
ANALYSIS OF A GENERIC FLIP CHIP UNDER SHOCK AND VIBRATION

RECOMMENDED:

By

Uday Bhaskar Kasturi

APPROVED:

RASMUSON LIBRARY
UNIVERSITY OF ALASKA-FAIRBANKS

1002652059



ANALYSIS OF A GENERIC FLIP CHIP UNDER SHOCK AND VIBRATION

A

THESIS

Presented to the Faculty 

of the University of Alaska Fairbanks

in Partial Fulfillment of the Requirements 

for the Degree of

MASTER OF SCIENCE 

By

Uday Bhaskar Kasturi, B. Tech

Fairbanks, Alaska 

j -  | December 2004
1 K
^ f . 5 3

7  o o 4 -



Abstract

A flip chip package, underfilled or non-underfilled, was analyzed under 

mechanical shock and/or vibration at the device and board levels, respectively. For the 

tests at the device level, the maximum stress developed at the comer-most solder joint. 

The horizontal drop orientation, with the chip facing up, produced the worst scenario for 

solder joint lifetime prediction. The underfilled package is better than non-underfilled 

under the excitation of mechanical shock and vibration. Parametric studies o f the 

underfill material strength suggested that the higher the elastic modulus, the better it 

carried the mechanical shock. However, practically the upper bound of the elastic 

modulus is limited to avoid die cracking due to thermal mismatch of material expansion. 

The combined loading of thermal residual stress and mechanical shock was also 

conducted to study their influence on the solder lifetime prediction. It was found that the 

thermal pre-stressed condition plays a key role for the von Mises stress excursion, but has 

almost no influence on the shock-induced normal stress. The phenomenon appears 

similarly in the board level testing, but with worse reliability in solders due to the higher 

stresses induced.
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1. Flip Chip Packaging Technology

1.1 Introduction

An electronic package in its simplest form consists of a semiconductor material, 

usually silicon which consists of millions of transistors acting as switches. The 

interconnection from the silicon die to the substrate is in the form of lead wires, tabs or 

bumps. The bumps are usually cylindrical or spherical in shape. The leads are usually 

made of copper or aluminum material while the bumps are made from different 

combinations of tin and lead alloys o f solder materials. Commonly used solder is of 

eutectic composition (63% Sn 37 %Pb). Recently, lead free solders are gaining 

popularity.

An electronic package could fail at the interconnects due to the thermal 

coefficient mismatch between the die and the substrate as the chip gets heated. The 

failure of the package can also be caused by shock and vibration occurring during 

transportation, machine dependent vibrations, mishandling, etc. Electronic packages are 

almost always used in all the electronic equipment like automobiles, space shuttles, 

medical devices, televisions, computers, radios, phones, etc. Reliability is important in 

this regard to ensure safe and continuous operation of the device.

The present chapter briefly discusses the packaging evolution and focuses on the 

flip chip technology. The importance of using underfills is discussed. Some of the 

common failure types in flip chips are mentioned. The reliability tests, like the thermal 

cycling, shock and vibration tests, are also discussed, along with the life prediction 

equations.

1.2 Package Evolution

The first integrated circuit (IC) was developed in late 1950’s. These Transistor 

Outline (TO) Cans are the simple transistors. Later, in the early 1960’s, the Dual-Inline- 

Packages (DIP) were developed. In DIPs, the leads are perpendicular to the body for 

inserting the mounting onto printed wiring boards (PWBs) using plated through holes
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(PTH). The Surface Mount Technology (SMT) evolved in the 1970’s. Instead of 

inserting the leads into the PWB, the ICs can be mounted on either side, thereby 

increasing the density of ICs on the PWB. The mounting is accomplished by reflow 

solder technology. The next to follow were the Quad Flat Packs (QFPs) and Pin Grid 

Arrays (PGAs) in the 1980’s. These packages supported both leadless and leaded types 

on plastic as well as ceramic bodies. The leads are present on all 4 sides of the package 

and there can be up to 200 I/O’s. PGAs can have up to 600 I/O’s. In the early 1990’s Ball 

Grid Arrays (BGAs) were developed. They contain a matrix of solder bumps at their base 

and have the advantage of supporting higher densities, smaller footprint and shorter 

electrical paths for faster signal propagation. The BGAs can be used in Multi Chip 

Module (MCM) packaging. The BGAs were followed by the Chip Scale Packages 

(CSPs) in the late 1990’s. They are the most compact, about 1.2 times the size of a bare 

die. They include the micro-Ball Grid Array (pBGA), mini-BGA, and micro-Surface 

Mount Technology (pSMT) packages (Chenjian). The packaging evolution is shown in 

Fig. 1.1.

1C Packaging Evolution
TO Can

  — ^
Time and Packaging Efficiency

Fig. 1.1 IC package evolution.

(Source: http:// www.virtualave.net/packaging)

http://www.virtualave.net/packaging
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1.3 Levels of Interconnects in an Electronic Package

There are up to six levels of interconnects in an electronic package. The first three 

levels are relevant to the discussion here. The chip or die is the semiconductor material, 

usually silicon, which consists of millions of transistors acting as switches. Level zero is 

the bumping of the solder bump on the chip. An Under Bump Metallization (UBM) layer 

is present over the die. This prevents corrosion, and provides good electrical contact and 

adhesion between the bump and the chip. Level one connects the die to the substrate. A 

substrate is a thin intermediate board between the chip and the PCB (Printed Circuit 

Board) for spreading the electrical wiring. Level two connects the substrate on to the 

PCB or card. Level three connects a PCB or card onto another PCB or motherboard. The 

first three levels of interconnects are shown in Fig. 1.2 (Lau 1998).

The testing carried out at the package level is called component level testing. The 

testing carried out at the circuit board level is called board level testing. The analysis 

carried out on the entire product to test its reliability is called product level testing.
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► Level Zero

► Level One

► Level Two

(Source: http ://www. chipscalereview. )

Fig. 1.2 Levels of interconnects in an electronic package.
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1.4 Flip Chip Technology

In the early 1960s, IBM developed flip chip on ceramic carriers for its Solid 

Logic Technology (SLT). The flip chip technology is the advancement of the Surface 

Mount Technology (SMT) in which the bare die is flipped, i.e., active face facing down, 

and hence is called the “flip chip”. The connection from the active die side to the chip 

carrier is usually through the solder bumps, also called C4 (Controlled Collapse Chip 

Connection). The bumps give the electrical and mechanical interconnectivity between the 

die and the carrier. The bumps can be arranged in an area array pattern or on the 

periphery. The name “flip chip” is not a specific package or a package type; instead, it is 

one o f the bonding technologies for providing electrical contact from the chip to the chip 

carrier/PCB (Rao 2001). The flip chip type of package is shown in Fig.1.3.

(-Source: http://www. asymtek. com)

Fig. 1.3 Flip chip type of bonding of the chip to chip carrier in a BGA package and 
a Flip Chip on Board (FCOB), respectively.

http://www
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1.5 Bonding Techniques

Interconnects connect the die to the substrate for providing electrical contact. The 

different types of bonding technologies (chip to package or substrate technologies) in the 

electronic packaging are wire bonding, tape automated bonding (TAB) and flip chip 

bonding. The different bonding techniques are schematically shown in Fig. 1.4.

WIRE BOND

-ACTIVE FACE
WIRE

PAD

TAB

INNER LEAD BOND 
ENCAPSULATION

FLIP CHIP

ACTIVE FACE

BUMP

UNDERFILL

Fig. 1.4 Different interconnect techniques.

Advantages of the flip chip technology are that it can have high I/O connections, small 

size, surface mount technology compatibility, and high electrical and thermal 

performance in comparison to the other bonding techniques.

1.6 Flip Chip Bonding to Organic Substrates

The packages can be attached to ceramic or organic substrates. Packages on 

ceramic substrates are more reliable but organic substrates are cheaper and hence widely 

used, especially in consumer electronics. But the problem with organic substrates is that 

they have a higher Coefficient of Thermal Expansion (CTE), around 17-22 ppm/°C, while 

the CTE for silicon is of the order 3ppm/°C. This causes a considerable amount of shear 

stress and strains in the solder joints at higher temperatures. That results in a low fatigue 

life and poor reliability at the comer-most solder joint because it is the farthest point from
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the neutral point. This is shown in Fig. 1.5. One way to reduce this strain or stress is to 

use underfill (Rao 2001).

The shear strain in the comer most solder ball is given by

[D N P*((C T E „m„ ♦ A T ^ M C T E s ,  »ATsi))]

H 1 ' '

where AT is the relative thermal excursion

H is the solder height

DNP is the distance to neutral point

CTE is the coefficient of thermal expansion

1.7 Underfills

An interesting observation was made by Tsukada of IBM, Japan in 1970s. It was 

found that underfilling the flip chip improves the interconnection reliability on the board 

greatly.

The underfill in its simplest form consists of a polymer like epoxy compound with 

suspended filler particles. The controlled addition o f the filler particles gives the desired 

properties to the underfills. The filler particles can be conductive or nonconductive. The 

commonly used nonconductive filler particles are silica and the conductive filler particles 

are silver flakes (Bober et al. 2000).
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The methods o f  applying the underfill are classified mainly into the post

dispensed and pre-dispensed techniques. In the post-dispensed technique, the underfill is 

applied after assembling the chip to the substrate. The application of underfill requires the 

underfill material to be in its liquid state so that it can flow into the standoff gap between 

the die and the substrate. In the pre-dispensed technique, the underfill is applied before 

assembling the chip on to the substrate or board. The underfill can be either in the solid or 

liquid form; it can be applied either on the die or on the substrate before assembling the 

package (Gilleo & Blumel 1999). Usually, the post- dispensed underfills are thermo

plastic (reworkable), but the pre-dispensed underfills are not thermo-plastic since 

reworkablity is difficult.

1.7.1 The Need for Underfills

Underfilling greatly improves the reliability of interconnects, both with ceramic 

and organic substrates. However, underfill is usually applied to the organic substrates. 

The organic substrates are cheaper and hence used for customer products. But with 

organic substrates, the CTE mismatch between the chip and the substrate is much higher, 

leading to higher stresses at low and high temperatures.

The lifetime of the interconnects in a flip chip with ceramic substrate is high even 

without underfill. Therefore, though underfilling improves the interconnect life in 

ceramic substrates, they are not generally used because of the fact that underfilling 

prevents reworkability and Surface Mount Technology (SMT) compatibility.

In organic substrates without underfill, the thermo-mechanical stresses (shear 

stress) developed in the interconnect bumps is very high. However, with the addition of 

underfill to the flip chip, the shear stress is distributed in the underfill and the 

interconnect bumps. In fact, the underfill takes most of the stresses, increasing the 

reliability of interconnects. In case of devices that are prone to mechanical shocks, the 

underfill is necessary and effective in reducing the mechanical stresses in the bumps, 

increasing the reliability (Rao 2001). The performance of the flip chip package with and 

without underfill is graphically shown in Fig. 1.6.
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Fig. 1.6 Strain in the solders with and without underfill.
(Source: Rao 2001).

1.7.2 Requirements of Underfill

The elastic modulus of the underfill should neither be too low (very soft material) 

nor too high (hard material). However, it must be soft enough to reduce the stress it 

applies on the package and hard enough to take the stress caused by the CTE mismatch 

and mechanical shock. In the case of a flip chip solder bump, the ideal elastic modulus 

must fall between 5-8 GPa, depending on the package dimensions and other parameters. 

The underfill must protect the interconnect bumps from mechanical shock and bending. 

The CTE of an ideal underfill must match that o f the solder. However, the CTE range is 

10-30ppm/°C. The elongation of the underfill (greater than 1%) must be sufficient to 

resist the CTE mismatch stresses. The underfill must have low moisture (less than 1%) 

absorption. Underfill must have the capacity to absorb the harmful alpha particles emitted 

by the solder bumps. Also, the underfill must have good chemical resistance. The ionic 

impurities like Na+, K+ and Cl" must be less than lOppm. The glass transition temperature 

must be high (Tg must be greater than 130°C). The underfill must have good adhesion 

strength (greater than 50MPa in shear) to other materials of the package. The underfill 

must have high thermal stability, which means that it must not decompose during the 

reflow process of the solder bumps. Also the weight loss should be negligible when
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exposed to high temperature. A good underfill should not have more than 1% weight loss 

when exposed to above 260°C. The time required to cure the underfill must be short and 

the curing temperatures must be low. For a good underfill, curing time must be less than 

30 minutes at 160°C. The underfill must exhibit excellent flow properties (greater than

0.5mm/s). The pot life of the underfill, i.e., the time that the underfill remains workable 

before a 20% increase of viscosity, must be sufficient. For flip chips, the pot life at room 

temperature must be greater than 8 hours. This provides a long usable life for the 

underfill. The underfill must exhibit a good storage modulus, i.e., the underfill should 

have a stable value of storage modulus with time (Tian et 2003).

The advantages of underfill include improved lifetime with respect to thermal and 

mechanical shocks and protection from moisture and other environmental conditions. In 

the case of solder bumps, the solder material emits alpha particles, which are harmful to 

the logic circuits on the chip. The underfill can absorb these particles.

On the other hand, underfilling is not very compatible with SMT. It prevents 

reworkability and some of the methods for curing underfill are time consuming.

