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Preface

Green electronic products require the use of lead-free (Pb-free) solder materials for

soldering. Semiconductor packaging and electronics manufacturing employ Pb-free

solder for silicon chip interconnection and surface mount assembly of integrated

circuit (IC) components on a printed circuit board (PCB). Design and reliability

evaluation of Pb-free soldered assemblies involves multidisciplinary knowledge in

Pb-free solder material, it’s mechanical properties, manufacturing compatibility

with IC components and PCB materials, quality of soldering process and solder

joint reliability performance in service.

The global electronics manufacturing industry has made a critical shift to

Pb-free solder materials and soldering technology after more than 40 years of use

of tin–lead (Sn–Pb) solders. Since July 2006, the European Commission Directives

on “Waste Electrical and Electronic Equipment (WEEE)” and on the “Restriction

of the use of certain Hazardous Substances (RoHS)” in electrical and electronics

equipment has resulted in a global shift to RoHS compliant Pb-free electronic

products. The electronic manufacturing industry has since sucessfully implemented

Pb-free solder technology. In America, the National Electronics Manufacturing

Initiative (NEMI) organization recommended the use of Pb-free, tin–silver–copper

(95.5Sn–3.9Ag–0.6Cu) solder alloy for solder reflow process and tin–copper

(99.3Sn–0.7Cu) solder alloy for wave soldering. However, it is now common

practice to use different variations of tin–silver–copper (SAC) solder alloys, namely

SAC305, SAC387, and SAC405, respectively.

This book on “Lead Free Solder: Mechanics and Reliability” provides a com-

prehensive knowledge base for Pb-free solder mechanical properties, materials

constitutive models, fatigue life prediction models, finite element modeling,

and simulation of reliability test results. Application of Pb-free solders requires

advance mechanics of materials characterizations, computational modeling and

simulation of reliability tests subject to thermal cycling test, vibration fatigue test,
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and board-level drop impact test conditions. The tensile, creep, and fatigue proper-

ties for 95.5Sn–3.8Ag–0.7Cu (SAC387) and 99.3Sn–0.7Cu solder materials are

covered in detail and compared to other solder alloys. Mechanical properties and

constitutive models were derived for use in finite element analysis to predict solder

joint reliability in a design-for-reliability (DFR) methodology.

John Hock Lye Pang, PhD, ASME Fellow
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Chapter 1

Introduction

Abstract Chapter 1 provides an introduction on the use and application of lead- free

solders in the semiconductor packaging and electronics manufacturing industry.

The importance of solder joint reliability testing and assessments is described

within a framework of a DFR methodology. This DFR methodology provides a

systematic approach to understanding the mechanics of deformation of solder

materials, characterizing the mechanical properties, constitutive models for creep

and viscoplastic analysis, fatigue life prediction models, which are then employed

in a finite element modeling and simulation analysis to assess the solder joint

reliability performance.

Lead-free solder alloys, soldering, and surface mount technology play a critical role

in the semiconductor packaging and electronics manufacturing industry. Solder

joints in electronic products are used as interconnection materials for enabling

electrical, thermal, and mechanical function in electronic packaging design and

manufacturing of Integrated Circuit (IC) devices and surface mount assembly of

electronic components on printed circuit board (PCB) products.

Since July 2006, European legislations [1, 2] on Waste Electrical and Electronic

Equipment (WEEE) and on the Restriction of the use of Hazardous Substances

(RoHS), had a major impact on the electronics manufacturing industry where

cooperative efforts have seen the industry made a smooth transition from tin–lead

(Sn–Pb) to lead-free tin–silver–copper (Sn–Ag–Cu) solder alloys. Great efforts

have been achieved to restrict the use of Pb-based solders and replace it with Pb-

free solders in consumer electronic products. Pb-free solder applications in the risk

adversed electronic products sectors like in the medical, military, automotive, and

high perfomance computers industry requires extensive knowledge in mechanics

and reliability performance of Pb-free soldered assemblies.

Lead-free solder technology involves multidisciplinary knowledge in solder alloy

materials, properties, soldering, manufacturing, quality, and long-term solder joint

reliability in service. Ternary, tin–silver–copper (Sn–Ag–Cu) solder alloys have been

J.H.L. Pang, Lead Free Solder: Mechanics and Reliability,
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deployed for solder reflow assembly process [3]. Eutectic 99.3Sn–0.7Cu solder alloy

is more commonly used for wave soldering process. Eutectic 96.5Sn–3.5Ag solder

alloy is often employed in solder-bumped, flip chip wafer-level packaging processes.

Typically for Sn–xAg–yCu solder alloys [4], the range of silver, x, is 3–4%wt. and

copper, y, is 0.5–0.7% wt. Three lead-free solder alloy compositions used for solder

reflow assembly process are Sn–3Ag–0.5Cu (SAC305), Sn–3.8Ag–0.7Cu (SAC387) ,

and Sn–4Ag–0.5Cu (SAC405) respectively. Lead-free Sn–Ag–Cu solder alloys (with

notations: SAC305, SAC387, and SAC405) have been rigorously evaluated for its

material properties, its soldering compatibilitywith IC components and PCBmaterials

in surface mount assembly, and solder joint reliability assessments.

Lead-free solder materials application requires mechanics characterization of

the mechanical properties and constitutive models. Robust reliability evaluation of

solder joint assemblies subject to accelerated test requirements for thermal cycling,

mechanical cycling, vibration, and drop impact loading test conditions [5].

Quality and reliability are two important product attributes that contribute to the

success of electronic product operations in service [6]. A design-built-test approach

in quality and reliability testing of soldered IC and PCB assemblies is often

supported by a Design-for-Reliability (DFR) approach by modeling and simulation

of lead-free solder joint performance [7–9].

The DFR methodology, which provides a knowledge base for lead-free solder

alloys and their material constitutive models, fatigue life prediction models, finite

element modeling, and simulation of reliability test methods, is shown in Fig. 1.1.

The middle column in Fig. 1.1 shows the accelerated temperature cycling (ATC)

reliability test results for thermal cycling (TC) and thermal shock (TS) given in a

Weibull plot. The Mean-Time-To-Failure (MTTF) for different TC and TS test

results can be correlated by a scale factor (SF) or an acceleration factor (AF).

The right column in Fig. 1.1 shows the finite element analysis (FEA) modeling

requirements which involves numerical modeling details for 3D geometry and load

history, material properties, temperature, and strain-rate dependent constitutive

model. The output from the FEA result will provide the fatigue damage driving

force parameter for a strain-range or plastic work based fatigue life predictionmodel.

The left column of the DFR methodology shown in Fig. 1.1 is the fatigue life

prediction analysis procedure using low cycle fatigue models based on strain-range

or energy-based fatigue models.

The above DFR methodology applies to solder joint reliability evaluation for both

lead-free and tin–lead electronic solders. This requires extensive materials character-

ization [10, 11], fatigue life prediction test and modeling [12–16], FEA modeling and

simulation [17–20], and reliability tests for conducting a DFR assessment as

illustrated in Fig. 1.2. Various 2D and 3D FEA models have been developed for a

Plastic Ball Grid Array (PBGA) component assembly to a PCB as shown in Fig. 1.3.

