. 

 

 

Figure 3.27: Model Predictions of Peak Deflection for Four- Component Board-A under Shock-

Impact at 1500g. 

 

 

 

Figure 3.28: Model Predictions of Peak Deflection for One- Component Board-B under Shock-

Impact at 1500g 
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Figure 3.29: Model Predictions of Peak Deflection for One- Component Board-B under Shock-

Impact at 2900g 

 

 

3.8.2 Solder Joint Transient Strain History 

The solder joint stress has been extracted from the corner interconnects for each of the 

component corners on the four-component test assembly-A, and for all corners of the one 

component test board-B. Model predictions indicate that the strain experienced by the corner 

solder joints along the length of the beam (z-direction) in the corner interconnects are symmetric 

shown by the overlapping strain histories of Ůzz strain in Figure 3.30. The symmetry of the strain 

histories in the corner interconnects is shown to be valid even for the 2900g shock impact for the 

one-component test assembly-B (Figure 3.31). Further, for the four-component test assembly-A, 

all interconnects at the inner corners show symmetry in strain histories (Figure 3.32). The outer 

corner interconnects also show symmetry of strain histories between the four components of the 

test assembly-A (Figure 3.33). The out of plane deflection contours of the one component test 
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board- B under 1500g shock-impact at various times during the shock event is shown in Figure 

3.34 showing symmetry of deformation field during the shock event. 

 

Figure 3.30: Interconnect Strain at location of the corner interconnects of one-component test 

board-B under 1500g shock-impact 

 

 

 

Figure 3.31: Interconnect Strain at location of the corner interconnects of one-component test 

board-B under 2900g shock-impact 
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Figure 3.32: Interconnect Strain and in the INNER corner interconnects of four-component test 

board-A under 1500g shock-impact 

 

 

 

Figure 3.33: Interconnect Strain in the OUTER corner interconnects of four-component test 

board-A under 1500g shock-impact 



40 

 

  

Figure 3.34: The out of plane deflection at (a) 2.25ms , (b) 3.25ms and (c) 4.25ms of the one 

component test board-B under 1500g shock. 

 

3.9 Symmetry of Board Strain at the Corner Interconnect Locations 

The strain in the PCB at the corner interconnects of both the test boards have been extracted. 

The strains of the one component test board-B at the four corners along x and y for 1500g and 

2900g drop impact is shown in Figure 3.35 and Figure 3.36 respectively. It is observed that all the 

four corners experience nearly the same strain levels in the PCB shown by overlapping plots from 

corner 1 thru corner 4. As the component location is at the center and symmetric from four corners 

of the board, the strains along x-direction are nearly identical as that in y-direction. Figure 3.35a 

and Figure 3.35b show nearly identical behavior and further this is true for Figure 3.36a and Figure 

3.36b. In the case of four component testboard-A the x-strains in the PCB near all eight inner 
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corners (Figure 3.37a) are nearly identical. A similar trend is seen in the y-strain as well indicated 

by the overlapping curves in Figure 3.37b. However, the x-strain and the y-strain are not equal, 

since in the four-component configuration, the location of the corners are not symmetric w.r.t. 

edges of the board. The lack of equality in the x-strain and y-strain is seen near the outer corners 

(Figure 3.38) of the components as well. However, the outer-corners have nearly identical x-strain 

value between the four component locations ï shown by the overlapping curves in Figure 3.38a. 

Further, the outer-corners have nearly identical y-strain value between the four component 

locations ï shown by the overlapping curves in Figure 3.38b. 

 

Figure 3.35: Strain in the PCB at location of the corner interconnects of one-component test 

board-B under 1500g shock-impact (a) Ůxx and (b) Ůyy 
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Figure 3.36: Strain in the PCB at location of the corner interconnects of one-component test 

board-B under 2900g shock-impact (a) Ůxx and (b) Ůyy 

 

    

Figure 3.37: Strain in the PCB at location of the INNER corner interconnects of four-component 

test board-A under 1500g shock-impact (a) Ůxx and (b) Ůyy 

 



43 

 

 

Figure 3.38: (a) Ůxx and (b) Ůyy Strain in the PCB at location of the OUTER corner interconnects 

of four-component test board-A under 1500g shock-impact 

 

3.10 Experimental Data on Transient Deformation during Shock-Impact 

In this section experimental measurements of PCB transient strains using 3D-DIC have been 

presented. 

3.10.1 Printed Circuit Board Displacement Field 

From 3D-DIC measurements, the peak board deflection and strains have been extracted for 

both board assembly A and B subjected to the shock levels of 1500g and 2900g. The symmetry of 

the strain field on the test board at the various component locations and at the corner interconnects 

of each component have been evaluated. The location of the peak strains in printed circuit board 

has also been identified. Figure 3.39 shows the deformation field under a 1500g transient shock is 

predominantly symmetric with small degree of asymmetry. The four components on Board 

Assembly-A experience the approximately the same displacement field on the printed circuit board 

after impact. 
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Figure 3.39: Deflection for four-Component Board-A under Shock-Impact at 1500g  2 ms after 

impact 

 

 

Figure 3.40: Deflection for one-Component Board-B under Shock-Impact at 1500g 2 ms after 

impact 
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The slight degree of asymmetry in the displacement field indicated by the offset in the peak 

deformation at the center of the board assembly is attributed to board assemblyôs manufacturing 

variability and tolerances. Experimental data in Figure 38a, b, also indicates that the symmetry of 

the displacement field continues throughout the transient deformation of the board assembly. 