1.8 Failure Modes in Flip Chips

Delamination and Void Growth: Delamination occurs when the stress at the 

interface exceeds the interfacial fracture strength, which may be due to the lack of 

cleanliness and material incompatibility. The main reason for delamination is the low 

adhesion strength between the two different material interfaces. Delamination can occur 

between any two layers of the package.

Solder Migration: Solder migration occurs at higher temperatures (due to curing 

or during the operational life of chip), when there is a void or delamination in the area 

adjacent to the solder bumps. As the solder expands (or as the underfill shrinks) the 

solder material is forced into the surrounding void. This solder migration increases the 

electrical resistance and may sometimes lead to solder bridges, thus shortening the device 

life.
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Die Cracking: The silicon wafer is very brittle. Under a temperature excursion, 

bending stresses will be induced in the packages. The defective sites (due to material 

defects or machining defects like blade scoring and chopping) act as stress raisers and 

reduce the fracture strength. The die fracture occurs when the maximum principal tensile 

stress reaches the effective fracture strength of the die.

Underfill Fillet Cracking: Fillet cracking occurs mainly in assemblies subjected 

to thermal cycling. Fillet cracks can be observed at the chip-side (“V” shaped cracks) or 

board-side (short cracks extending parallel or moving up the fillet).

Solder Fatigue Cracking: Solder fatigue cracking is a common mode of failure in 

flip chips. It occurs due to repetitive cycling from high positive (tensile) stress to high 

negative (compressive) stress, leading to a crack through the interconnection. Solder 

fatigue is mainly due to increasing delamination of the underfill to die passivation 

interface. This delamination develops stress concentrations at the solder joints causing a 

fatigue crack to propagate through the interconnection. The solder fatigue life can be 

predicted by the Coffin -M anson equation discussed in the later section.

Intermetallic Diffusion: This is a common failure mechanism in solder joints. 

During the solder reflow, the bonding process forms an intermetallic layer, which is 

required for a good interconnect joint. However, if the intermetallic layer is thick, it leads 

to local embrittlement and reduction in mechanical strength. Such a joint is formed 

during the solder reflow process where diffusion occurs between copper and tin, forming 

an intermetallic compound Cu-Sn between the copper pads and Sn-Pb interface. At 

higher temperatures and with sufficient time this layer grows, leading to local 

embrittlement and coarsening of the grains at the interface (Rao 2001).
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Corrosion: Corrosion may be caused because of moisture absorption and the 

presence of ionic impurities. Corrosion occurs in the solder and Under Bump Metallurgy 

(UBM). Corrosion causes the anode (which is the solder bump or the UBM) to degrade 

and accumulate on the cathode, under the presence of moisture, which acts as an 

electrolyte (Kumar & Burhan 1997).

Black Pad Formation: Black pad is a layer of phosphorus that accumulates 

between the solder bump and the copper pad on the substrate. Phosphorus is present in 

small quantities when nickel plating is applied. If the phosphorus content is high enough, 

it moves up towards the interface o f the solder joint with the substrate pad. This layer has 

a poor material strength, thereby leading to premature failure at the interface. This layer 

appears black and hence called black pad (Bulwith et 2002).

Moisture Induced Failures: The presence o f moisture is the main reason for the 

failure of underfilled packages. The underfilled packages and encapsulations contain 

moisture. As the chip gets heated up, the high temperature causes the outgassing of the 

moisture and other gases from the underfill, leading to a popcorn like formations on the 

underfill surface. This is commonly called the popcoming effect. It leads to several 

problems like die cracking, delamination and corrosion. Therefore it is important for the 

packages to be moisture resistant.

1.9 Reliability of a Flip Chip Package

The life of a package can be very long, in the range of several hundreds to several 

thousands of fatigue cycles. Therefore, it would take a long time to observe its failure 

under normal working conditions. For the purpose of testing, the package is subjected to 

an accelerated environment so that the failure occurs at a much faster rate. However, it 

must be assured that the failure phenomenon occurring in the normal operating condition 

is the same as the failure phenomenon in the accelerated testing condition. After
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performing these accelerated tests, a suitable acceleration factor is applied to the product 

life in order to estimate its field life (Bobrowski & Murphy 1993).

There are various tests that can be performed to test the reliability of a package. 

The thermal cycling test is conducted to test the reliability of packages at higher and 

lower temperature operating conditions. Due to the CTE mismatch, shear stresses are 

developed in the interconnects as temperature is varied. The shock test is conducted to 

test the reliability under impact loadings. The vibration test is conducted to test the 

reliability under vibrating conditions. In the thermal cycling tests, shock tests and/or 

vibration tests, the package is subjected to bending stresses. There are two different 

phenomena for failure, overload and fatigue failure. Overload will cause failure in the 

material when the stress in the material is greater than the material static strength. Fatigue 

failure is caused even when the stress is less than the material static strength. The 

nucleation of more and more dislocations degrades the crystallographic perfection 

leading to crack initiation, rapid growth and a sudden failure. Fatigue is the main cause of 

failure in the thermal cycling and mechanical shock and vibration tests.

1.9.1 Life Prediction

The effective stress (von Mises stress) and the effective plastic strain (equivalent 

plastic strain) are defined by

where a ys is the von Mises stress, a , , a 2 and a 3 are the principal normal stresses, s e is 

the effective plastic strain and e,, s 2 and s 3 are the principal normal strains. According 

to Coffin-Manson equation (Yao et al. 2003), the total strain As is given by

/
(1.3)

( 1.2)

As = As,, + Asne p (1.4)
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or A8 = - | - ( 2 N f )b + 8 f (2Nf )c (1.5)

where Ase and Aep are the elastic and plastic strain ranges, respectively (strain range is

the difference in strain from two extreme temperatures of the cycle). o f and b are the 

material constants to be determined from experiments, E is the material elastic modulus, 

N f is the number of cycles to failure, ef is the fatigue ductility coefficient o f the 

material (0.325 for eutectic solder), C is fatigue ductility exponent (-0.5 to -0.7 for 

eutectic solder). The first part in Equation (1.5) transforms into a stress based equation,

where a a is the applied stress on the solder joint.

The second part in Equation (1.5) transforms to the Coffm-Manson inelastic strain 

fatigue life equation,

When the plastic strain is zero or negligible, the stress based equation for life prediction 

must be used. On the other hand, if the plastic strain dominates, the strain based life 

prediction equation must be used. It is possible that both of the situations co-exist in a 

package. When both of the strain components are comparable in magnitude, Miners rule 

must be used in life prediction:

—  = — + —  (1.8)
N f N e N p

where N e and N p are the lives due to elastic and inelastic strain components (Yao et 

1999).

o a = a f (2N f )b (1.6)

(1.7)

1.9.2 Thermal Cycling Tests

In a thermal cycling test, the total inelastic strain is the sum of plastic strain and 

creep strain. Strain-based fatigue life equations are used to predict the life of the package,



15

i.e., the total number of cycles to failure of the package is a function of inelastic strains in 

the package. The package life due to plastic strain is given by Solomon’s equation:

AypN pa = 0 (1.9)

where a and 0 are constants at a given temperature, Ayp is plastic shear strain range

(plastic shear strain accumulated in the temperature shift from one extreme to the other 

extreme of the cycle) and N p is the number of cycles to failure due to plasticity.

The package life due to creep strain is given by the Knetch-Fox equation,

N e = ——— (1.10)
y  me

where C depends on factors like solder microstructure and failure criteria used, Aymc is 

the creep strain component due to matrix creep and N c is the number of cycles to failure 

due to creep.

At low temperatures, there is negligible creep strain. So only the plastic strain 

dominates in the fatigue life. In determining the life where both the creep and plastic 

strains are important, Miner’s Linear Superposition equation is used:

—  = —  + —  (1.11)
N f N p N c

where N f is the number of cycles to failure due to inelastic strain, N p is the number of

cycles to failure due to plasticity, N c is the number of cycles to failure due to creep

(Pang & Tan 1998).

The fatigue cycle that occurs in thermal cycling tests is often called the “Low 

Fatigue Cycle” because of the dominant inelastic strains, creep and plasticity. The 

number of cycles to failure is typically on the order of few thousands (Li 2001).



16

Underfilling the package will greatly increase its life because the underfill can 

carry a major amount o f stress from the solder interconnects, thereby decreasing the 

plastic strain in the interconnects.

1.9.3 Shock Impact and Vibration

Mechanical shock and vibration testing is very important in the case o f mobile 

electronic applications. Usually, the packages subjected to shock and vibrations are 

underfilled, because underfilling the package greatly reduces the stresses in the 

interconnect solder joints. Generally, the packages experience stresses within the elastic 

limit due to the good selection of underfill. In most of the cases, the failure of the solder 

joint is not due to inelastic strain but due to reversal of elastic bending stresses. Hence a 

strain based life prediction model is not valid and a stress based life prediction equation 

must be used. Although the stresses are within the elastic limit, they still can cause 

fracture or failure of the solder joint due to fatigue. The stress based fatigue life of the 

solder joint is given by the equation:

N f = Ag b (1.12)

where a  is the maximum peeling stress or von-Mises stress, N f is the fatigue life, A and

B are constants that are package dependent and are to be determined from experiments 

(Tee et al. 2003).

The constants A and B can be found by experimental analysis of the package. 

Alternatively, the constants can be obtained from fatigue testing of the solder in a fatigue 

testing machine. The solders can be cast into a dog bone shape for testing. The cyclic 

frequency and the load form of the loading can be set in the testing machine. Results can 

be obtained for different loadings and the failure is determined by a drastic jump in the 

displacement of the specimen. The experimentally obtained curve is fitted into an 

exponential form of Equation (1.12). For eutectic solder, the constants A and B are 2487 

and -0.35, respectively, at a cycling frequency of 1 Hz (Yao 1999). Equation (1.12) 

can be plotted graphically for different values o f stress as shown in Fig. 1.7.
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Stress vs. Life

0.1 1.0 10.0 100.0 1,000.0 10,000.0 100,000.0 1,000,000.0 
Life (in Thousands of Stress Reversals)

Fig. 1.7 Stress vs. life curve for eutectic solder at room temperature.

The packages are usually underfilled so that the stress in the solders is now shared 

with the underfill, thereby reducing the stresses in the solder joints. During the shock and 

vibrations, the amount of deformation in the Printed Circuit Board (PCB) or the substrate 

is almost unchanged, but the relative deformation between the die and the PCB is smaller 

(Adamson & Quinones 2000). The deformation in the solder joints with and without 

underfill is shown schematically in Fig. 1.8.

No Underfill Underfilled

Board Deflection

Fig. 1.8 Pictorial representation of the displacements in the solder joints of the package 
with and without underfill, from an impact shock.

(Source: www.asymtek.com)

http://www.asymtek.com
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The mechanical shock and vibration stresses in a package are usually smaller in 

magnitude when it is underfilled. These fatigue stresses in the solder joints are well 

within the elastic limit. Hence the number of cycles to failure is much higher compared to 

that of thermal cycling, where the inelastic strains dominate. So the fatigue caused in 

shock and vibration is called High Fatigue Cycle. The number of cycles to failure is 

typically in the order of several thousands of cycles when underfilled (Li 2001).

It must be noted that thermal cycling and thermal shock tests are shear stress 

dominated. There would be a considerable amount o f shear strain that effects the fatigue 

life of the package. But in the mechanical shock test the normal stress i.e. the peeling 

stress is the dominant stress (Tee et al. 2003). However, both are fatigue driven 

phenomena.

1.9.4 Environmental Tests

Environmental testing is done to test the reliability of the package under varying 

conditions of temperature, pressure and humidity. Usually high humidity conditions are 

selected. Moisture is the main reason for corrosion failure. In most of the cases, the 

interconnect joints are the critical elements in the package.

All of these tests are conducted in accelerated testing conditions. Accelerated 

conditions quicken the failure mechanism. Now, in order to convert the reliability to 

actual working conditions, a suitable acceleration factor is applied. However, the failure 

mechanism in accelerated testing must be same as that in actual testing. In all these tests, 

usually, a 10% increase in the resistance of the package is usually considered as failure.

1.9.5 Factors Affecting the Reliability of a Flip Chip Package

The amount of time the package is held in each thermal cycle determines its 

fatigue life. The package that is held for a longer time in a temperature cycle will have a 

shorter life. The longer the time o f exposure, the more the inelastic strains.
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With an increase in the chip size, the distance of the comer most solder joint from 

the neutral point increases. Hence, the package life under thermal cycling decreases.

Since the comer solder balls take up more stresses, placing dummy solder balls 

would help improve the reliability o f the package.

A taller solder joint, due to its better aspect ratio, will have a smaller shear strain 

compared to a shorter solder. Hence a taller solder joint is better from a thermal cycling 

point of view. In addition, a larger sized solder joint (larger diameter) is important 

because it can carry more forces, and hence taller and larger solder joints, i.e., solder 

joints with a good aspect ratio, can improve reliability.

The greater the number o f layers in the PCB, the shorter is the fatigue life in 

thermal cycling. This is because of the CTE mismatch between the PCB layers.

The reliability of a flip chip package is greatly improved by underfilling the 

package. Underfill takes up the major portion of the stresses, thereby relieving the solder 

stresses and hence increasing the fatigue life (Adamson & Quinones 2000).