This book on Lead-Free Solder: Mechanics and Reliability will report on the

extensive research work done on mechanics of materials characterization of

Sn–3.8Ag–0.7Cu and Sn–0.7Cu solders, finite element modeling of solder joint

reliability correlated to thermal cycling, vibration, and drop impact tests for lead-

free solders.

2 1 Introduction



Fig. 1.2 DFR approach for FEA modeling and fatigue analysis

Fig. 1.1 DFR methodology for solder joint reliability assessments
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Chapter 2

Theory on Mechanics of Solder Materials

Abstract Chapter 2 reviews the fundamental theory on mechanics of solder

materials. As solder materials are subject to high operating temperatures relative

to their melting point, the thermo-mechanical deformation response of the solder is

dependent on both temperature and strain-rate conditions. Hence, the theory on

mechanics of solder materials will focus on elastic-plastic-creep and viscoplastic

models for describing the thermo-mechanical deformation response of lead-free

solder materials operating over a wide range of temperatures (�40�C to +125�C)
and strain rates (0.0001–1,000 s�1).

Solder materials in electronic packaging assemblies are subjected to thermo-

mechanical loads during accelerated reliability tests and in service operation.

Accelerated Thermal Cycling (ATC) tests subject the solder joints to extreme

temperatures; for example from �40�C to +125�C. Such cyclic thermo-mechanical

induced deformations in the package assembly cause the solder material to develop

severe cyclic inelastic strains and cumulative fatigue damage resulting in failure of

the solder joints [1, 2].

The stress, strain, and strain energy density components in solder materials

can be computed numerically, if the governing material constitutive model has

been developed from mechanics of materials tests. Materials testing and characteri-

zation of the elastic and inelastic deformation behavior are needed to derive the

constitutive models to describe the solder deformation behavior in an elastic-

plastic-creep model or a viscoplastic model approach [3].

Thermo-mechanical fatigue analysis in solder joints of electronic assemblies

will require a stress and strain analysis approach and this often involves 2D and 3D

modeling of the package assembly subject to the design or reliability test condition

[4–6]. Fatigue damage driving force parameters such as stress-range, strain-range,

The original version of this chapter was revised. An erratum to this chapter can be found at

https://doi.org/10.1007/978-1-4614-0463-7_9

J.H.L. Pang, Lead Free Solder: Mechanics and Reliability,
DOI 10.1007/978-1-4614-0463-7_2, # Springer Science+Business Media, LLC 2012
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and inelastic strain energy density per cycle can be computed and used in fatigue

life prediction models.

2.1 Thermo-Mechanical Stress and Strain Analysis

An electronic package assembly is made up of different deformable materials

joined by solder materials that undergo extensive amounts of deformations when

subject to cyclic thermal loading. It is essential to understand the basic governing

equations of thermo-mechanical strain in solder joints induced by mismatch in

thermo-mechanical deformations [1, 2]. For a simple case, it can be assumed that

the package is stress-free at a uniform temperature where there are no external or

residual forces present. It is also assumed that the velocity and displacement of

every element in the package at the instantaneous reference state is assumed to be

small and the fundamental strain–displacement relation is given by,

eij ¼ 1

2

@ui
@xj

þ @uj
@xi

� �
: (2.1)

Hence, the governing equations for the isotropic thermal stresses for electronic

packaging structure with steady-state heat flow condition (∂T/∂t ¼ 0) are given by,

dij
@

@xi

@T

@xj

� �
¼ 0 (2.2)

sij ¼ lekkdij þ 2Geij � bdijðT � T0Þ (2.3)

with the multi-axial strain components in a solid element given by,

ex ¼ @u

@x
; ey ¼ @v

@y
; ez ¼ @w

@z
(2.4)

gxy ¼
@u

@y
þ @v

@x
; gyz ¼

@v

@z
þ @w

@y
; gxz ¼

@w

@x
þ @u

@z
(2.5)

In three-dimensional analysis, a solid is subjected to multi-axial states of

stresses and strains. The principal stresses and strains in the three principal planes,

1, 2, and 3 can be computed from a mechanics of materials analysis or by a

numerical modeling approach employing a finite element analysis (FEA) method.

s1>s2>s3 and e1>e2>e3;

where s1, s2, and s3 are the principal stresses, and e1, e2, and e3 are the principal

strains at an element.
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The equivalent von Mises stress equation is a yield criterion and is used to

determine if the Yield stress state at the onset of plastic yielding has occurred in a

solid element.

se ¼ 1ffiffiffi
2

p ðs1 � s2Þ2 þ ðs2 � s3Þ2 þ ðs3 � s1Þ2
h i1=2

(2.6)

Similarly, the equivalent von Mises strain equation is used to compute the

corresponding equivalent strain at the onset of plastic yielding and beyond.

ee ¼
ffiffiffi
2

p

3
ðe1 � e2Þ2 þ ðe2 � e3Þ2 þ ðe3 � e1Þ2
h i1=2

(2.7)

In soldered electronic assemblies, the shear strain components are particularly

important due to thermal expansion mismatch shear deformations in solder joints.

The effective shear stress and shear strain can be derived from the equivalent von
Mises stress and strain by:

effective shear stress,

t� ¼ 1ffiffiffi
3

p se (2.8)

and effective shear strain,

g� ¼
ffiffiffi
3

p
ee: (2.9)

The multi-axial stress and strain state at any point in a three-dimensional solid

element can be resolved down to an equivalent stress and strain state using the von
Mises stress–strain equation. This can then be related to the tensile test stress and

strain response for modeling the elastic-plastic stress–strain curve behavior of a

ductile material shown in Fig. 2.1.

The linear elastic region can be modeled by Hooke’s law where stress (s) and
strain (e) is related by Young’s Modulus (E ).

s ¼ Ee (2.10)

A

σ 

ε

σ = Eε
(Linear elastic region)

σ = Kεn 
(Plastic strain hardening region) 

Fig. 2.1 Elastic-plastic

stress–strain curve plot
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The plastic strain hardening region can be modeled by a time-independent

non-linear stress–strain relationship,

s ¼ Ken (2.11)

The plastic strain hardening region can be modeled as an isotropic or

kinematic hardening material. Isotropic hardening assumes that the origin of the

von Mises yield surface remains stationary in the stress space and the size of its

yield surface expand resulting from strain hardening. In kinematic hardening, the

von Mises yield surface does not change in size, but the origin of the yield surface is
allowed to translate in the stress space to model strain hardening effects of increas-

ing plastic flow stress. For solder materials, the tensile stress and strain curves are

dependent on the test temperature and strain rate. The elastic modulus, yield

strength, and ultimate tensile strength (UTS) properties vary with temperature

and strain rate.

For a typical thermal cycling test from �40�C to 125�C, these mechanical

properties reduce with the increase in temperature [7]. At �40�C to 125�C, a
lead-free SAC solder material has a homologous temperature range of 0.5–0.8 of

its melting point temperature of 217�C or 490 K. Creep deformation behavior in a

solder material is highly dependent on the stress and temperature state. An elastic-

plastic-creep constitutive model or viscoplastic constitutive model is needed to

facilitate finite element modeling and simulation of solder joint reliability subject to

thermal cycling tests [8].

2.2 Elastic-Plastic-Creep Model

Elastic-plastic-creep analysis [8] treats the total strain as the sum of the phenome-

nological components of elastic strain, time-independent plastic strain and time-

dependent creep strain as shown below.

eij ¼ eeij þ epij þ ecij (2.12)

where eij, eeij, e
p
ij, and ecij are total, elastic, time-independent plastic and time-

dependent creep strain tensors, respectively.