Figure 39 and Figure 40 show that the predominant symmetry of the board assemblyôs 

displacement field is valid for the 1500g and the 2900g shock impact condition for the one-

component test assembly-B as well. The out of plane deflection of the one component test board-

B under 1500g shock- impact at various events is shown in Figure 41. The images were captured 

using a high-speed camera operating at 25,000 fps. 

 

Figure 3.41: Deformation History for one-component test board-B under 1500g shock-impact at 

time 2ms, 3ms and 4.5ms 

3.10.2 Symmetry of Board Strain at the Corner Interconnect Locations 

Strains have been extracted in the PCB near the corner interconnects of both the test assemblies 

A and B to evaluate the peak value and its symmetry. Figure 42 shows the PCB xstrain and PCB 

y-strain time histories of the one component test assembly-B under 1500g drop impact. 
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Figure 3.42: (a) Ůxx and (b) Ůyy Strain in the PCB at location of the corner interconnects of one-

component test board-B under 1500g shock-impact 

 

Figure 3.43: (a) Ůxx and (b) Ůyy Strain in the PCB at location of the corner interconnects of one-

component test board-B under 2900g shock-impact 
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Figure 3.44: (a) Ůxx and (b) Ůyy Strain in the PCB at location of the INNER corner interconnects 

of four-component test board-A under 1500g shock-impact 

 

 

Figure 3.45: (a) Ůxx and (b) Ůyy Strain in the PCB at location of the OUTER corner interconnects 

of four-component test board-A under 1500g shock-impact 

 

The strain distribution along x direction near the four corner interconnects are very similar as they 

overlap. Similarly along y direction the four corner regions experience almost same strain levels. 

The strains are symmetric along x and y and both the strain distributions behave in a similar 

fashion. The test assembly experiences approximately same peak value of strain in both the x and 
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y direction. This observation of the symmetry of the strain and its amplitude can also be seen in 

the 2900g drop impact of one component test assembly-B in Figure 43. Figure 44 shows the PCB 

x-strain and PCB y-strain time histories near the inner corner interconnects under 1500g drop 

impact of test assembly-A. The strain distributions at all the inner corners are similar but not 

identical. This offset in the strain distributions of inner corners in both x and y directions can be 

attributed to board assemblyôs manufacturing variability and tolerances. Figure 45 shows the PCB 

x-strain and PCB y-strain time histories near the outer corner interconnects under 1500g drop 

impact of test assembly-A. The strain distributions at all the outer corners are similar but not 

identical. This offset in the strain distributions of outer corners in both x and y directions can be 

attributed to board assemblyôs manufacturing variability and tolerances. The peak amplitude of the 

outer x-strain and outer y-strain is slightly higher than that at the inner corners. 

3.10.3 Validation of Model Predictions with Experimental Measurements 

Model prediction of board strains have been validated with experimental measurements of 

board strains from high speed 3D digital image correlation. Figure 46 and Figure 47 show the 

transient strain histories at the package corners for the one component test board-A under 1500g 

and 2900g shock impact respectively. The peak strain is in the neighborhood of 2500ÕŮ at the 

package corners under a 1500g shock impact. Figure 47 shows the same behavior where the peak 

strain is in the neighborhood of 3000ÕŮ at the package corners under a 2900g shock impact. The 

mean experimental value of the strain from the four corners has been considered for validating 

with the model prediction. The strain histories from the experimental measurements and the model 

prediction show a good correlation. 



49 

 

 

Figure 3.46: Correlation of model predictions of board strain versus experimental measurements 

of board strain from high speed 3D-DIC at CORNER-3 under 1500g shock impact for the one-

component test assembly-B. 

 

 

Figure 3.47: Correlation of model predictions of board strain versus experimental measurements 

of board strain from high speed 3D-DIC at CORNER-3 under 2900g shock impact for the one-

component test assembly-B. 
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3.11 Weibull distribution and Failure analysis 

Board assemblies have been tested to failure to determine the drops to failure under both 1500g 

shock and 2900g shock test. No-failures have been observed in the one component test assemblies 

under 1500g shock impact till 19-drops. However, complete failure of the four component test 

board assembly has been observed at 19 drops (Figure 48). Figure 49 shows the close up image of 

the failure near U1A component location on the PCB and the Component. Thus, the four 

component test assembly configuration imposes higher stresses on the components than the one 

component test configuration under a 1500g, 0.5ms impact. Figure 50 shows still images from a 

high speed video of the failed package number U4A of test board A. Figure 51 shows the Weibull 

failure distribution plot of the test board A under 1500g, 0.5ms drop. The failure data is consistent 

with the model predictions and experimental measurements of board-strain at location of the corner 

interconnects, which is higher for the four-component test assembly-A compared to the one 

component test assembly-B. 

 

 

Figure 3.48: Failed components of the four component test assembly-A under 1500g drop. The 

drop numbers on the board assembly numbers indicate the number of drops to fail 

for the respective component location. 
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Figure 3.49: Close up image of the failure site at (a) U1A PCB footprint and (b) U1A BGA 

package 

 

 

Figure 3.50: High speed video image capture of failed package number U4A of test board A 

under 1500g drop 

 

 
















































































































































































































