1.10 Thesis Objective

Many technical papers have been published discussing the component level and 

product level analysis of electronic packages, but most of them are experimentally 

oriented, with a focus on various types of packages other than flip chips. Mishro et 

Mishro et al. (2002) performed an experimental analysis of the drop test of the BGA/CSP 

package. Tee et al. (2003) discussed the reliability of the TFBGA packages under the 

influence of mechanical shock at the board level. Lim et al. (2003) discussed experiments 

on the effect of orientation on the drop test at the product level. There are also quite a few 

papers on the thermo-mechanical reliability of electronic packages like flip chips at the 

component level (Pang & Tan 1998). Liguore & Followell (1995) gave an experimental 

analysis of the response of surface mount packages to vibration.

Instead of experiments, numerical modeling and simulation can be used for the 

predictive study of problems o f this kind. Li (2001) applied a finite element technique to 

vibrations, but the analysis was conducted on a lead type package.
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Flip chips are gaining popularity because of their small size and large I/O 

connections. Therefore, it is important to have reliable flip chips to withstand the 

mechanical shocks, vibrations and thermal excursions occurring during handling, 

operation and transportation. In this thesis, a finite element analysis was conducted to 

study the reliability of a generic flip chip package to shock and vibration. The flip chip 

was tested for response to shock and vibration with and without underfill to decide the 

performance of the package underfill. Though underfill adds strength, it prevents 

reworkability. In order to develop a reliable flip chip package, the package must be 

designed against failure under the worst case dropping orientation. The worst orientation 

of drop was determined.

Vibrations can occur in the packages for various reasons, and if the frequency of 

vibration matches the natural frequency of the package, there could be a possibility of 

package failure at the solder joints due to resonance. To understand the reliability of the 

flip chip package to vibration, the package was tested under sinusoidal vibrations with 

and without underfill.

The reliability of the flip chip package with underfill in an extreme environment, 

under combined thermal cycling and mechanical shock was also studied at the package 

level. The shock and vibration analysis was also conducted at the board level for a Flip 

Chip On Board (FCOB). The stresses and strains determined will be useful in estimating 

the life of the flip chip package.

1.11 Thesis Outline

A generic flip chip type o f package was analyzed using a finite element 

technique, to study the stresses and strains in the solder joints. In Chapter 2, the analysis 

was conducted at level one of the interconnect system, i.e., between the die and the 

substrate. The package with and without underfill was analyzed under mechanical shock. 

Then, the package with underfill was dropped under three different orientations—  

horizontal orientation with the chip facing up, horizontal orientation with the chip facing
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down and vertical orientation— to determine the worst case dropping conditions. Next, 

the same flip chip with underfill was analyzed in the horizontal face up orientation for 

determining a good elastic modulus of the underfill that would reduce the stresses and 

strains in the solder joints. In Chapter 3, the same flip chip with and without underfill was 

analyzed under sinusoidal vibrations in horizontal orientation over a range of frequencies 

up to its fundamental frequency. In Chapter 4, the combined effects o f temperature and 

shock on the flip chip were studied. Three different cases for the drop— 125 °C, -55 °C 

and 25 °C were considered under two different stress free temperatures of 140 °C and 

25 °C. The effects of creep and plasticity were considered. Finally, in Chapter 5, the flip 

chip was attached directly on the PCB, as in the case of a FCOB package, and analyzed 

under shock and vibration. The reliability of the comer-most solder joint under shock at 

temperatures of -55 °C, 25 °C and 125 °C was studied for a stress-free temperature of 

25 °C. Chapter 6 is the conclusion of the work.
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2. Shock Analysis of a Generic Flip Chip Model

2.1 Introduction

Failure of a package in environments where it is prone to mechanical shocks 

and vibration is a major concern. Electronic components like cell phones, PDAs etc. are 

subjected to a high degree of shock when they fall onto the ground. Due to this shock the 

interconnect joints could fail, making the device inoperable. Hence it is important to 

design these components for good reliability and lifetime. In order to test the reliability 

under mechanical shock, different manufacturers and researchers use different standards. 

In other words, the test is not standardized.

In this chapter the effect of mechanical shock on the solder joints of the flip 

chip package, with and without underfill, is investigated. The package is dropped on the 

ground in three different orientations— horizontal orientation with chip facing up, 

horizontal orientation with chip facing down and vertical orientation. This helps 

determine the worst case drop orientation to be used in developing a reliable product. 

Next, the same flip chip is analyzed to determine a good elastic modulus of the underfill 

that would reduce the stresses and strains in the solder joints.

2.2 Preliminary Model in Visual Nastran

In an attempt to simulate those test conditions, initially Visual Nastran was 

used. To obtain the desired shock pulse a spring and damper system was used on a rigid 

platform. The analysis package Visual Nastran does not have sufficient modeling tools 

built into it. Therefore, the modeling was carried out in Solid Works and then imported to 

Visual Nastran for analysis. The model consists of two vertical rails into which a table 

called “drop table” is inserted. The drop table has a small coin like projection on its base 

which impacts with the pad. The pad is supported on the ground by means of a stiff 

spring along with a damper. The properties of the spring and damper system are chosen 

by trial and error so as to get the desired type of shock pulse. The contact of the drop 

table with the rails has been modeled as frictionless. The flip chip package can be
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mounted on the drop table with four screws into the tapings on the four comers of the 

drop table. The drop table is allowed to fall freely onto a pad. The model, input properties 

and the shock response are shown in Fig. 2.1.

Though the desired shock response was obtained, Visual Nastran was not 

convenient for the fine modeling and analysis of the flip chip model containing various 

components with different material properties. Subsequently, the simulation package 

ABAQUS will be used.

X axis- Time (seconds)

_j_ Mass of Drop tables2.5kg 

X  Geometry of drop table*230xl 30x100mm 

Drop height=l m (free fall)

Spring force=20,000 N/mm 

Damping coefficient*^^ kg/sec 

Natural length of spring" 12.5mm 

Duration of Sinusoidal shock pulsex l .01 msec 

Shock impact=1530ra/sec2

Sliding Rails

* Drop table

Coin projection for impact 
Spring and damper

*  Ground
Fig. 2.1 Simulation of the drop test in Visual Nastran. The impact produces a peak 

acceleration having its maximum response of around 1500g at a time 
0.5msec after initial contact with the ground.
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2.3 Shock Analysis using ABAQUS

The simulation of the generic Flip Chip model is carried out in ABAQUS. The 

model is symmetric about two perpendicular planes passing through the center of the 

square shaped substrate; hence, for alleviating the computational burden, a quarter model 

has been used, to test the reliability under mechanical shock. The quarter model saves 

time and computations. ABAQUS does not have any default units built in. All the inputs 

must be entered in self consistent units by the users. In all the simulations, the input units 

were provided in S.I. system. The dimensions are in meters. The stress must be measured 

in N/m2. The non-linear geometry option, NLGEOM, is turned ON to allow for large 

deformations.

 ► Solder

(All dimensions in mm.)

Fig. 2.2 Dimensions of the half-symmetric flip chip package used in ABAQUS model.

2.4 Horizontal Drop Test of the Flip Chip without Underfill

The analysis of the horizontal drop test of the flip chip without underfill is carried 

out in two parts namely, the global model and the local model.

2.4.1 Global Model

The dimensions of the package (Pang & Tan 1998) are shown in Fig. 2.2, except 

that there is no underfill applied between the die and substrate in this case. Mechanical
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shock was applied to the four comers o f the flip chip package. Since the ABAQUS model 

is a quarter symmetric, the shock is input at one comer of the package in the quarter 

model. The flip chip package without underfill, modeled and assembled in ABAQUS, is 

shown in Fig. 2.3. The solder interconnects in the flip chip are shown in Fig. 2.4. These 

interconnects are present between the die and the FR-4 substrate. The die pads, substrate 

pads, and the under bump metallization are not considered and the solder bumps are 

modeled as cubes instead of spheres for simplicity. The whole of the package is created 

as one single part and then partitioned into the various components in ABAQUS.

The mechanical shock analysis is run in ABAQUS Explicit. ABAQUS Explicit is 

more efficient for wave propagation analysis than ABAQUS Standard. However, the time 

increment in Explicit is very small compared to Standard. ABAQUS Standard is a good 

choice for nonlinear problems, but it might have difficulties with convergence (ABAQUS 

User’s Manual, [2a] 2002).

The felt material is modeled as a hyper-foam material. The hyper-foam 

(ABAQUS User’s Manual, [2b] 2002) is a foam material that completely regains its 

original shape after compression or tension. The hyper-foam materials typically have a 

very low Poisson ratio when compared to hyper elastic materials like rubber. The 

material properties of the package components (Pang & Tan 1998) are shown in Table 

2.1. An elastic material property was assigned to all the materials. A perfectly plastic (no 

hardening) material model, based on the Mises yield criterion, has been input for the 

plasticity of the solder. According to the Mises yield criterion, plasticity starts in the 

material when the von Mises stress in the material reaches the yield stress of the material. 

In the perfectly plastic material model, the von Mises stress cannot go beyond the yield 

stress value (ABAQUS User’s Manual, [2c] 2002).
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Table 2.1 Material properties for the flip chip package

Material Density
(Kg/m3)

Elasticity
Modulus

(GPa)

Plasticity Poisson’s
Ratio

CTE
(ppm/C)Stress

(MPa)
Plastic
Strain

Solder 9630 30.674 20.294 0 0.35 30674

Die 2330 131.0 N/A 0.30 6900

FR-4
Substrate 500 22.0 N/A 0.28 131000

^Underfill 1020 8.0 N/A 0.3 22000

* Underfill material properties applicable in flip chip package with underfill only.

Fig. 2.3 Flip chip package without underfill modeled in ABAQUS with quarter symmetry.



27

► Center of the FR-4

> FR-4

► Solder

► Comer most solder
Fig. 2.4 Solder interconnects on the substrate.

The material properties of concrete do not affect the simulation results and hence 

the density, elastic modulus and Poisson’s ratio are chosen as 800000 Kg/m3, 5GPa and 

0.3 respectively. The felt material was assigned the properties of a hyper-foam with 

constants, p = 0.33 GN/m2, u = 0 and a = 2.5,  where p is shear modulus, u is 

Poisson’s ratio and a is a constant. The density of the felt is taken as 100000 Kg/m3. The 

properties of the felt are chosen to obtain a drop table shock pulse of a magnitude around 

2400 G and a duration of about 0.3 msec.

The density of the felt and concrete are taken to be very high in order to reduce 

the simulation time. The felt material must be meshed fine in order to avoid excessive 

distortion of the underlying elements. In ABAQUS Explicit, the increment in a time step 

depends on the element length, density and elastic modulus of the material (ABAQUS 

User’s Manuals [2d], 2002) as given in equation (2.1)
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where At - time increment in a step 

L - length o f  the element 

p - density of the material

E - elastic modulus of the material 

It can be seen that as the length of the element decreases, the time step increment 

decreases. This would require more iterations to complete the analysis. Hence in order to 

increase the time step, the density of the material should increase if it does not affect the 

solution significantly. This technique is called “mass scaling”. The density of felt 

material would not affect the stress distribution of the package and hence the density is 

increased to a high value in this case.

The contact between the felt and the drop table surfaces in ABAQUS can be 

simulated with either the Kinematic Contact algorithm or Penalty Contact algorithm. The 

penalty contact algorithm derives its name due to the restriction placed by the algorithm 

on the maximum time increment allowed. The Penalty Contact algorithm is chosen where 

the Kinematic Contact algorithm cannot be used. In the present model there is a “Tie” 

constraint between the drop table post and the package. Hence the Kinematic Contact 

algorithm cannot be used here (ABAQUS User’s Manuals [2e], 2002). A surface contact 

is specified between the drop table and felt and the Penalty Contact algorithm option is 

chosen.

Boundary conditions are applied to the package. X-symmetry and Y-symmetry 

boundary conditions are applied to the inside of the package to restrict the displacements 

in the global X and Y directions. The concrete material below the felt is fixed at its base. 

The drop table reference point is restrained from translations in the X and Y directions 

and rotations about all the three axes. A field of velocity 1.7 m/s in the negative Z 

direction is specified to the package and the reference point of the rigid drop table. Since 

the drop table is a rigid body, all the properties—  loads, boundary conditions and the 

fields—  must only be specified at the reference point of the drop table. The drop table is 

allowed to hit the felt material from a point immediately above the felt, so that the effect 

of gravity is neglected.
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Structured meshing (meshing controlled by the user) is chosen for the flip chip 

package, felt and the concrete. Free meshing (default ABAQUS meshing) is chosen for 

the drop table. The drop table is the only rigid member of the entire structure. The drop 

table is meshed with Discrete Rigid Elements from the ABAQUS Explicit element 

library. Since the drop table is modeled as a 3-D shell, quadrilateral elements are used for 

meshing. The geometric order of the elements is linear. In ABAQUS terminology, the 

drop table is meshed with R3D4 elements called 4-node 3D bilinear rigid quadrilateral 

elements. The felt, substrate, die, solders and the concrete are meshed with 3-D stress 

elements of ABAQUS Explicit family with linear geometric order. Hexahedral elements 

are chosen for structured meshing. An hourglass control with a default Relaxed stiffness 

of 0.5 is considered for the elements. In ABAQUS these are called C3D8R elements, 

which is an abbreviation for 8 node linear brick, reduced integration and hourglass 

control elements.