The total strain can be divided into an elastic component, eel, a time-independent

plastic component, epl, and a time-dependent creep component, ecr. The secant

modulus can be expressed as:

1

Esec

¼ etot
s

¼ eel
s
þ epl

s
þ ecr

s
¼ 1

Eel

þ 1

Epl

þ 1

Ecr

(2.13)
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From (2.13), it is noted that by increasing the strain rate, the contribution of the time

dependent creep strain decreases such that for an infinite strain rate, ecr and 1/Ecr

tend towards zero. Similarly, by decreasing the stress level of taking the slope on the

stress–strain curve to calculate secant modulus, the contribution of the time-inde-

pendent plastic strain decreases so that at a stress level small enough, any plastic

effects can be eliminated, such that epl and 1/Epl tend towards zero. Therefore, only

the elastic component is left and this results in giving the true Elastic modulus.

2.2.1 Temperature and Strain-Rate Dependent Elastic Modulus

The constitutive model [9, 10] for the apparent Elastic modulus can be written as

E T; _eð Þ ¼ ða0T þ a1Þ logð_eÞ þ ða2T þ a3Þ þ d; (2.14)

where _e is the strain rate; T is the temperature; a0; a1; a2; and a3are constants; dis
the error term, which is introduced to account for any experimental error.

For constant temperature, two temperature-dependent constants aðTÞ ¼ a0T þ
a1 and bðTÞ ¼ a2T þ a3, can be introduced.

Equation (2.14) can then be written as

E ¼ aðTÞ logð_eÞ þ bðTÞ þ d (2.15)

From (2.15), we can get the linear estimator equation:

E
_ ¼ a_ logð_eÞ þ b

_

; (2.16)

where E
_

; a_; b
_

are estimated values of E; a; and b; respectively.
It is necessary to rewrite (2.16) in matrix notation in the form

Y ¼ X � C (2.17)

and apply multiple linear regression with,

Y ¼

E1

E2

..

.

En

2
666664

3
777775 X ¼

logð_e1Þ 1

logð_e2Þ 1

..

. ..
.

logð_enÞ 1

2
666664

3
777775 C ¼ a

b

" #
(2.18)

Using the experimental data, the temperature-dependent constants can be derived

from calculus, where the estimated coefficient matrix, C
_

, can be found from (2.19)

C
_ ¼ ðXTXÞ�1XTY; (2.19)
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where C
_ ¼ a

_

b
_

� �
. Then the temperature-dependent constants a; b also can be expressed

by the matrix notation forms

Y1 ¼ X1 � C1

Y2 ¼ X2 � C2

(
; (2.20)

where

Y1 ¼
a1
a2
a3

2
64

3
75 X1 ¼

T1 1

T2 1

T3 1

2
64

3
75 C1 ¼

a0

a1

" #

Y2 ¼
b1
b2
b3

2
64

3
75 X2 ¼

T1 1

T2 1

T3 1

2
64

3
75 C2 ¼

a2

a3

" #

Thus, the constants a0; a1; a2; and a3 can be determined from calculus that

estimated coefficient matrix, C
_

1; C
_

2, are calculated as

C
_

1 ¼ ðX1
TX1Þ�1X1

TY1

C
_

2 ¼ ðX2
TX2Þ�1X2

TY2; (2.21)

where

C
_

1 ¼
a
_

0

a
_

1

" #
; C

_

2 ¼
a
_

2

a
_

3

" #
(2.22)

By solving (2.19), (2.21), and (2.22) and substituting the solution of constants of

a0; a1; a2; and a3 into (2.14), the apparent Elastic modulus for 95.5Sn–3.8Ag–0.7

Cu is obtained [7] as follows:

E T; _eð ÞSnAgCu ¼ ð�0:0005T þ 6:4625Þ logð_eÞ þ ð�0:2512T þ 71:123Þ (2.23)

2.2.2 Temperature and Strain-Rate Dependent Yield
Stress and Ultimate Tensile Stress

The yield stress and UTS were established and expressed individually as follows:

syðT; _eÞ ¼ aðTÞð_eÞbðTÞ; (2.24)
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where _e is the strain rate, T is the temperature, and

aðTÞ ¼ b0T þ b1

bðTÞ ¼ b2T þ b3

(

here b0; b1; b2; and b3 are curve-fitted constants.

UTSðT; _eÞ ¼ aðTÞð_eÞbðTÞ; (2.25)

where _e is the strain rate, T is the temperature, and

aðTÞ ¼ c0T þ c1

bðTÞ ¼ c2T þ c3

(

here c0; c1; c2; and c3 are unknown constants.

Employing the same evolution procedure to determine the apparent Elastic

modulus, the constants for yield stress and UTS can be determined [7] as follows:

syðT; _eÞSnAgCu ¼ ð�0:2314T þ 68:37Þð_eÞð2:29�10�4Tþ0:0724Þ
(2.26)

UTSðT; _eÞSnAgCu ¼ ð�0:2337T þ 75:98Þð_eÞð2:5�10�4Tþ0:0707Þ: (2.27)

The elastic modulus, yield stress, and UTS properties of solder materials are

dependent on the temperature and strain rate of loading in a tensile test. Strain-rate

hardening effects cause these properties to increase with the increase in strain rate

from 10�5 s�1 to 10�1 s�1 [7, 11].

2.2.3 Ramberg-Osgood Model for Elastic-Plastic
Stress–Strain Curve

One of the major goals of thermo-mechanical analysis in the electronics industry is

to be able to model the stress–strain response in the solder joint and predict its

reliability performance in design and in service.

A Ramberg-Osgood model describes the elastic-plastic behavior of solder

materials very well and can be used to describe the stress–strain curve of solder

tensile test results given by

e ¼ s
E
þ a

s
s0

� �n

; (2.28)

where n is the hardening exponent, a and s0 are material constants.
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However for solder materials, the stress–strain curve is dependent on tempera-

ture and strain rate. Hence, a Modified Ramberg-Osgood model can be developed to

include the temperature and strain-rate dependent effects.

2.2.4 Temperature and Strain-Rate Dependent Modified
Ramberg-Osgood Model

The Ramberg-Osgood model hardening exponent n and stress coefficient s0 are

modified to be temperature and strain-rate dependent for solder materials. The

temperature and strain-rate dependent Modified Ramberg-Osgood model can be

described as

eðT; _eÞ ¼ s
E
þ a

s
s0ðT; _eÞ

� �nðT;_eÞ
: (2.29)

From the tensile test result, the mechanical properties have a linear relationship

with temperature and logarithmic relationship with strain rate. So formation of

temperature and strain-rate dependent n and s0 can be written as

s0ðT; _eÞ ¼ s0 þ aT� þ b_e� (2.30)

nðT; _eÞ ¼ nþ cT� þ d _e� (2.31)

where T� ¼ T�Tr
Tm�Tr

, _e� ¼ ln _e
_er

� �
, a and c are temperature coefficients, b and d are

strain-rate coefficients. Tr and _er are reference temperature and strain rate, respec-

tively. Tm is the melting temperature of Sn–3.8Ag–0.7Cu (217�C), n and s0 are

hardening exponent and stress coefficient at the reference temperature and strain rate.