The simulations are run with double precision. The job can be run in ABAQUS 

CAE or at the command prompt (ABAQUS User’s Manuals [2f], 2002) of the operating 

system platform so that the job runs in the background as a batch fde. The memory 

requests are made in the ABAQUS environment fde.

The shock is transferred from the drop table to the substrate/PCB. The PCB is 

then subjected to a bending that causes stresses in the solder joints. It is observed that the 

comer solder joint is subjected to the maximum stresses. The reason for this is that the 

comer solder is under the maximum bending stress, since it is the farthest bump from the 

center of the PCB. Also, the shock is input at the region just above the drop table post and 

this region is nearest to the comer-most solder in the package. Hence, the normal stresses 

are higher in the comer solder joint. The maximum stress has been observed in the 

comer-most solder joint towards the substrate side.

The von Mises stress is defined in accordance with the von Mises yielding 

criterion. The von Mises yielding criterion states that yielding starts in a member when 

the distortion strain energy in the material reaches the distortion strain energy under a
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Fig. 2.6 von Mises stress distribution in the solder joints of the flip chip just after impact 
with the felt. Stress units in Pa.

Acceleration vs. Time
30000 r

0.05 0.1 0.15 0.2 0.25

Time {milliseconds)

0.3 0.35

Fig. 2.7 Acceleration of the drop table (in the flip chip without underfill) over 
the duration of shock pulse.



Fig. 2.9 Symbolic representation of the stresses and their directions.
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Fig. 2.10 Stresses in the comer-most solder (in the flip chip without underfill) at the 

substrate side over the duration of the shock pulse. S ll overlaps with S22 
and S13 overlaps with S23.

Plastic Strain vs. Time

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time (milliseconds)
Fig. 2.11 Plastic strain in the comer-most solder (in the flip chip without underfill) at 

the substrate side over the duration of the shock pulse. PEI 1 overlaps with 
PE22 and PE13 overlaps with PE23.
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It can be seen from Fig. 2.10 that the normal stress in the direction of drop (S33) 

is the dominant stress in the horizontal drop without underfill. The possible reason for the 

fluctuation of the stresses is the phase difference between the substrate and the die during 

the impact.

The shock analysis was continued up to 0.8 milliseconds and the corresponding 

stresses and strains are plotted in Fig. 2.12 and Fig. 2.13, respectively. From the graphs it 

can be observed that S33, the von Mises stress and the plastic strains have stabilized and 

repeat (in the steady state) after a certain period of time. This is because there was no 

damping assigned to the flip chip package. But, in the real world situations, the stress 

fades away after a certain time. Therefore, in the life prediction equations, the stresses 

and strains of the simulation must be considered only up to the transient part of the 

analysis.

Stress vs. Time

Time (milliseconds)

Fig. 2.12 Stresses in the comer-most solder at the substrate side (in the flip chip
without underfill) over the duration of the shock pulse for an extended time.
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2.4.2 Local Model

The local model is called Submodel in ABAQUS. The technique of submodeling 

is used to study in detail a particular region of interest from a global model accurately. 

This technique can be used for studying both linear and nonlinear models. The submodel 

usually contains more detailed modeling and/or a finer mesh. The submodeling technique 

is particularly helpful in analyzing a product in which the dimensions of the components 

vary rapidly. The current model of the flip chip type of package is a typical example for 

the application of the submodeling technique. In the flip chip model shown in Fig. 2.1, 

the dimensions of the solder interconnects are much smaller in comparison to the rest of 

the components. But high stresses are induced in the solder joints and hence are the 

regions o f interest in the analysis. For a detailed analysis at the solder joints, the whole 

model must be meshed fine enough to have sufficient number of elements in the solders.
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However, this would lead to a very large number of elements in the whole model. So, the 

computational time would be very high.

In order to reduce the computational time and have an accurate analysis, the 

global model is meshed in a relatively coarse manner, but fine enough for the analysis of 

the global model. A submodel is then created by isolating the particular region of interest 

from the global model. The location of the submodel in its assembly co-ordinate system 

must exactly match the location of the identical point in the assembly co-ordinate system 

of the global model. To run the submodel, first the global model needs to be run. The 

results of the global model that correspond to the boundaries of the submodel are applied 

as the boundary conditions for the submodel and the simulation is run again. Usually, the 

submodel has a much finer mesh than the global model. Hence ABAQUS interpolates the 

values in the submodel from the previously run global model. Since only the submodel is 

meshed fine, the overall analysis takes less time to complete and also the results are 

accurate. The accuracy of the submodeling technique depends on the accuracy of the 

applied boundary conditions on the submodel. Hence the meshing on the global model 

must be fine enough to predict the submodel results accurately (ABAQUS User’s 

Manuals [2g], 2002).

In the current flip chip type package, the global model is meshed fairly 

fine to get an accurate solution for the global model. Then a submodel is created in the 

region of the comer-most solder from the global model. The schematic diagram of the 

global model and the submodel is shown in Fig. 2.14. The submodel created in 

ABAQUS, with a much finer mesh, is shown in Fig. 2.15.
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Global Model Local Model

Die

n
FR-4 Substrate

n
Die

n
FR-4

-► Solder

Fig. 2.14 Schematic of the half-symmetric global model and the local model.

The von Mises stress distribution over the submodel is presented in Fig. 2.16. 

This figure is magnified 20X to show the deformed shape of the comer-most solder. It 

can be seen that the comer-most solder experiences the maximum stress in comparison to
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the die and the substrate. Also, it can be seen that the substrate bends considerably 

because of the mechanical shock. But the die does not bend significantly. This causes the 

solder to be deformed in the shape shown in Fig. 2.16. The maximum stress in the comer- 

most solder is observed at the comer node towards the substrate side, closest to the drop 

table post through which the shock was input. The stresses and strains in this comer are 

shown graphically in Fig. 2.17 and Fig. 2.18, respectively. Among the stresses and 

strains, the normal components dominate because the shock is input in the normal 

direction.

Die

Solder

FR-4
Substrate

Fig. 2.16 von Mises stress distribution (flip chip without underfill) in the submodel 
around the region of the comer-most solder. Stress Units in Pa. The 
deformation shape magnification is 20X.
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Fig. 2.17 Stresses in the comer most-solder (in the flip chip without underfill) at the
substrate side over the duration of the shock pulse in the submodel. S ll 
overlaps with S22 and S13 overlaps with S23.

Plastic Strain vs. Time

Time (milliseconds)

Fig. 2.18 Plastic strain in the comer most-solder (in the flip chip without underfill) at 
the substrate side over the duration of the shock pulse in the submodel. PE11 
overlaps with PE22 and PE13 overlaps with PE23.
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It can be observed that there is high plastic strain accumulating in solder joints of 

the package. The accumulation o f plastic strain severely reduces the life of the package. 

Therefore, in the life prediction equations for reliability, the plastic strain needs to be 

taken into account.

2.5 Flip Chip with Underfill

If the flip chip type of package is not underfilled, the high stresses and strains in 

the solder joints lead to poor reliably of the package. One of the very useful methods to 

increase the life of the package in such high shock environments is to underfill the gap 

between the chip and substrate. The high stresses taken by the solder joints without 

underfill are now shared between the underfill and the solder joints, leading to a 

considerable reduction in the solder joint stresses.

The flip chip with underfill is analyzed under the shock impact in three different 

orientations, i.e., the horizontal orientation with the chip facing up, the horizontal 

orientation with the chip facing down, and the vertical orientation. The purpose of testing 

is to determine the worst case dropping conditions. This would help to develop more 

reliable packages that could withstand harsh environments.

2.6 Horizontal Drop Test of the Flip Chip with Underfill (Chip Facing Up)

The model is analyzed first as a global model, and then the comer-most solder is 

analyzed separately as a local model.

2.6.1 Global Model

In this orientation, the package on the drop table is positioned such that the die 

faces in the upward direction during impact. The dimensions of the package (Pang & Tan 

1998) are shown in Fig. 2.19. The model created in ABAQUS is shown in Fig. 2.20. The 

solder interconnects are embedded in the underfill as shown in Fig. 2.21. The material 

properties of the solder are taken from Table 2.1.
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(All dimensions in mm.)

Fig. 2.19 Dimensions of the half-symmetric flip chip package with underfill used in 
ABAQUS model.

Fig. 2.20 Flip chip package (with underfill, chip face up) modeled in ABAQUS.
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Fig. 2.21 Underfill with solder pattern.

The results of the simulation are shown in Figures 2.22 - 2.27. The deformed 

shape of the package along with the von Mises stress distribution is shown in Fig. 2.22. 

The maximum stress in the comer-most solder joint is observed at the die side o f the 

package. The stress in the solder joints of the package just after impact is shown in Fig. 

2.23. The acceleration shock pulse measured at the reference point of the drop table is 

shown in Fig. 2.24. The velocity variation with time at the same reference point is shown 

in Fig. 2.25. The variation of the stresses in the solder joints over the duration of the 

shock pulse are shown graphically in Fig. 2.26. In all the stress components, the normal 

stress component S33 dominates. There was no plastic strain in the solder joints.



43

Sf Mises
(Ave, C tit,;  75%)

E+5,142e+07 
+2,100e+07 
+1,926e+07 

—(- +1.751e+07 
- +l,577e+07 
- +l,402e+07 

+1.228e+-07 
+1,053e+07 
+8, 787e-»-06 
+7,043e+06 
+5,298e+0<S

B+3, 553e+06 
+l,808e+06 
+6,379e-*-04

Fig. 2.22 von Mises stress distribution in the flip chip package (with underfill, chip
ace up) just after impact with the felt. Stress units in Pa. Deformed shape 

magnification is 100X.
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Fig. 2.23 von Mises stress distribution in the solder joints of the flip chip (with underfill 
chip face up) just after impact with the felt. Stress units in Pa.
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Acceleration vs. Tim e

Time (milliseconds)
Fig. 2.24 Acceleration of the drop table (in the flip chip with underfill, chip face 

up) over the duration of shock pulse.

Velocity vs. Time

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time (milliseconds)

Fig. 2.25 Velocity of the drop table (in the flip chip with underfill, chip face up) 
over the duration of shock pulse.
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Stress vs. Time

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time {milliseconds)

Fig. 2.26 Stresses in the comer-most solder (in a flip chip with underfill, chip face up) 
at the die side over the duration of the shock pulse.

2.6.2 Local Model
A local model was created exactly in the location of the comer-most solder region 

of the global model. A finer mesh was applied on this submodel as shown in Fig. 2.27. 

The results of the global model are used to drive the submodel at the submodel 

boundaries. The von Mises stress distribution on the submodel is shown in Fig. 2.28. The 

variation of the stresses in the solder joint of the submodel is shown in Fig. 2.29. There 

was no plastic strain in the package.
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Die

Comer solder

Underfill

► Substrate

Fig. 2.27 Submodel around the region of the comer-most solder.
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Fig. 2.28 von Mises stress distribution (flip chip with underfill, chip face up) in the 
submodel around the region of the comer-most solder. Stress units in Pa.
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Fig. 2.29 S t r e s s e s in the comer-most solder (in the Hip chip with underfill, chip fac 
up) at the die side over the duration of the shock pulse in the submode 
SI 1 overlaps with S22 and S13 overlaps with S23.

2.7 Horizontal Drop Tost of the Flip Chip with Underfill (Chip Faring Down)
2.7,1 Global Model

The model used in simulation is shown in Fig.2.30. The package is flipped upside 

down on the drop table. The analysis was conducted to compare the stresses with the 

stresses in the package with the chip facing up. The same dropping condttions as those 

applied to the package with face up orientation were applied here. The measured shock 

(acceleration) at the drop table shown in Fig. 2.31 is found to be exactly the same as in 

the package dropped with face up orientation. The global model von Mises stress is 

shown in Fig. 2.32. Also, the von Mises stress dtstribution in the solder joints of the 

package is shown in Fig. 2.33. The variation of the stresses with time is shown 
graphically in Fig. 2.34. There was no plastic strain observed in the model.
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ipW llttil ip i i i i l i
►Package

^D rop
table

►Felt

►Concrete

Fig. 2.30 Flip chip package with underfill (chip facing down) modeled in ABAQUS.

Acceleration vs. Time
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Fig. 2.31 Acceleration of the drop table (in the flip chip with underfill, chip face 
down) over the duration of shock pulse.



49

S , Mi s e s
(Ave. C r it .!  75%) 

^5,655e+07 
+4,655e+07 
+4,268e+07 
+3,881e+07 

-+ 3 ,494e+07 
L+3,107e+07 
- +2,720e+07 

+2.334e+07 
+l,947e+07 

- +l,560e+07 
+1.173e+07 
+7,864e+06 
+3,995e+06 
+l,271e+05

KS 2 ‘“slnl>"t,oni n ffiP PWP package (wUh underfill, ehip faee
a,ICI ™Pacl with the felt Stress units in Pa. Deformed shape 

magnification is 100X. snapc

Sf Mises
(Ave, Crit,,' 75%) 

+2,261e+06  
_  +2,097e+06
—  +l ,932e+06  
— + 1 , 768e+06
—  + 1 ,604e+06 
— +l,439e+06  
H -  + 1 , 275e+06
—  + 1 , llOe+06 
— +9,458e+05

+ 7 , 813e+05 
+ 6 ,169e+05 
+4,524e+05  
+2,880e+05

Fl§ 233 Mises stress distribution in the solder joints of the flip chip (with underfill 
chip face down) just after impact with the felt. Stress units in Pa.
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-S33
 S23

—  S13

Fig. 2.34 Stresses in the comer-most solder (in a flip chip with underfill, chip face 
down) at the die side over the duration of the shock pulse. S ll overlaps 
with S22 and S13 overlaps with S23.

2.7.2 Local Model

A local model is created in the region of the comer-most solder, similar to Fig.

2.27. The location and orientation of the submodel must be exactly the same as in the

global model. The stress distribution in the solder joints of the package is shown in Fig.

2.35. There was no plastic strain in the package. The stresses in solder joints are shown 
graphically in Fig. 2.36.
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Fig. 2.35 von Mises stress distribution (flip chip with underfill, chip face up) in the 
submodel around the region of the comer most solder. Stress units in Pa.
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Fig. 2.36 Stresses in the comer most solder (in a flip chip with underfill, chip face 
down) at the die side over the duration of the shock pulse in the submodel. 
S ll overlaps with S22 and S13 overlaps with S23.
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For the identical dropping conditions under the two different horizontal 

orientations, it was observed from the simulations that the package dropped with face 

down orientation experienced almost the same stress as the package dropped with face up 

orientation.

2JB Vertical Drop Test of the Flip Chip with Underfill

2.8.1 Global Model

The flip chip model is dropped in the vertical orientation in this case, as shown in 

Fig. 2.37. A half-symmetric model of the package is created for the analysis. The 

dropping conditions imposed on the package are exactly the same as those applied for the 

package dropped horizontally. The shock (acceleration) measured at the reference point 

o f  the drop table was almost the same as that measured in the horizontal dropping. The 

von Mises Stress distribution in the package along with the magnified deformed shape is 

shown in Fig. 2.38. The stresses in the solder joints are shown in Fig. 2.39. The 

maximum stress in the comer solder joints are observed towards the die side. The von 

Mises stress at the top and bottom comer-most solder was observed to be the same. There 

was no plastic strain observed in the package. The variation of the stresses with time in 

the bottom comer solder joint is shown in Fig. 2.40.
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*- Package

► Drop table

Felt

► Concrete
Fig. 2.37 Flip chip package (chip facing down) modeled in ABAQUS.
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Fig. 2.38 von Mises stress distribution in the flip chip package (with underfill, chip 
oriented vertically) just after impact with the felt. Stress units in Pa. 
Deformed shape magnification 2000X.
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Fig. 2.39 von Mises stress distribution in the solder joints of the flip chip (with underfill, 
chip oriented vertically) just after impact with the felt. Stress units in Pa.

Stress vs. Time

Fig. 2.40 Stresses in the bottom comer solder joint (in a flip chip with underfill, chip 
oriented vertically) at the die side over the duration of the shock pulse.
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2.8.2 Local Model

A local model was created at the top and bottom comer solder joint locations. The 
stresses measured at the bottom comer solder joint are shown in Fig. 2.41.

Flg. 2.41 Stresses in the bottom comer solder joint (in a flip chip with underfill, chip 
onented vertically) at the die side over the duration of the shock pulse in the 
submodel. S ll, S22 and S12 overlap.

From the simulations conducted in the horizontal and vertical orientations, it can 

be concluded that the package dropped horizontally with the chip facing upwards causes 

maximum stress in the comer-most solder joint. For the identical dropping conditions, the 

package dropped vertically does not experience stress as high as that in the horizontal 

dropping. This is because the package dropped vertically does not bend as much as it 

bends when dropped in the horizontal orientation. Therefore, the package must be 

designed for reliability to shock under horizontal face up orientation. The von Mises 

stress in the package for the different orientations of drop is summarized in Fig. 2.42.
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von Mises Stress vs. Time

Time {milliseconds)

Fig. 2.42 von Mises stress in the comer solder joint of the flip chip package (with 
underfill) under three different orientations for mechanical shock.

2.9 Determination of Ideal Elastic Modulus of Underfill for a Flip Chip Package

The elastic modulus of underfill plays an important role in reducing the stresses 

and strains in the solder joints. In order to determine a good elastic modulus of the 

underfill, simulations were carried out by vaiying the elastic modulus of the underfill 

from lGPa to 8 GPa. The von Mises stress in the package for each value of underfill is 

shown in Fig. 2.43. It can be observed that at the underfill elastic modulus of 1 GPa, there 

is some plasticity in the solder joints as the von Mises stress approaches the yield strength 

of the solder material. As the elastic modulus of underfill increases, the stress in the 

solder joint is reduced. Therefore, from the mechanical shock point of view, it is better 

that the underfill have an elastic modulus as high as possible. However, increasing the 

elastic modulus of the underfill indefinitely would not be acceptable, especially during 

thermal cycling, where the die and substrate bend during the thermal excursions. If the 

underfill is too stiff, it does not allow for the bending of the die under extreme
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temperatures, leading to die cracking. The desirable underfill elastic modulus for the flip 

chip is usually in the range of 5 Gpa to 8 Gpa (Tian et al. 2003). Therefore, in all the 

simulations an underfill elastic modulus of 8 GPais used.

0.05 0.1 0.15 0.2

Time {milliseconds)
0.25 0.3

Fig. 2.43 Stresses in the comer solder joint (in a flip chip with underfill, chip facing 
up) at the die side over the duration of the shock pulse.

2.10 Conclusion

ft can be concluded that the package without underfill experiences very high 

stresses in the solder joints, because the impact energy is predominantly taken by the 

solder joints. When the gap between the solder joints is filled, the underfill takes up most 

of the stresses and relieves the solder joints, thereby increasing the reliability of the 

package. The package should be tested for reliability in the horizontal orientation with the 

chip facing upwards because the solder joints in the package experience the maximum 

stress in this drop orientation. In fact, there is not much difference in the solder joint 

stress when the package is dropped in the horizontal face up or face down orientation. For
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an input shock of 2500g acceleration, the von Mises stresses in the three different 

orientations are shown in Fig. 2.43. In determining the elastic modulus of underfill for 

reliable solder joints, the value of modulus should be as high as possible. But, if the 

underfill elastic modulus is too high, the die may crack during the thermal excursions. 

Therefore, an optimum value of elastic modulus must be selected for the underfill.
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3. Vibration Analysis of the Flip Chip Package

3.1 Introduction

Vibration of the electronic components can occur during transportation, handling 

and operation of the product. Reliability under vibration is an important issue in avionics 

and the automobile industry. Some of the common sources of vibration are unbalanced 

loads, irregular road surface for transportation, sea vehicles with fluid-structure 

interaction and aerodynamic loads in air vehicles. Catastrophic failure can occur in the 

package subjected to vibration when the frequency of vibration reaches the natural 

frequency (Jamnia 2003).

In this chapter, the analysis of the flip chip package with and without underfill is 

carried out. The natural frequency of the package is first determined. Then the package is 

subjected to steady-state vibrations around its natural frequency and an operational 

frequency of 2,000Hz. The transmissibility and the stresses over a frequency range are 

determined.

3.2 Vibration Analysis in ABAQUS

The vibration analysis of the flip chip package has been conducted using the 

linear perturbation analysis in ABAQUS. A transient modal analysis step should have 

been used; however, the simulation in the time domain to reach the steady-state solution 

is numerically infeasible with a large number of meshes in the package. Therefore, a 

steady-state modal analysis step was used to study the linearized response of the package 

under harmonic loading. If  the nonlinear effects (like plasticity from the previous step) 

are to be included in this linear analysis, the nonlinear geometry parameter NLGEOM 

should be turned ON. A frequency step must be run before any mode-based analysis step. 

An alternative step for a mode-based steady state analysis is the direct steady state 

analysis. The direct steady state analysis is also a linear analysis, which is more accurate 

and powerful than the steady-state modal analysis and does not require any frequency 

extraction step to be performed prior to this step. Though much expensive than the modal
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steady-state analysis, the direct steady-state analysis has the power to analyze the 

problems with non-symmetric stiffness matrices, which the modal analysis cannot handle. 

In steady-state analysis, both in the modal and direct analyses, the loads and amplitudes 

are assumed to vary sinusoidally. It is not possible to define a non-zero displacement and 

rotation boundary condition in the modal analysis procedures. The option *BASE 

MOTION is the only option available to specify the motion at nodes in the form of 

displacement, velocity or acceleration. In random vibration analysis, *PSD-DEFINITION 

is used to input the power spectral density variation with respect to frequency. Then 

*BASE MOTION is specified with *CORRELATION option to reference the earlier 

definition of *PSD-DEFINITION (ABAQUS User’s Manuals [3a] 2002).

3.3 Sinusoidal Vibrations in Flip Chip without Underfill

The dimensions and material properties of the flip chip model used in vibration 

analysis are the same as those used in Chapter 2 (Fig.2.2 and Table 2.1). Flowever, 

plasticity of solder joints has not been included here since this is a linear perturbation 

analysis. Instead of a quarter model, a full model is used in the vibration analysis to 

ensure accurate results.

*• Base plate

-► Substrate

Die

Fig. 3.1 Flip Chip package without underfill for vibration testing modeled in ABAQUS.
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Fig. 3.2 Solder joints in flip chip package without underfill.

Fig. 3.3 Comer solder joint in flip chip package.

A modal damping with a critical damping fraction of 1.25% (0.0125) has been 

used in the analysis. This value can be determined by carrying out experiments to find the 

acceleration response of the package. The value of the damping fraction in the
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simulations can be adjusted iteratively to obtain an acceleration response similar to that 

of the experimental results. Vibration loading in the form of base motion, with an 

acceleration amplitude of 150 m/s2, is applied to the four circular rigid base plates tied at 

the four comers of the package. The base motion is applied in the global Y direction. This 

amplitude in the steady-state modal analysis will vary sinusoidally from 0 m/s2 to 150 

m/s2 (i.e. between 0 to 15g). In the first step, the natural frequency of the system is 

extracted.

The first two natural frequencies of the package occur at 6,666 Hz and 15,357 Hz, 

respectively. The normalized mode shapes corresponding to the natural frequencies are 

shown in Fig. 3.4 and Fig 3.5, respectively.

Fig. 3.4 Mode shape 1 (0, 0) corresponding to the fundamental natural 
frequency of 6,666 Hz.



Fig. 3.5 Mode shape 2(1 ,0)  corresponding to the natural frequency of 15,357 Hz.

Next, a sinusoidal steady-state analysis with peak amplitude of 15g is conducted 

around the fundamental natural frequency of the package, because resonance is 

detrimental to the life o f the package. The results of the analysis are shown in Fig. 3.6 

and Fig. 3.7. Under the influence of these sinusoidal vibrations with peak amplitude of 

15g, the maximum stress is observed at the comer-most solder joint towards the substrate 

side. This is because the substrate is bent due to the vibration loading. Since the die is 

stiffer than the substrate, it does not comply with the substrate shape. As a result the 

solders at the comer locations experience much higher stresses than the solders at the 

center. This is schematically shown in Fig. 3.8. The X, Y and Z directions are 

represented by notations 1, 2, and 3, respectively, in ABAQUS. It can be seen from Table

3.1 that the von Mises stress in the solder (49.46 MPa) is crossing the yield strength of 

the solder (20.294 MPa). The stress in Y direction is 50.1 MPa. Therefore, such a 

package would have a very short fatigue life under the given loading.
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S, Mises
(Ave. C e l t , : 75%) 

+4,950e+07  
+■4,000e+06 
+•3,667e+06 
*3.334e+06  
■»-3,001e+06 
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H ~ -1-2, 335e+06 
+-2,002e+06 
■i-l,670e+06

—  4-1, 337e+06 
+1.004e+06  
f-6.7Q7e+05 
+•3, 378e+05 
+-4,363e+03

Fig. 3.6 Stress distribution in the package at the fundamental frequency of 6,666 Hz. 
Stress units in Pa.

Fig. 3.7 Zoom-in stress distribution in the comer solder at the fundamental frequency of 
6,666 Hz. Stress units in Pa.
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Fig. 3.8 Schematic of the bending induced stresses in solder joints. The dotted line 
indicates the undeformed position of the substrate. It can be seen that as the 
substrate bends up or down, the solder joints get distorted. This induces 
corresponding stresses and strains in the solder joints.

During the operational life of the package attached to a board, the vibrations 

would not exceed 2,000Hz. Therefore, the package is again subjected to amplitude of 150 

m/s2 acceleration at the frequency of 2,000 Hz. The maximum stress in the comer solder 

is observed at the substrate side. The stress values are presented in Table 3.1. The 

magnification factor at the center of the substrate for the two different frequencies is 

shown in Table 3.2.

Transmissibility is important in the sense that it gives information regarding the 

amount of forces transmitted to the foundation. The greater the transmissibility, the 

greater is the acceleration at the center of the board, thereby producing higher stresses at 

the comer-most solder joint. The acceleration transmissibility at the center of the 

substrate over a frequency range from 10 Hz to 8,000 Hz is shown in Fig. 3.9. The stress 

response in the package at the comer-most solder is shown graphically in the frequency 

range of 10 Hz to 8000 Hz in Fig. 3.10. The solder joints in the package approach the 

plastic zone at a stress value of 2.03 MPa. The accumulation of plastic strain would
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drastically reduce the package life. Hence the package is subjected to lower levels of

acceleration in the analysis to determine the safer vibration limits as shown in Fig. 3.10.