2.3 Creep Constitutive Models

Creep of a solder material is often characterized by its steady-state creep strain rate,

_ess, which can be simply expressed as power law relationship,

_e ¼ Asne
�Q
KT ; (2.32)

where A is material constant, s is applied stress, n is stress exponent, Q is creep

activation energy, K is Boltzmann’s constant, and T is absolute temperature. The

activation energy, Q, and the stress exponent, n, change with the dominant creep

mechanism and may have different values for different regimes of the applied

stress.
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By taking the natural logarithm, (2.32) can be rewritten as,

ln _e ¼ ln Aþ n ln s� Q

K

1

T
(2.33)

It can be seen from (2.33) that for the creep process under the controlling

constant stress, the creep deformation mechanism does not change at small temper-

ature range. Therefore, the activation energy, Q, could be determined from the

slope of the, ln e versus 1/T plot.

To describe the steady-state creep strain rate over a wider regime of stresses and

temperatures, a hyperbolic-sine creep model is often used for solder materials [11].

The steady-state creep strain rate for intermediate to high stress power law break-

down regime is:

_e ¼ C sin h asð Þ½ �n exp � Q

KT

� �
; (2.34)

where _ec ¼ equivalent creep strain rate (s�1), s ¼ equivalent von Mises stress

(N/mm2), T ¼ absolute temperature (kelvin), C is a constant, a is the stress level

at which the power law dependence breaks down, n is the stress exponent for

dislocation glide-controlled kinetics, Q is the activation energy for creep deforma-

tion process, and K is the Boltzmann’s constant.

The elastic-plastic-creep approach is a phenomenological way to describe the

constitutive behavior of solder alloy, since the elastic, plastic and creep strains

represent different deformation. For thermo-mechanical cyclic loading, the time-

independent plastic strain and time-dependent creep strain can be readily computed

from an elastic-plastic-creep analysis using FEA modeling and simulation [12, 13].

Another useful method from a state variable approach of inelastic strain is the

viscoplastic strain analysis approach. This method combines the creep and plastic

strain components as a unified state variable inelastic strain.

2.4 Viscoplastic Constitutive Model

The viscoplastic model approach follows the materials perspective that dislocation

motion is the cause of both creep and plastic deformation [8, 13], and combined

them into inelastic strain. A viscoplastic model that has been used for modeling

rate-dependent deformation behavior of ductile metals is the Anand viscoplastic

model, which was originally reported by Anand [14] and Brown et al. [15]. The

Anand viscoplastic model was applied to tin–lead solder joints subject to thermal

cycling loading by Darveaux [16]. The Anand viscoplastic model was curve fitted

for lead-free tin–silver (Sn–3.5Ag) and tin–silver–copper (SAC387) solder alloys,

respectively [12, 17].
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The total strain is expressed as,

eij ¼ eeij þ einij ; (2.35)

where einij is the inelastic strain tensor.

The Anand model consists of two coupled differential equations that relate the

inelastic strain rate to the rate of deformation resistance.

The strain rate equation is represented by,

dein
dt

¼ A sin h x
s
s

� �h i1
m

exp �Q=RTð Þ (2.36)

The rate of deformation resistance is given by

_s ¼ h0 Bj jð Þa B

Bj j
	

dep
dt

(2.37)

B ¼ 1� s

s�
(2.38)

s� ¼ ŝ
1

A

dep
dt

exp �Q=RTð Þ
� �

; (2.39)

where dein/dt is the effective inelastic strain rate, s is effective true stress, s is

the deformation resistance, T is the absolute temperature, A is pre-exponential

factor, x is stress multiplier, m is strain rate sensitivity of stress, Q is activation

energy, R is universal gas constant, h0 is hardening/softening constant, ŝ is coeffi-
cient for deformation resistance saturation value, n is strain-rate sensitivity of

saturation value, and a is strain-rate sensitivity of hardening or softening.

In the Anand model, (2.36) deals with the relationship between saturation stress

and strain rate under certain temperatures. Equations (2.37)–(2.39) deal with the

hardening and softening flow response where the relationship between strain and

stress can be computed over a range of strain rate and temperature.

The saturation stress in (2.40) can be derived from (2.36) as follows:

s� ¼ ŝ

x
_ep
A
eQ=RT

� �n

sin h�1 _ep
A
eQ=RT

� �m� �
; (2.40)

where _ep and T denote strain rate and temperature, respectively.

The parameters Q/R, A, ŝ=x, m, and n can be determined by a nonlinear fitting

method to steady-state creep strain rate test data.

The relationship between the viscoplastic stress and inelastic strain is given by,

s ¼ s� � ½ðs� � cs0Þð1�aÞ þ ða� 1Þch0s�ð�aÞep�1=ð1�aÞ: (2.41)
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The variable ep is the nonlinear strain, and a, s0 and h0 are parameters to be

determined, where c is a function of strain rate and temperature given in (2.42).

c � 1

x
sin h�1 _ep

A
eQ=RT

� �m� �
c<1: (2.42)

The values of the nine material parameters Q, A, ŝ; x, m, n, a, s0, and h0 for

any given solder alloy can be determined by the curve-fitting procedures given

below:

1. Determination of the saturation stress s* under a series of strain rate and

temperature by creep test.

2. Curve fitting of parameters Q/R, A, ŝ=x, m, and n in (2.40).

3. Determination of x and ŝ. For value of ŝ=x has been determined in step (2), value

of x should be estimated such that the value of c will match condition: c < 1.

And then the value of ŝ can be derived from ŝ=x and the estimate of x.
4. Curve fitting of a, s0, and h0 in (2.41).

For example, the above curve-fitting method for the Anand viscoplastic

model was applied to tensile and creep test data for 63Sn–37Pb solder alloy. Tensile

test data for three different temperatures, 25�C, 75�C, and 125�C, and three states of
strain rate, 5.6E�2, 5.6E�3, and 5.6E�4, were used. Table 2.1 shows the result of

the nine parameters of the Anand viscoplastic model for 63Sn–67Pb solder.

2.5 Fatigue Life Prediction Models for Solder Materials

Thermo-mechanical fatigue failure in solder joints subject to thermal cycling tend

to fail in the Low Cycle Fatigue (LCF) range where the fatigue life to failure falls

between 100 and 10,000 thermal cycles. The fatigue life prediction models to be

used depends on the fatigue test condition and fatigue damage parameters used. The

fatigue damage driving force parameters such as the plastic strain-range, creep

strain range and inelastic strain energy density per cycle can be used in different

fatigue life prediction models.

The LCF approach can be based on the strain or energy parameter used to

characterize the fatigue failure process [18–20]. These parameters are (a) plastic

strain range, (b) creep strain range and (c) inelastic energy. The strain range-based

fatigue approach employs low cycle strain-controlled fatigue test method.

The inelastic strain comprises of the plastic strain range and creep strain range.

The plastic shear strain deformation is represented by the time-independent plastic

Table 2.1 Anand model parameters for 63Sn–37Pb solder

A Q/R x m ŝ n h0 a s0

63Sn-37Pb 26.0 5,797 10 0.256 83.1 0.043 92148 1.24 38.0
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strain component, while the creep strain component contributes to the time-depen-

dent inelastic strain included in the plastic shear strain (Dgp) component as shown in

Fig. 2.2. The energy-based fatigue model employs the cyclic stress–strain hysteresis

loop to compute the elastic strain energy density (DWe) and inelastic dissipated

energy or plastic work per cycle (DWp).

2.5.1 Plastic Strain Range Fatigue Models

The Coffin–Manson fatigue model [18] is perhaps the best-known and most widely

used approach for LCF analysis. The total number of cycles to failure, Nf, is

dependent on the plastic strain range, Dep, the fatigue ductility coefficient, e0f , and
the fatigue ductility exponent, c, given in the expression below:

Dep
2

¼ e0f 2Nfð Þc: (2.43)

The fatigue ductility coefficient, e0f , is approximately equal to the true fracture

ductility, ef . The fatigue ductility exponent, c, varies between �0.5 and �0.7 [21],

and experimental data are required to determine the constants.

Solomon’s LCF model [22] relates the plastic shear strain range to fatigue life

cycles is given below:

DgpN
a
p ¼ y (2.44)

Dgp is the plastic shear strain range. Np is the number of cycles to failure, y is the

inverse of the fatigue ductility coefficient, and a is a material constant.

ΔWp 

ΔWe 

Δτ 

Δγp Δγe

Fig. 2.2 Cyclic stress–strain

hysteresis loop
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2.5.2 Creep Strain Range Fatigue Models

Creep strain range fatigue models account strictly for the cyclic creep deformation

in the solder joints. Early attempts at modeling creep were made by isolating the

elastic and plastic deformation mechanisms. Creep, as mentioned previously, can

be separated into two possible mechanisms, matrix and grain boundary creep.

Knecht and Fox [23] proposed a simple matrix creep fatigue model relating the

solder microstructure and the matrix creep shear strain range given below,

Nf ¼ C
Dgmc

(2.45)

The number of cycles to failure, Nf, is related to a constant C, which is dependent

on failure criteria and solder microstructure. Dgmc is the strain range due to matrix

creep.

2.5.3 Creep-Fatigue Interaction Model

By applying Miner’s linear superposition principal, both plastic and creep strain can

be accounted for in strain-based fatigue model [24]. This model combines the

Solomon fatigue model with the Knecht and Fox creep model and is given below:

1
Nf

¼ 1
Np

þ 1
Nc

; (2.46)

where Np refers to the number of cycles to failure due to plastic fatigue and is

obtained directly from the Solomon’s fatigue model, Nc refers to the number of

cycles to failure due to the creep fatigue and is obtained from the Knecht and Fox’s

creep fatigue model.

2.5.4 Frequency Modified Plastic Strain Range Method

The constants in the Coffin–Manson model are dependent on temperature and

cyclic frequency. The modified Coffin–Manson model [25] given below:

Nfn k�1ð Þ
h im

Dep ¼ C; (2.47)
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where

n k�1ð Þ ¼
n k1�1ð Þ for 1 Hz� n� 10�3Hz

n
10�3

� � k2�1ð Þ
10�3
� � k1�1ð Þ

for 10�3Hz>n� 10�4Hz

8><
>:

and, k1, k2, m, and C are dependent on temperature and frequency. The frequency

effect was compensated by this frequency-modified model. However, the tempera-

ture effect of LCF behavior is still a problem.

2.5.5 Energy-Based Models

Energy-based fatigue models form the largest group of models. These models are

used to predict fatigue failure based on a hysteresis energy term or type of volume-

weighted average stress–strain history.

A modified energy-based LCF model [26], is given below,

Nfn k�1ð Þ
h im Wp

2sf
¼ C; (2.48)

where

n k�1ð Þ ¼
n k1�1ð Þ for 1 Hz� n� 10�3Hz

n
10�3

� � k2�1ð Þ
10�3
� � k1�1ð Þ

for 10�3Hz>n� 10�4Hz

8><
>:

and, k1, k2, m, and C are dependent on temperature and frequency.

An empirical plastic work model was developed by Darveaux [2, 16] for solder

joint subject to thermal cycling tests and is used to predict the crack initiation and

crack growth behavior using the equations given below:

N0 ¼ K1DWK2 (2.49)

da

dN
¼ K3DWK4 ; (2.50)

where DW is the plastic work, a is the area of the solder joint where a fatigue crack
will grow till failure, K1, K2, K3, and K4 are constants fitted to the test data. This

model must be used with a calibrated FEA model with a specific element size and

volume.
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The plastic work, DW, calculated must be normalized by the volume of the

solder elements used for fatigue analysis.

DWave ¼
P

DW 	 VP
V

; (2.51)

where DWave is the average plastic work and V is the volume of each element

selected for analysis.
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Chapter 3

Mechanical Properties and Constitutive Models

Abstract Chapter 3 reports on experimental tests to characterize the mechanical

properties for the apparent elastic modulus, yield stress, and ultimate tensile

strength. These mechanical properties are highly dependent on test temperature

and test strain rate. For high strain-rate test conditions, a Split-Hopkinson pressure

bar (SHPB) test method was employed for measuring strain-rate influence on the

yield stress of lead-free solder material. Comparisons of these mechanical

properties were made for Sn–Ag–Cu, Sn–Cu, and Sn–Pb solder alloys. Strain rate

and temperature-dependent mechanics of material models were curve-fitted for the

range of temperatures (�40�C to +125�C) and strain-rates (0.0001–1,000 s�1)

tested. Creep tests results are presented in steady state creep models. A rate

dependent viscoplastic deformation model by Anand, was fitted to the test data

from the creep test and tensile test of Sn–Ag–Cu, Sn–Cu, and Sn–Pb solder alloys.

In this chapter, the mechanical properties for bulk solder materials specifically for

95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu lead-free solder alloys will be reported in

detail. This will include temperature and strain rate-dependent tensile tests, high

strain rate tension test by the Split-Hopkinson pressure bar, and creep tests. Consti-

tutive models for steady state creep deformation behavior and rate-dependent

viscoplastic deformation models were derived from the tensile and creep test

results.

3.1 Tensile Tests

The tensile test method was employed to measure the mechanical properties of

95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu solder alloys. Dog bone-shaped bulk

solder specimens for the uniaxial tensile test were machined from solder bar. The

specimen has a total length of 65 mm, a gauge length of 15 mm, and a diameter of

3 mm (shown in Fig. 3.1) following the ASTM standard [1]. The tensile tests were

J.H.L. Pang, Lead Free Solder: Mechanics and Reliability,
DOI 10.1007/978-1-4614-0463-7_3, # Springer Science+Business Media, LLC 2012
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carried out on a universal testing machine, at four different temperatures (�40�C,
25�C, 75�C, and 125�C). At each temperature, three different displacement rates

were used (0.5, 5, and 50 mm/min).

3.2 High Strain Rate Tests

A Split Hopkinson Pressure Bar (SHPB) test method was employed to test the

mechanical properties of 95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu solder alloys at

high strain rates. Dog bone-shaped bulk solder specimens for tensile SHPB test

were prepared by machining from bars. The specimen has a total length of 50 mm, a

gauge length of 10 mm, and a diameter of 4 mm as shown in Fig. 3.2. The specimen

was threaded at both ends and screwed to the test system.

The SHPB is based on the theory of wave propagation in elastic bar and interac-

tion between a stress pulse and the specimen of different impedance. A schematic of

SHPB and recording system is shown in Fig. 3.3. There is a data acquisition system

to collect and analyze the output waveforms from the SHPB test method.