The package has a much longer lifetime under sinusoidal vibrations with 5g acceleration 
than with lOg and 15g accelerations.

Table 3.1 Stress vs. frequency in the flip chip (without underfill) canying a load

Frequency (Hz)

6,666
2,000

von
Mises S ll S22

Stress (M 

S33

Pa)

S12 S13 S23
49.45
1.36

^20.12
0.55

50.11
1.38

20.1
0.55

15.6
0.43

5.44
0.15

15.56
0.43

Frequency (Hz) Acceleration (m/s2) Magnification Factor 
(Output/Input)Input Output

6,666 150 6567 43.78
2,000 150 16.24 0.108

50
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40

35
5  30
w
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E
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C
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H

10

5 - 

0

Acceleration Transmissibifity

1000 2000
7000 80003000 4000 5000 6000

Frequency (Hz)



67

Mises Stress vs. Frequency

1000 2000 6000 7000 8000

Fig.

3000 4000 5000
F req u en cy  (Hz)

3.10 von Mises stress at the comer solder in the flip chip package without underfill
Tie analysis was continued with different input accelerations until the stress in

S°lde; . J°mt falls below the yicld strength of the solder material 
mdicated by the failure cntenon line.

It is noted that the vibration on a PCB with chips mounted usually has a frequency 

range between 10 Hz and 2.000 Hz at the board level (Jamnia 2003). Since the package 

does not excite beyond this frequency range, the high stresses occurring around the 

natural frequency of the package (6,666 Hz) are not of much concern,

3.4 Sinusoidal Vibrations in Flip Chip with Underfill

The dimensions and material properties of the flip chip with underfill are taken

from Chapter 2 (Fig. 2.19 and Table 2.1). Since the analysis step is a linear perturbation

step, all the nonlinear effects like plasticity and creep will be ignored. The full model for 
analysis is shown in Fig. 3.11.



Fig. 3.11 Flip chip package with underfill for vibration testing modeled in ABAQUS.

Again, a modal damping with a critical damping fraction of 1.25% (0.0125) is given in 

the analysis. Acceleration base motion, of amplitude 150 m/s2, is applied to the four 

circular rigid base plates tied at the four comers of the package. The base motion is 

applied in the global Y direction. This amplitude in the steady-state modal analysis will 

vary sinusoidally from 0 m/s2 to 150 m/s2 (i.e. between 0 to 15g). In the first step, the 

natural frequency of the system is extracted.

From the results, the first two natural frequencies of the package occur at 8,002 

Hz and 17,127 Hz. The normalized mode shapes are shown in Fig. 3.12 and Fig 3.13, 

respectively. The von Mises stress on the package is shown in Fig. 3.14. The stress in the 

comer solder is shown in Fig. 3.15. The maximum stress in the comer solder with 

underfill is observed at the die side. The same explanation given for Fig. 3.8 is applicable 

to the accumulation of maximum stress at the comer-most solder. The stress values are 

presented in Table 3.3. The magnification factor at the center of the substrate for the two 

different frequencies is shown in Table 3.4. The transmissibility plot for vibrations at 15g 

acceleration over a frequency range between 10 Hz and 10,000 Hz is shown in Fig.3.16. 

The corresponding stresses are shown in Fig. 3.17.



Fig. 3.12 Mode shape 1 (0, 0) corresponding to the fundamental natural frequency 
of 8,002 Hz.

m

Fig. 3.13 Mode shape 2 (1, 0) corresponding to a natural frequency of 17,127 Hz.
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Fig. 3.14 Stress distribution in the package at a frequency of 8,002 Hz. Stress units in Pa.
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Fig. 3.15 Stress distribution in the comer solder at the fundamental frequency of 8,002 Hz. 
Stress units in Pa.
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Table 3.3 Stress vs. frequency in a flip chip with underfill carrying a load

Frequency (Hz)
Stress (MPa)

von
Mises S l l S22 S33 S12 S13 S23

6,666 2.55 0.51 2.14 0.51 0.8 0.06 0.8
2,000 0.067 0.013 0.057 0.013 0.021 0.0015 0.021

Table 3.4 Magnification factor at the center of the substrate in a flip chip with underfill

Frequency (Hz)
— ------------

Acceleration (m/s ) Magnification Factor 
(Output/Input)Input Output

8,002 150 6337 42.25
2,000 150 10.56 0.07

Acceleration Transmissibility

Frequency (Hz)
Fig. 3.16 Acceleration transmissibility at the center of the board in the 

flip chip package with underfill
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Mises Stress vs. Frequency

Frequency (Hz)

Fig. 3.17 von Mises stress at the comer solder joint in the flip chip package with 
underfill. At an input acceleration of 15g, the stresses are well within the 
yield strength of a solder joint. Hence this package was considered safe at 
vibrational acceleration of 15g.

In the sinusoidal analysis for a flip chip package with or without underfill, only 

out-of-plane vibrations have been tested. There is no requirement for testing the package 

with respect to in-plane vibrations since the in-plane natural frequencies are much higher. 

It is not likely that the package would be excited under such high frequencies in its 

operational life.

3.5 Conclusion

It can be seen that underfilling the flip chip has significantly reduced the stresses 

in the solder joints. For the same input acceleration, the failure of the comer-most solder 

joint is much faster in the flip chip without underfill than in a flip chip with underfill. 

This is illustrated in Fig. 3.18. Hence underfilling the flip chip helps improve the life of 

the package.
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Mises Stress vs. Frequency

2000 40 0 0  6000
Frequency {Hz}

8000 10000
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Underfill at 
15g
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15g
Without 
Underfill at 
5g

Fig. 3.18 Comparison of von Mises stress at the comer solder joint, for different 
input accelerations, in the flip chip package with and without underfill.
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4. Shock Analysis of a Flip Chip under an Extreme 

Temperature Environment

4.1 Introduction

In Chapter 2 the package was subjected to shock analysis but the ambient 

temperature was not considered. Thermal residual stresses in staked materials caused due 

to the CTE mismatch exert a pre-stress in the package. The status of the pre-stress varies 

with the fabrication process, the operating time and temperature. During the fabrication 

process, the ideal “stress-free” temperature, under which the staked materials are bonded, 

is in fact much higher than the room temperature. This chapter analyzes the stresses and 

strains in the flip chip package with underfill under mechanical shock in an extreme 

temperature environment. For the solder joints, the stress-free temperature may be 

defined as the curing /reflow temperature (usually about 140 °C). A package could have a 

temperature of 125 °C under operating conditions. The same package could also have a 

very low operation temperature of -55 °C in extreme cold climates. The flip chip package 

under consideration is subjected to these extreme temperature conditions. Two thermal 

models of the package were considered for analysis. One model assumes the stress-free 

status at room temperature, while the other assumes the stress-free status at the 

curing/reflow temperature of the solder.

4.2 Modeling in ABAQUS

It is known from Chapter 2 that a flip chip with out underfill has a poor reliability 

under mechanical shock. Hence, in this chapter, only a flip chip with underfill is 

considered for analysis under mechanical shock in extreme temperature environment. 

The dimensions of the package taken from Chapter 2 are shown in Fig. 4.1.
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Fig. 4.1 Dimensions of the half-symmetric flip chip package with underfill used in 
ABAQUS model.

To model the package under extreme temperatures, the effect of plasticity and 

creep are considered in the solders. The material properties o f the solder joints are input 

as a function of the temperature (Pang et al.2001) and are given by:

E(T) = 75970-152T(N /m m 2) (4.1)

a y (T) = 49.2 -  0.097T(N/mm2) (4.2)

where T is temperature in Kelvin

E(T) is the temperature dependent Elastic modulus

a (T) is the temperature dependent yield strength of solder

The solder material is assumed to be perfectly plastic. The elastic modulus and the yield 

stress values for different temperatures as calculated by Equations (4.1) and (4.2) is 

shown in Table 4.1.

Table 4.1 Temperature dependent material properties for solder

Temperature (UC) Elastic modulus (GPa) Yield Strength (MPa)
-55 42.834 28.054
25 30.674 20.294
125 15.474 10.594
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Creep is also considered for the solder material. Though creep models were built in 

ABAQUS, a desired creep model was input to the solder joints. The governing equation 

for creep (Pang et al. 2001) is given by:

G 1
f  ao^

n
r - q Î

sinh exp
I G J I k t J

G = 28388 -  56T(N/mm2) (4.4)

where s c is equivalent creep strain rate (s'1);

a  is equivalent von Mises stress (N/mm2);

G is temperature dependent shear modulus (N/mm );

T is absolute temperature (Kelvin);

Ci is 16.7 (K/s/N/mm2) - a constant;

a is 866; stress level at which power law dependence breaks down; 

n is 3.3; stress exponent for dislocation glide-controlled 

deformation process;

Q is 0.548 (eV); activation energy for creep deformation process; 

k is 8.617xl0'5 (eV/K); Boltzmann’s constant.

The subroutine creep used in ABAQUS (ABAQUS User’s Manuals [4a], 2002) is shown 

Appendix A. The material properties of other components of the package are taken from 

Table. 2.1 in Chapter 2.

Creep analysis in ABAQUS cannot be carried out by a general static step. A visco 

analysis step is chosen for including both creep and plasticity in the solder joint. Such a 

material in ABAQUS is called a two layer visco-plastic material (ABAQUS User’s 

Manuals [4b], 2002). A creep strain error tolerance of lx l0 '4 is chosen. ABAQUS does 

not support an Explicit analysis after a viscous analysis. Therefore, a dynamic analysis 

step from ABAQUS standard is used to analyze the shock after the viscous analysis. The 

solution accuracy in the dynamic analysis is controlled by the HAFTOL parameter. For 

the elastic case with almost negligible damping, the HAFTOL can be chosen to be up to 

10 times the force for a moderately accurate solution; and 0.1 to 1 times the force for a
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highly accurate solution (ABAQUS User’s Manuals [4c], 2002). The force on the circular 

base plate is given by:

where F is the force

m is the mass o f the system 

v is the final velocity 

u is the initial velocity

t is the time in which the velocity change occurred 

Taking the mass of the system as approximately 1 Kg, the initial velocity as 1.7 

m/s, final velocity as 0 m/sec and the duration of impact as 0.12 milliseconds, a HAFTOL 

value of 3,575 is input to the system.

The package is tied onto a rigid circular plate. This time, initial velocity is not 

assigned to the circular plate and the package to drop them onto the floor. Instead, an 

acceleration shock pulse of around 2500g, with a duration of around 0.24 milliseconds, 

was input to the rigid plate in the form of amplitude varying with time. This is equivalent 

to dropping the table from a height of approximately 15 cm. The data for the shock 

variation with time were taken from the previous shock simulations in Chapter 2. The 

boundary conditions applied on the model are shown in Table 4.1 with the notations 1, 2 

and 3 representing the X, Y and Z directions respectively; U representing displacements; 

and UR representing rotations.

(4.5)
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Table 4.2 Boundary conditions applied in the model

Boundary
Condition Initial step Viscous analysis step Dynamic analysis step

Acceleration
Profile Not Activated Not Activated

Created at the circular 
base plate in 3 

direction

Displacement
constraint Not Activated Not Activated

Created with 
UR 1 =UR2=UR3=0 at 
the reference point of 

circular base plate

Pinned Not Activated

Created with 
UR 1 =UR2=UR3=0 at 

center point of 
package

Deactivated

X symmetry

Created at the center of 
package perpendicular 

to X axis with 
UX=URY=URZ=0

Propagated Propagated

Y symmetry

Created at the center of 
package perpendicular 

to Y axis with 
UY=URX=URZ=0

Propagated Propagated

The package was meshed with the same type of elements as mentioned in Chapter 

2, but the elements are chosen from the ABAQUS Standard library.

4.3 Shock Analysis of the Flip Chip at Extreme High Temperature

The flip chip package is analyzed under an extreme high temperature of 125 °C at 

two different stress-free temperatures, the curing temperature of solder (140 °C) and the 

room temperature (25 °C), respectively. The temperature profiles are schematically 

shown in Fig. 4.2, Case A and Case B, respectively. The ramp rates are chosen to be 

10 °C/min in both cases. The dwell time at each temperature is chosen to be 10 minutes. 

In the thermal analysis with creep and plasticity, the comer-most solder experiences the 

maximum stress as it is the farthest point from the neutral axis. After the thermal 

analysis, the package was given a shock (at the base plate) of approximately 2500g with a
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duration of 0.24 milliseconds. This is equivalent to dropping the table from a height of 

approximately 15 cm.

Tera<’ Case B

Fig. 4.2 Temperature profile applied to the package for drop testing at 125 °C. At the 
end of the thermal action, a mechanical shock of 2500g is applied by dropping 
the package.

The deformed shape of the package for case A and case B is shown in Fig. 4.3 (a) 

and Fig.4.3 (b), respectively. For case A, the stress-free temperature is assumed to be 

140 °C where the package is undeformed. As the temperature is decreased below this 

value, due to the CTE mismatch (refer to Table 2.1) between the die and the substrate, the 

substrate contracts more than the die resulting in the overall package shape being bent 

down. For the case B, the package is undeformed at room temperature. As the 

temperature is increased beyond 25 °C, the substrate expands more than the die leading to 

the overall package shape being bent up. In the thermal analysis with creep, the stresses 

tend to stabilize when the temperature of the package is held constant. Creep strain 

dominates in the solder materials at a high temperature. There is no plastic strain 

observed in either case.

For case A, the stresses and strains in the solder joints after the thermal analysis 

are shown in Fig. 4.4 and Fig. 4.5, respectively. Next, a mechanical shock analysis was 

conducted and the resulting stresses are shown in Fig. 4.6. There was no plastic strain
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observed. The creep strain was not considered because of the fact that mechanical shock 

is a transient phenomenon. There is a pre-stress value at the start of shock analysis. To 

predict the life of the package due to the mechanical shock, alone, at the elevated 

temperature, the difference in the stress at the start of analysis and the peak stress must be 

taken into account. The maximum fluctuation in the von Mises stress and S33 (the 

normal stress in the dropping direction) from the start to the end of the shock analysis is 

found to be 0.97 MPa and 1.01 MPa, respectively, in Fig. 4.6.

(a) (b)
Fig. 4.3 Deformed shape of the package for (a) cooling and (b) heating 
from the stress-free temperature.

Thermal Stress vs. Time

Fig. 4.4 Stress variation at the die side of the comer solder during the thermal 
analysis for case A. The stress-free temperature is 140 °C. The temperature 
profile in the figure is indicated by a circle with an arrow pointing towards 
the right. S ll overlaps with S22 and S13 overlaps with S23.
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Equivalent Creep Strain vs. Time
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Fig. 4.5 Creep strain variation at the die side of the comer solder during the thermal 
analysis for case A. No plastic strain was observed. The stress-free temperature 
is 140 °C. The temperature profile in the figure is indicated by a circle with an 
arrow pointing towards the right.

Peak-to-Peak Stress Variation vs. Time

O.po 0.05 0.10 0.15 0.20 0.25
insert Tim© (m illiseconds)

Fig. 4.6 Stress variation at the die side of the comer solder during the shock analysis for 
case A. The stress-free temperature is 140 °C. The “Insert” arrow indicates the 
continuation from the similar mark in Fig. 4.4. S ll overlaps with S22 and S13 
overlaps with S23.
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In case B, there was no plastic strain accumulation. The stresses accumulated in 

the comer-most solder are shown in Fig. 4.7. The creep strain accumulated in the thermal 

analysis step is shown in Fig. 4.8. The stress variation with time for the succeeding shock 

analysis is shown in Fig. 4.9, in which the maximum fluctuation in the von Mises stress 

and S33 (the normal stress in the dropping direction) is found to be 0.63 and 0.99 MPa, 

respectively.

Thermal Stress vs. Time

4 — S Mises 
S22

Insert
600 800 

Time (seconds)
Fig. 4.7 Stress variation at the die side of the comer solder during the thermal analysis 

for case B. The stress-free temperature is 25 °C. The temperature profile in the 
figure is indicated by a circle with an arrow pointing towards the right. S ll 
overlaps with S22 and S13 overlaps with S23.
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4.8 Creep strain variation at the die side of the comer solder during the thermal 
analysis for case B. No plastic strain was observed. The stress-free temperature 
is 25 °C. The temperature profile in the figure is indicated by a circle with an 
arrow pointing towards the right.
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Fig. 4.9 Stress variation at the die side of the comer solder during the shock analysis for 
case B. The stress-free temperature is 25 °C. The “Insert” arrow indicates the 
continuation from the similar mark in Fig. 4.7. SI 1 overlaps with S22 and S13 
overlaps with S23.
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4.4 Shock Analysis of the Flip Chip at Extreme Low Temperature

In the analysis at extreme low temperature, the two different stress-free 

temperatures are again considered: (1) the curing temperature of solder at 140 °C (case 

C); (2) room temperature at 25 °C (case D). The two cases are shown in Fig. 4.10. At a 

low temperature (e.g., -55 °C), the effect of creep is insignificant and the creep strain 

accumulation curve almost remains constant as the temperature drops below 25 °C. 

However, the plastic strain dominates. Therefore, there was no dwell time provided for 

the package at -55 °C in either case.

For case C, the stress and strain variation with time in the thermal analysis step is 

shown in Fig. 4.11 and 4.12, respectively. It can be seen that the stress value approaches 

the yield strength of solder at lower temperatures and the plastic strain starts 

accumulating. At this instant, a mechanical shock analysis is performed and the stress 

variation with time is shown in Fig. 4.13. There is no plastic stain accumulation during 

the shock. This is shown by the horizontal plastic strain line in Fig. 4.14. The maximum 

fluctuation in the von Mises stress and S33 (normal stress in the dropping direction) is 

found to be 0.9 MPa and 2.95 MPa, respectively.
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Temp

Time (s) Time (s)

Fig. 4.10 Temperature profile applied to the package for drop testing at -55 °C. At the 
end of the thermal action, mechanical shock of 2500g is applied by dropping 
the package.

Thermal Stress vs. Time
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Fig. 4.11 Stress variation at the die side of the comer solder during the thermal 
analysis for case C. The stress-free temperature is 140 °C. The temperature 
profile in the figure is indicated by a circle with an arrow pointing towards the 
right. S ll overlaps with S22 and S13 overlaps with S23.
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Fig. 4.13 Stress variation at the die side o f the comer solder during the shock analysis for 
case C. The stress-free temperature is 140 °C. The “Insert” arrow indicates the 
continuation from the similar mark in Fig. 4.11. SI 1 overlaps with S22 and S13 
overlaps with S23.
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4.12 Strain variation at the die side of the comer solder during the thermal analysis 
for case C. The stress-free temperature is 140 °C. The temperature profile in the 
figure is indicated by a circle with an arrow pointing towards the right.

Equivalent Strain vs. Time
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Fig. 4.14 Plastic strain variation at the die side of the comer solder during the shock
analysis for case C. There was no plastic strain or creep strain. The stress-free 
temperature is 140 °C.

For case D, the reference temperature is 25 °C. The stresses in the comer-most 

solder after the thermal analysis are shown in Fig. 4.15. The corresponding strains are 

shown in Fig. 4.16. It can be observed that the plastic strain accumulated in this case is 

comparable to the plastic strain in case C. However, the creep strain is much smaller than 

in case C, because at higher temperatures the creep strain dominates, but it becomes 

insignificant at lower temperatures. The stress variation with time in case o f the shock 

analysis is shown in Fig. 4.17. The maximum fluctuation in the von Mises stress and S33 

(normal stress in the dropping direction) is found to be 0.9 MPa and 2.88 MPa, 

respectively.

Equivalent Strain vs. Time
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Time (seconds)
Fig. 4.15 Stress variation at the die side of the solder joint during the thermal analysis for 

case D. The stress-free temperature is 25 °C. The temperature profile in the 
figure is indicated by a circle with an arrow pointing towards the right. S ll 
overlaps with S22 and S13 overlaps with S23.

Equivalent Strain vs. Time

Time (seconds)
Fig. 4.16 Strain variation at the die side of the comer solder during the thermal analysis 

for case D. The stress-free temperature is 25 °C. The temperature profile in the 
figure is indicated by a circle with an arrow pointing towards the right.
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Fig. 4.17 Stress variation at the die side of the comer solder during the shock analysis 
for case D. The stress-free temperature is 25 °C. The “Insert” arrow indicates the 
continuation from the similar mark in Fig. 4.15. S ll overlaps with S22 and S13 
overlaps with S23.

4.5 Shock Analysis of the Flip Chip at Room Temperature

The same flip chip package is also analyzed at room temperature for the two 

different stress-free temperatures, as shown in Fig. 4.18. For case E, with a stress-free 

temperature of 140 °C, the stress variation after the thermal analysis is shown in Fig.

4.19. There was no plastic strain in the comer solder. The creep strain is shown in Fig.

4.20. The stress variation in the shock analysis following the thermal analysis is shown in 

Fig. 4.21. The maximum fluctuation in stress for von Mises and S33 is found to be 0.6 

MPa and 2.15 MPa, respectively. The stress in the flip chip for case F dropped on the 

ground with a reference temperature of 25 °C is shown in Fig. 4.22. There was no plastic 

strain. The maximum fluctuation in the von Mises stress and S33 (normal stress in the 

dropping direction) is found to be 2.94 MPa and 2.12 MPa, respectively.
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Temp Temp Case F

Fig. 4.18 Temperature profile on the package for drop testing at 25 °C. At the end of 
the thermal action, mechanical shock of 2500g is applied by dropping the 
package.

Thermal Stress vs. Time

-5 ----------- 1-----------1-----------1----------- 1----------- 1----------- 1-----< —Insert
0 200 400 600 800 1000 1200

Time (seconds)

Fig. 4.19 Stress variation at the die side of the comer solder during the thermal analysis 
for case E. The stress-free temperature is 140 °C. The temperature profile in the 
figure is indicated by a circle with an arrow pointing towards the right. S ll 
overlaps with S22 and S13 overlaps with S23.
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Equivalent Creep Strain vs. Time
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Fig. 4.20 Creep strain variation at the die side of the comer solder during the thermal 

analysis for case E. No plastic strain was observed. The stress-free 
temperature is 140 °C. The temperature profile in the figure is indicated by a 
circle with an arrow pointing towards the right.
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Stress variation at the die side of the comer solder during the shock analysis for 
case E. The stress-free temperature is 140 °C. The “Insert” arrow indicates the 
continuation from the similar mark in Fig. 4.19. S ll overlaps with S22 and 
S13 overlaps with S23.
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Time (milliseconds)
Fig. 4.22 Stress variation at the die side of the comer solder during the shock analysis for 

case F. The stress-free temperature is 25 °C. S ll overlaps with S22 and 
S13 overlaps with S23.

4.6 Conclusion

From all the analyses above, the temperature is plotted versus the dominant 

stresses— S33 (in the direction of dropping) and the von Mises stress— as shown in Fig. 

4.23. It can be seen from the graph that the variation in the normal stress, S33, is almost 

the same for the shock at a given temperature under different stress-free temperatures. 

This means that the S33 in the shock analysis is almost independent of the stress-free 

temperature chosen. However, the stress-free temperature affects the stresses and strains 

in the solder joints during the thermal cycling tests due to the CTE mismatch. During the 

thermal excursions, the bending stresses, S ll  and S22, are more dominant than the 

normal peeling stress, S33. However, during the shock analysis, S33 dominates. 

Therefore, in the shock analysis following the thermal analysis, S33 is almost 

independent of the stress-free temperature. A life prediction using S33 will not depend on 

the stress-free temperature chosen. Also, the value of S33 is higher at -55 °C and lower at 

125 °C because the solder joint is stiffer at lower temperatures and softer at higher 

temperatures (refer to Table 4.1).
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However, the von Mises stress, which takes all the individual stress components 

into consideration, is dominant both in the thermal cycling and shock analysis. Therefore, 

the von Mises stress accounts for the package life under different stress-free 

temperatures.

In the current analysis, there is no plastic strain accumulation in the shock 

analysis. All the plastic strain accumulation took place during the thermal analysis alone. 

Therefore all the stresses can be assumed to be within the elastic limit. The life prediction 

equation is given by Equation (1.12).

From Fig. 4.23, it can be seen that S33 is maximal at -55 °C and minimal at 

125 °C. According to Equation (4.1), based on the maximum normal stress S33 as the 

failure criterion, the package will have lower reliability at -55 °C in the comer-most 

solder joint. In predicting the package life, using von Mises stress, the package with a 

stress-free temperature of 25 °C dropped at the same temperature (Case F) will have 

lowest reliability at the comer-most solder. It is interesting to observe in this particular 

package that the comer solder designed for reliability to shock at room temperature 

would withstand the extreme temperature shock satisfactorily, according to the von Mises 

criterion.

The S33 value is lower at elevated temperatures. However, this does not mean 

that the package has a better life at 125 °C. There is, in fact, a large accumulation of the 

creep strain at elevated temperatures. The creep strain is independent of the material yield 

point. For example, consider the cases where the stress free temperature is 25 °C. The 

total inelastic strain in the thermal analysis is approximately 0.175%, dominated by 

plastic strain in case D (operating temperature at -55 °C). However, the total inelastic 

strain is approximately 0.4%, dominated by creep strain in case B (operating temperature 

of 125 °C). Therefore, elevated temperatures, due to the creep effect, are quite destructive 

to the package life whenever thermal fluctuations occur, as in the case of on/off switching 

o f the electronic component.
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Peak-to-Peak Stress Variation vs. Time

Operating Temperature (°C)

Fig. 4.23 Stress variation at the die side of the comer solder in the shock analysis following 
the thermal analysis under different combinations of stress-free and operating 
temperatures.
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5. Shock and Vibration Tests at Board Level

5.1 Introduction

The shock and vibration analysis so far conducted on the flip chip is at level one 

(also called device level or IC level). In this chapter, the same shock and vibration 

analysis is conducted at level two, or the board level. The flip chips can also be directly 

attached to the PCB, as in the Flip Chip On Board (FCOB), and hence there is a need to 

test the packages at the board level. The shock levels and the vibration levels for the 

testing are assumed to be the same as those applied at the level one. In the analysis, a 

single FCOB package with underfill is considered to be attached at the center of the PCB. 