3.3 Creep Tests

Creep tests were conducted for 95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu solder

alloys using the bulk solder specimen shown in Fig. 3.1. Creep tests were carried

out on a universal testing machine under constant load creep test conditions at

isothermal test temperatures in a thermal chamber. Creep tests were carried out at

Fig. 3.1 Tensile and creep specimen (in mm)

Fig. 3.2 Split Hopkinson pressure bar specimen (in mm)
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four different isothermal temperatures (�40�C, 25�C, 75�C, and 125�C) with the

stress set at 11 different values (3, 4, 5, 7, 10, 15, 20, 25, 30, 35, 40, 50, 60, and

70 MPa).

3.4 Tensile Test Results

3.4.1 95.5Sn–3.8Ag–0.7Cu Solder Alloy

The effects of strain rate and temperature on the 95.5Sn–3.8Ag–0.7Cu tensile

properties were evaluated and the stress–strain curves for the three different strain

rates at a constant temperature of 25�C are shown in Fig. 3.4. The test result for the

three strain rate conditions at a temperature of 125�C is given in Fig. 3.5. It can be

seen that the mechanical properties of 95.5Sn–3.8Ag–0.7Cu is dependent on the

test temperature and strain rate parameters [2, 3].

The result of the effect of temperature on elastic modulus is shown in Fig. 3.6.

It can be seen that the curves demonstrate linear relationship between the elastic

modulus and the temperature and it is noted that elastic modulus decreases at higher

temperatures. The effect of strain rate on elastic modulus was presented by plotting

the graph of elastic modulus versus strain rate as shown in Fig. 3.7. The plot shows

approximately straight lines with a constant slope for the temperature tested. This is

expected as the elastic modulus has a linear function of logarithmic strain rate and

elastic modulus increase with the strain rate.

The yield stress was computed from the stress–strain curve at 0.2% plastic strain.

The effects of test temperature and strain rate on the yield stress are shown in

Figs. 3.8 and 3.9. There is a linear relationship between the yield stress and

temperature, and the trend shows a decrease in yield stress at higher temperatures.

The yield stress versus logarithmic strain rate plot also shows a linear relationship

and it is noted that yield stress increases with faster strain rate.

Pressure Chamber
Input
Bar

Output
Bar

Striker
Bar

Anvil
Bar

Specimen

Dynamic Strain Meter

Digital Oscilloscope

Fig. 3.3 High strain rate tension test using SHPB test system
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The corresponding results for the ultimate tensile stress (UTS) are shown in

Figs. 3.10 and 3.11, respectively. The UTS results have a similar trend to the yield

stress results. The UTS increases with increase in strain rate and decreases with

increase in temperature.

The temperature- and strain rate-dependent elastic modulus, yield stress, and

UTS for the bulk 95.5Sn–3.8Ag–0.7Cu solder tensile test results were given in

Table 3.1.
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3.4.2 99.3Sn–0.7Cu Solder Alloy

The mechanical properties of 99.3Sn–0.7Cu solder alloy have similar trend with

Sn–3.8Ag–0.7Cu solder alloy, the elastic modulus, yield stress, and UTS will

increase with strain rate and decrease with temperature. But it is noted that
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Sn–0.7Cu solder has lower yield stress and UTS properties compared to

95.5Sn–3.8Ag–0.7Cu solder alloy. The temperature- and strain rate-dependent

elastic modulus, yield stress, and UTS for the bulk 99.3Sn–0.7Cu solder tensile

test results were given in Table 3.2.
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3.4.3 Comparison on Tin-Lead and Lead-Free Solder Properties

The mechanical properties for 63Sn–37Pb solder at different temperatures and

strain rates were reported by Shi et al. [4]. The comparison of elastic modulus,

yield stress, and UTS for Sn–3.8Ag–0.7Cu (SAC387), 99.3Sn–0.7Cu (Sn–0.7Cu),

and 63Sn–37Pb (Sn–37Pb) at room temperature and high temperature are shown in

Figs. 3.12, 3.13, and 3.14, respectively. It can be seen that SAC387 has the highest

mechanical properties among the three solders. Sn–0.7Cu solder has similar

mechanical properties as Sn–37Pb solder. The differences in elastic modulus are

significant for three solders.

Table 3.2 Summary of

tensile test results for

Sn–0.7Cu solder

E (GPa) Yield (MPa) UTS (MPa)

25�C
5.6 � 10�4 20.2 31.1 35.8

5.6 � 10�3 25.6 36.5 45.0

5.6 � 10�2 32 47.8 52.0

75�C
5.6 � 10�4 15.6 22.8 26.1

5.6 � 10�3 18.9 30.4 34.2

5.6 � 10�2 23.3 35.8 42.0

125�C
5.6 � 10�4 11.6 16.5 18.2

5.6 � 10�3 15.0 21.4 26.1

5.6 � 10�2 18.9 29.5 38.2

Table 3.1 Tensile test results

for Sn–3.8Ag–0.7Cu solder
E (GPa) Yield (MPa) UTS (MPa)

25�C
5.6 � 10�4 41.8 35.1 40.6

5.6 � 10�3 48.3 42.9 49.0

5.6 � 10�2 55.1 52.8 58.0

75�C
5.6 � 10�4 30.7 25.6 29.0

5.6 � 10�3 36.0 33.5 38.8

5.6 � 10�2 42.4 41.5 47.0

125�C
5.6 � 10�4 18.8 16.7 19.7

5.6 �10�3 26.1 23.9 27.2

5.6 � 10�2 32.5 34.0 39.7

�40�C
5.6 � 10�4 51 58.4 67.9

5.6 � 10�3 57 68.7 76.6

5.6 � 10�2 63 76.5 83.3
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At room temperature, SAC387 has a modulus of 50 GPa, compared to around

30 GPa for Sn–0.7Cu and Sn–37Pb solder alloys. However, the difference in yield

stress and UTS is not as significant as elastic modulus, and the differences for three

solders are within 15 MPa for all test conditions.

Comparisons were made with reported [5–10] tensile properties for Sn–Ag–Cu

and Sn–Cu lead-free solders. The comparison of elastic modulus and tensile
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strength at different temperatures for Sn–Ag–Cu and Sn–Cu solders is shown in

Figs. 3.15 and 3.16, respectively. It is noted that there are typical variations in the

tensile strength results, as there are experimental differences in material and

specimen preparation, and test conditions.
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3.5 Split Hopkinson Pressure Bar Tensile Test Result

Split Hopkinson pressure bar (SHPB) tests were conducted with a SHPB, so the

stress and strain could be measured and calculated [11, 12]. Upon the incident pulse

hitting the specimen, it is split into reflected and transmitted pulse. Based on the

strain gauge readings of incident, reflected, and transmitted pulses, stress and strain

during the impact tests can be determined. Typical pulse shape and relationship

among incident, reflected, and transmitted pulses are shown in Figs. 3.17 and 3.18.

By plotting all stress–strain curves into one graph, the effect of strain on the

Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu solders tensile properties of impact tests could

be evaluated and compared. The stress–strain curves of Sn–3.8Ag–0.7Cu at room

temperature and different strain rates (7 � 102, 9 � 102, and 1.3 � 103 s�1) were

shown at Fig. 3.19. The strain rate-dependent stress–strain curves at four different

strain rates of Sn–0.7Cu solder were shown in Fig. 3.20. The elastic modulus and

yield stress at different strain rates are summarized in Table 3.3. Sn–3.8Ag–0.7Cu

has higher mechanical properties than Sn–0.7Cu at high strain rates [12].