The assembly is tested under shock in the horizontal orientation with the chip facing up, 

as this is the worst case dropping orientation. The same FCOB package is tested under 

sinusoidal vibrations.

5.2 Shock Analysis at Board Level

The dimensions of the package are shown in Fig. 5.1. The analysis is conducted 

on a quarter model to alleviate the computational burden. The material properties of the 

components of the package are taken from Table 2.1 of Chapter 2. Shock was applied at 

one comer of the quarter model over a circular area of 4mm diameter. The model created 

in ABAQUS is shown in Fig. 5.2. The analysis was run in ABAQUS Standard. Since the 

shock is applied normal to the plane o f the PCB, the normal stress, S33, is expected to be 

the dominant the stress distribution in the package. The input shock pulse to the PCB is 

shown in Fig. 5.3. The von Mises stress and distribution in the package is shown in Fig. 

5.4. Maximum stress was observed in the comer-most solder joint as shown in Fig. 5.5 

and Fig. 5.6. It was interesting to observe that the maximum stress in the package did not 

occur at the time of the maximum input shock pulse. The maximum stress in the package 

occurred after a time delay. The maximum value of the input shock pulse occurred 

around 0.12 milliseconds. Flowever, the maximum stress response of the system occurred 

at 0.275 milliseconds. The stresses were observed to be much more than in the solder
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joints in level one packaging. In fact, plastic strain was also observed in the comer-most 

solder joint of the assembly. The von Mises stress and S33 acting on the comer-most 

solder joint are shown in Fig. 5.7. The equivalent plastic strain is shown in Fig. 5.8.

Fig. 5.1 Dimensions of the half-symmetric FCOB package with underfill used in 
ABAQUS model.

Fig. 5.2 FCOB package modeled in ABAQUS for shock analysis.



Fig. 5.3 Input shock pulse (acceleration) at the drop table.
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Fig. 5.5 von Mises stress distribution in the solder joints of the FCOB just after impact 
with the felt. Stress units in Pa. The upward side in the figure is the die side and 
the bottom side is the PCB side.
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Fig. 5.6 von Mises stress (a) and S33 (b) distribution in the solder joints of the FCOB 
just after impact with the felt. Stress units in Pa. The upward side in the figure is 
the die side and the bottom side is the PCB side.
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Stress vs. Time

Time (milliseconds)

Fig. 5.7 Stresses in the comer-most solder of the FCOB at the die

Equivalent Plastic Strain vs. Time

Time (milliseconds)
Fig. 5.8 Plastic strain in the comer-most solder of the FCOB at the die side.
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The life of the package can be determined by using the life prediction equation:

N f = A c8 (4.1)

where a  is the maximum peeling stress or von-Mises stress, N f is the fatigue life, A and 

B are constants that are package dependent and are to be determined from experiments 

(Tee et al. 2003). The life o f the package is obtained from the experiments. The package 

stress is obtained from simulations. Therefore, the constants A and B can be calculated.

5.3 Vibration Analysis at Board Level

The same FCOB package on the PCB is subjected to vibration analysis. The 

dimensions of the package are shown in Fig. 5.1. The material properties of the flip chip 

model used in vibration analysis are taken from Table 2.1 of Chapter 2. However, 

plasticity of solder joints has not been included here since this is a linear perturbation 

analysis. A modal damping with a critical damping fraction of 1.25% (0.0125) has been 

used in the analysis. Instead of a quarter model, a full model was built for the vibration 

analysis. The package was subjected to sinusoidal vibrations at an amplitude of 15g over 

a frequency range of 10 to 2,000 Hz.

^  Region of 
vibration 
input

*- Package

+ PCB

Fig. 5.9 FCOB package modeled in ABAQUS for vibration analysis.
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The first two natural frequencies occurred at 965 Hz and 2,093 Hz, respectively. 

The corresponding mode shapes are shown in Fig. 5.10. The stress distribution in the 

comer-most solder joint is shown in Fig. 5.11 at the natural frequency of 965 Hz. The 

acceleration transmissibility and von Mises stress over the frequency range of 10 Hz to

2,000 Hz are shown in Fig. 5.12 and Fig. 5.13, respectively.

Fig. 5.10 Mode shapes corresponding to (a) the fundamental natural frequency of 965 Hz 
and (b) the natural frequency of 2,093 Hz.
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Fig. 5.11 Stress distribution in the comer solder at the fundamental frequency of 965 Hz for 
an input acceleration of 15g. Stress units in Pa.
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Fig. 5.12 Acceleration transmissibility at the center of the board in the FCOB package 
for an input acceleration of 15g.
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5.4 Shock Analysis at Extreme Temperatures

The shock analysis was conducted at three different operating temperatures— 

125 °C, 25 °C and -55 °C, for a stress-free temperature at 25 °C. A thermal analysis 

preceded the shock analysis. Solder creep and plasticity were included in the modeling. 

The material properties at different temperatures are taken from Chapter 4. The 

temperature dependent elastic modulus and yield strength for the solder is shown in Fig. 

5.14. The thermal loading history of the package before the shock analysis is shown in 

Fig. 5.15.
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Materail Property vs. Temperature

Temperature (^C)

Fig. 5.14 Temperature dependent material properties for the solder joint.

Temp Temp Temp

Fig. 5.15 Temperature profile on the package before drop testing at different 
temperatures. At the end of the thermal action, mechanical shock is 
applied by dropping the package. The stress-free temperature is 25 °C.

The results of the simulation at the die side of the comer-most solder joint are 

shown in Figures 5.16-5.18. There is a pre-stress in the solder joints at the start o f the 

shock analysis as shown in Fig. 5.16 and 5.18. This is due to the CTE mismatch between
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the die and the PCB in the preceding thermal analysis. The von Mises stress in the 

comer-most solder joint under different operating temperatures is shown in Fig. 5.16. The 

solder material is assumed to be perfectly plastic and hence, the von Mises stress can 

never exceed the yield strength of the solder. The comer solder is at the yielding point 

before the start o f the shock analysis at -55 °C. Hence during the shock, the von Mises 

stress remains almost constant at the yield stress of the solder for an operating 

temperature of -55 °C. However, for the operating temperatures of 125 °C and 25 °C, 

under the temperature profiles shown in Fig. 5.15, the solder material did not reach its 

yield point at the start o f the shock analysis. The solder material yields when it hits the 

ground during the shock analysis. The von Mises stress stays constant up to a certain time 

and then drops below the yield stress.

Plastic strain accumulates in a material when the stress reaches the yield point. 

The equivalent plastic strain at the die side of the comer-most solder under different 

operating temperatures is shown in Fig. 5.17. Equivalent plastic strain is maximal at the 

operating temperature of -55 °C because the material is already at the yield point before 

the start of the shock analysis. The plastic strain accumulation is expected to be high at 

125 °C. However, the low plasticity in the solder at 125 °C is due to the temperature 

profile chosen in the preceding thermal analysis. A creep strain accumulated in the solder 

joints at elevated temperatures. This creep strain dominates over the plastic strain.

A graph o f the normal stress in the dropping direction (S33) versus time is shown 

in Fig. 5.18. The amplitude of the stress is maximal for shock at -55 °C and minimal for 

the drop at 125 °C. This is because the solder material stiffens at lower temperatures. 

Hence the comer solder will fail much more quickly at -55 °C than at 125 °C.
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Peak-to-Peak von Mises Stress Variation vs. Time

Time (milliseconds)

Fig. 5.16 von Mises stress variation at the die side of the comer solder during the shock 
analysis under different operating temperatures. The stress-free temperature is 
25 °C.

Equivalent Plastic Strain vs. Time

Time (milliseconds)

Fig. 5.17 Plastic strain variation at the die side of the comer solder during the shock 
analysis under different operating temperatures. The stress-free temperature is 
25 °C.
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Peak-to-Peak Normal Dropping Stress Variation vs. Time

Time (milliseconds)
Fig. 5.18 Variation of the normal stress in the dropping direction at the die side of the 

comer solder during the shock analysis under different operating temperatures. 
The stress-free temperature is 25 °C.

5.5 Conclusion

The analysis of the flip chip package at board level has revealed that higher 

stresses are induced in the comer-most solder joints at board level compared to the 

stresses in the solder joints at the device level. This is because of the fact that the board, 

being larger, bends more, thereby inducing more stress in the comer solders.

The comparison of the stresses in the solder joints at the device level and board 

level is shown in Fig. 5.14. It can be recalled that there was no plastic strain in the flip 

chip package with underfill tested at the device level for mechanical shock. However, in 

the board level analysis, there was some plastic strain observed after the shock.

Also, in the mechanical shock analysis at board level, the maximum stress in the 

comer-most solder does not occur at the instant o f maximum shock input, but after a 

delayed time. This is because of the time required for the elastic wave to propagate from 

the input shock location to the region of the comer-most solder.
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Under mechanical shock at extreme temperature, the comer solder joint develops 

much higher stress at -55 °C than at 125 °C, because the stiffness of the solders increases 

with decreasing temperature.

Therefore, it can be concluded that the solder joints at the board level are more 

susceptible to failure than the solder joints at device level. Hence, for all design purposes 

dealing with shock and vibration, the focus for failure analysis must be at the board level 

rather than at the device level.

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Time (milliseconds)

Fig. 5.14 von Mises stress at the comer solder joint at board level and package level in 
the shock analysis of the flip chip package with underfill.
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Fig. 5.15 von Mises stress at the comer solder joint at board level and package level in 
the vibration analysis of the flip chip package with underfill.
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6. Conclusions and Future Work

6.1 Conclusions

The following conclusions can be drawn from this thesis work:

• The comer solder is the farthest solder from the center of the package. Therefore, 

as the package bends, the comer solder undergoes the maximum deformation 

among all the solder joints. Hence, the maximum stress occurred in the comer- 

most solder joint during shock and vibration.

• The package without underfill suffers much higher stresses and strains than the 

package with underfill. Therefore, when high reliability is required under 

conditions of shock and vibration, underfilling the flip chip package is a good 

option.

• The worst case dropping orientation is the horizontal orientation with the chip 

facing in the upward direction.

• The parametric study of the underfill material strength showed that, from the 

mechanical shock point of view, the underfill must have an elastic modulus as 

high as possible. In practice, the upper limit on the elastic modulus also must be 

determined through thermal cycling tests to avoid die cracking.

• The shock and vibration analysis conducted on the isolated package recorded 

lower stresses and strains. However, the analysis of the same package on the 

circuit board showed much higher stresses and strains. This is because of the fact 

that the board, being larger, bends more, thereby inducing more stress in the 

comer solder joints. Therefore, from the shock and vibration reliability point of 

view, it is more appropriate to focus on the board level analysis.

• For the combined thermal cycling and shock analysis at the board level, the comer 

solder accumulated maximum stress for the shock at -55 °C and minimum stress 

for the shock at 125 °C. As the material gets stiffer, higher stresses are induced for 

the same displacements.
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6.2 Future Work

• In the current work, the package stresses and strains are determined. These 

stresses and strains are the key for predicting the package life. Experimental work 

needs to be carried out to correlate the stress to the package life.

• Lead free solders are gaining popularity and replacing the leaded solder joints. 

However, these lead free solders are brittle. Hence, they are more susceptible to 

failure under shock and vibration. The present work can be extended to the lead 

free solders.

• In the current work, the solder joints are modeled as simple cubes. A detailed 

analysis would require the modeling of the Under Bump Metallization (UBM), 

bonding pads, and solder mask. These components are much smaller than the 

solder joint and can be studied in detail by the technique of submodeling.

• Experimental analysis is required to compare with the results obtained for 

extreme temperature shock tests.
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Appendix A

Subroutine creep implementation in ABAQUS:

C User subroutine CREEP
SUBROUTINE CREEP(DECRA,DESWA,STATEV,SERD,ECO,ESWO, P, QTILD, 

1 TEMP,DTEMP,PREDEF,DPRED,TIME, DTIME,CMNAME,LEXIMP, LEND 
2,COORDS,NSTATV,NOEL,NPT,LAYER, KSPT,KSTEP,KINC)

C
INCLUDE 1ABA_PARAM.INC'

C
CHARACTER*80 CMNAME

C
DIMENSION DECRA(5),DESWA(5),COORDS(*),DPRED(*),STATEV(*)

1,PREDEF(*),TIME(2)
C
C DEFINE CONSTANTS 
C

Cl=16.7E-6 
ALPHA=866.0 
AN=3.3 
Q=0.548 
AK=8.617E-5
G = (28388.0-(56.0* TEMP))*1.0E6

C
T1=EXP(ALPHA*QTILD/G)
T2=EXP(-ALPHA*QTILD/G)
DECRA(1)=(C1*G/TEMP)*((0.5*(T1-T2))**AN) *

1 EXP(—Q/(AK*TEMP))*DTIME
IF(LEXIMP.EQ.1) THEN 
DECRA(5)=C1*AN*(G/TEMP)* (ALPHA/G)*EXP(-Q/(AK*TEMP))*

1 ((0.5*(T1-T2))**(AN-1.0))*DTIME*(0.5* (T1+T2))
END IF

C
RETURN
END