3.5.1 Strain Rate- and Temperature-Dependent
Tensile Properties

The mechanical properties of Sn–3.8Ag–0.7Cu and Sn–0.7Cu are strongly depen-

dent on temperature and strain rate. Hence, a statistical method incorporating linear
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regression was employed to quantify the temperature- and strain rate-dependent

mechanical properties of 95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu lead-free

solders.

The Young’s modulus of 95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu is as follows:

E T; _eð ÞSnAgCu ¼ ð0:00074T þ 6:44Þ logð_eÞ þ ð�0:1932T þ 65:935Þ (3.1)

E T; _eð ÞSnCu ¼ ð�0:0235T þ 6:396Þ logð_eÞ þ ð�0:157T þ 42:1Þ (3.2)

Fig. 3.17 Typical pulse shape of SHPB test
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The yield stress and UTS were derived from fitting to the test data and are

expressed individually as follows:

syðT; _eÞSnAgCu ¼ ð�0:2053T þ 76:61Þð_eÞð6:54�10�4Tþ0:074Þ
(3.3)
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syðT; _eÞSnCu ¼ ð�0:199T þ 65:1Þð_eÞð2:87�10�4Tþ0:08254Þ
(3.4)

UTSðT; _eÞSnAgCu ¼ ð�0:2161T þ 81:32Þð_eÞð6:27�10�4Tþ0:0619Þ
(3.5)

UTSðT; _eÞSnCu ¼ ð�0:062T þ 65:8Þð_eÞð7:9�10�4Tþ0:0545Þ
(3.6)

The above equations (3.1)–(3.6) for elastic modulus, yield stress and UTS are

within 5% of the tensile test results for the range of temperature and strain rate

tested. Hence the curve-fitted equations (3.1)–(3.6) are recommended for use to

model the temperature (�40�C to +125�C) and strain rate- (10�4 to 10�1 s�1)

dependent mechanical properties for 95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu

lead-free solders respectively.

The strain rate-dependent flow stress (or yield stress) of the lead-free solders at

high strain rates (such as impact tests) are highly dependent on strain rates as well.

The flow or yield stress equations in (3.3) and (3.4) should be used for conventional

tensile test conditions at low strain rate conditions. If the strain rate is as high as

in the impact test conditions (102 s�1 to 103 s�1), (3.3) and (3.4) are no longer able

to model the strain rate effects adequately. There is a dramatic difference between

the flow or yield stress behavior at higher strain rate conditions. Most ductile

metals, exhibit strain rate sensitivity effects, where the flow stress will experience

a dramatic increase at high strain rates (102 s�1 to 103 s�1) due to strain rate

hardening behavior [13]. The strain rate dependent on flow stress in Fig. 3.21

shows a linear increase when plotted with logarithmic strain rate. Above a high

strain rate regime (102 s�1 to 103 s�1) a dramatic increase in flow stress is expected

due to strain rate hardening response.

Table 3.3 SHPB test results of Sn–3.8Ag–0.7Cu and Sn–0.7Cu solders

Sn–3.8Ag–0.7Cu Sn–0.7Cu

E (GPa) Yield (MPa) E (GPa) Yield (MPa)

7 � 102 52.8 129 12.89 111

9 � 102 53.3 175 13.64 129

1.3 � 103 54.0 300 29.8 203

Flow stress

Log scale strain rate

Dramatic increase

Fig. 3.21 Schematic of strain

rate-dependent flow stress
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Equations (3.3) and (3.4) can be used to predict the flow stress for slower strain

rates. But this linear relationship could not be used to describe the flow stress over a

wider range of strain rate (10�4 s�1 to 103 s�1). The flow stress will increase

dramatically when the strain rate is at a higher level (102 s�1 to 103 s�1). This

higher strain rate part can be modeled by (3.7).

sincrease ¼ B_em _e� 102 (3.7)

By combining (3.3) and (3.4) with (3.7), the constitutive model to predict the

strain rate-dependent flow stress over a wider range of strain rate can be developed.

Based on the SHPB test result at room temperature for three different strain

rates, the values of constant B and exponent m in (3.7) can be derived. Hence,

combining (3.3) and (3.4) with the result from (3.7), the strain rate-dependent flow

stress at room temperature over a wide range of strain rates (10�4 s�1 to 103 s�1) for

Sn–3.8Ag–0.7Cu and Sn–0.7Cu is now given in (3.8) and (3.9), respectively.

sflowð_eÞSnAgCu ¼
64:1_e0:082 10�4 � _e<102

64:1_e0:082 þ 1:44� 10�5 _e2:22 _e� 102

(
(3.8)

sflowð_eÞSnCu ¼
60:1_e0:09 10�4 � _e<102

60:1_e0:091 þ 1:64� 10�6 _e2:46 _e� 102

(
(3.9)

A plot of the experimental flow stress test data from SHPB and the predicted

flow stress model result show good agreement for SAC387 solder in Fig. 3.22 and

for Sn–0.7Cu solder in Fig. 3.23 respectively.

1E-4 1E-3 1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4

Strain rate (1/s)

0

50

100

150

200

250

F
lo

w
 s

tr
es

s 
(M

P
a)

Experimental

Model 

Fig. 3.22 Flow stress versus

strain rate for SAC387
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3.6 Creep Test Result

3.6.1 Steady State Creep Strain Rate for Lead-Free Solders

The steady state creep strain rates are plotted against the applied stress in Fig. 3.24

for SAC387 and in Fig. 3.25 for Sn–0.7Cu solder alloys. It can be seen that at a

constant temperature and increasing applied stress, the steady state creep strain rate

will increase with increasing stress level. At higher temperature test conditions, it is

clear that the steady state creep strain rate test data increases significantly in orders

of magnitude. By comparing the creep properties for SAC387 versus Sn–0.7Cu

solder, it can be seen that SAC387 solder has lower creep strain rates at the same

condition of stress and temperature. It can be concluded that SAC387 has lower

creep strain rate resistance compared to Sn–0.7Cu solder alloy [14].

3.6.2 Comparison with Reported Tin–Lead
and Lead-Free Solder Results

3.6.2.1 Comparison with Tin–Lead Solder

The creep properties for 63Sn–37Pb solder at different temperatures and stress

levels was reported earlier by Shi et al. [4]. The comparison of steady state creep

strain rate for Sn–3.8Ag–0.7Cu, Sn–0.7Cu, and 63Sn–37Pb at room temperature

(25�C) and at high temperature (125�C) are shown in Figs. 3.26 and 3.27,
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Fig. 3.23 Flow stress versus

strain rate for Sn–0.7Cu
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respectively. It can be seen that both lead-free solder alloys (SAC387 and

Sn–0.7Cu) have better creep resistance compared to tin–lead solder (Sn–37Pb).

Between the two lead-free solders, SAC387 has better creep resistance compared to

Sn–0.7Cu solder.
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Fig. 3.25 Steady state creep

behavior of Sn–Cu
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3.6.2.2 Comparison with Reported Lead-Free Solder Results

Some reported creep test results [15–18] for Sn–3.8Ag–0.7Cu and Sn–0.7Cu solder

alloys were reviewed and compared to the author’s creep test data. Figure 3.28

shows the comparison with Sn–Ag–Cu creep test data from Morris et al. [15].
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Solder joint specimens were used in Fay’s lap-shear test samples with a solder joint

height of 160 mm. Their samples were cooled at two cooling rates of 2.7�C/s and
3.5�C/s, respectively. It was found that steady state creep strain rates for the

author’s bulk solder data and the solder joint creep test results by Morris et al.

[15] were comparable at high temperature [19, 20] as shown in Fig. 3.28. The

Sn–Ag–Cu creep data comparison at room temperature between Dusek [16] and

author’s result are also acceptable. Few creep data for Sn–0.7Cu solder was

reported, the author’s Sn–0.7Cu data was compared with results reported by

Plumbridge [17] at 75�C, and good comparison is noted in Fig. 3.29.

3.6.3 Creep Models

Creep of a material is often characterized by its steady state creep strain rate _ess,
which can be simply expressed as power law relationship

_e ¼ Asne
�Q
kT ; (3.10)

where A is material constant, s is applied stress, n is stress exponent, Q is creep

activation energy, k is Boltzmann’s constant, and T is absolute temperature. The

activation energy, Q, and the stress exponent, n, change with the dominant creep

mechanism, and may have different values at different regimes of the applied stress.

1 10 100

Normal stress (MPa)

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

1E-2

1E-1

S
te

ad
y 

st
at

e 
cr

ee
p 

st
ra

in
 r

at
e 

(1
/s

)

Author 125C

[15] 130C (2.7C/s)

[15] 130C (3.5C/s)

Fig. 3.28 Creep properties
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To describe the steady state creep strain rate at different regimes of stress and

temperature, hyperbolic-sine model is widely used. The expression of the models is,

_e ¼ C sinh asð Þ½ �n exp � Q

kT

� �
(3.11)

Then the results of steady state creep strain rate dependent on normal stress and

temperature for 95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu lead-free solders were use

to curve fit to the model described in (3.11). Figures 3.30 and 3.31 show the

comparison of calculated steady strain rates with the experimental ones at different

temperatures. The separated points in the figures express the experimental results

obtained in this study; the solid lines in the figure denote the steady strain rate

curves with the values of parameters obtained in curve-fitting. It is recognized that

calculated results based on (3.11) show fairly good agreement with experimental

results.

After curve-fitting, the parameters for Sn–3.8Ag–0.7Cu and Sn–0.7Cu solder

can be determined, and were shown as,

_eSnAgCu ¼ 501:3 sinh 0:0316sð Þ½ �4:96 exp � 5433:5

T

� �
(3.12)

_eSnCu ¼ 4:35 sinh 0:096sð Þ½ �3:7 exp � 4835:2

T

� �
(3.13)
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Lau [19] and Schubert [20] also reported their creep tests data for Sn–Ag–Cu

solder, their curve-fitted results for the hyperbolic-sine creep model are shown

below [21],

Lauð95:5Sn�3:9Ag�0:6CuÞ _e ¼ 4:41� 105 sinhð0:005sÞ½ �4:2 expð�5412=TÞ (3.14)

Schubertð95:5Sn�3:8Ag�0:7CuÞ _e ¼ 2:78� 105 sinhð0:02447sÞ½ �6:41 expð�6496=TÞ
(3.15)

A comparison of the Sn–Ag–Cu solder material, specimen type, stress exponent

and activation energy from Lau Schubert and the Pang’s creep test result is given in

Table 3.4. It was noted that the stress exponent n varies from 4.2 to 6.4, while the

activation energy, Q, varies from 45 to 54 KJ/mol. A comparison of the steady state

creep model using the (3.12), (3.14) and (3.15) are shown in Fig. 3.32. From the

figure, it can be seen that the author’s creep data agree well with data reported by

Lau [19]. Satisfactory agreement with Schubert’s data [20] was seen at low stresses,

but some difference is noted at higher stresses above 10 MPa.

3.7 Viscoplastic Constitutive Models

The Anand model has been used to model thermal cycling deformation analysis

of soldered assemblies [22]. Tensile and creep test results for the two lead-free

solders (SAC387 and Sn–0.7Cu) were curve-fitted to Anand model first reported

by Anand [23] and Brown and Anand [24], and used by Darveaux [22] for solder

alloy materials. The nine material constants for the Anand model will be presented

for the SAC387 and Sn–0.7Cu lead-free solder in the section below.

The Anand model includes two kinds of equations, the first one deals with

relationship between saturation stress and strain rate under certain temperature,

while the second one deals with relationship between strain and stress under certain

strain rate and temperature. They are as following equations (3.16) and (3.17):

Table 3.4 Comparison of creep test data for Sn–Ag–Cu solder alloy

Material Specimen

Stress

exponent n

Active

energy Q

(KJ/mol)

Pang [21] 95.5Sn3.8Ag0.7Cu Cylindrical bulk specimen with

gauge diameter of 3 mm

and gauge length of 15 mm

4.96 45.2

Lau [19] 96.5Sn3.9Ag0.6Cu Compression specimen with

diameter of 10 mm and

length of 19 mm

4.2 45

Schubert

[20]

95.5Sn3.8Ag0.7Cu Flat bulk specimen with

3 � 3 mm cross section

and gauge length of 30 mm

6.4 54
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s� ¼ ŝ

x
_ep
A
eQ=RT

� �n

sinh�1 _ep
A
eQ=RT

� �m� �
; (3.16)

where variables _ep and T denote strain rate and temperature, respectively. And

parameters Q/R, A, ŝ=x, m, and n can be determined by a nonlinear fitting method.

s ¼ s � �½ðs � �cs0Þð1�aÞ þ ða� 1Þch0s�ð�aÞep�1=ð1�aÞ; (3.17)

where variable ep denotes the nonlinear strain, a, s0, and h0are parameters to be

determined, and c is a function of strain rate and temperature:

c 	 1

x
sinh�1 _ep

A
eQ=RT

� �m� �
c< 1 (3.18)

Based on the tensile and creep test of Sn–3.8Ag–0.7Cu and Sn–0.7Cu solder at

different temperatures, strain rates or stress levels, nine constants in Anand model

can be determined, as shown in Table 3.5.

The comparison of model prediction and the raw data for Sn–3.8Ag–0.7Cu lead-

free solder is shown in Figs. 3.33 and 3.34. The separated points in the figures express

the experiment results, and the solid lines in the figures denote the calculated
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Fig. 3.32 Comparison of

steady-state creep data for
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Table 3.5 Parameters in Anand model for Sn–3.8Ag–0.7Cu and Sn–0.7Cu

A Q/R x m bs n h0 a s0

Sn–3.8Ag–0.7Cu 65.92 6,656 8 0.346 80.8 0.0002 86442.8 1.29 37.1

Sn–0.7Cu 9,875 5,276 2 0.176 65.2 0.003 61987.3 1.03 33.8
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stress–strain curves with the values of parameters obtained in Anand model

curve-fitting. It is recognized that calculated results can predict the tensile

stress–strain curves well [22].
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Chapter 4

Fatigue Life Prediction Models

Abstract Chapter 4 deals with low cycle fatigue tests and derivation of fatigue life

prediction models curve-fitted to the fatigue test data for Sn–Ag–Cu and Sn–Cu

solder alloys. The fatigue tests were conducted under low cycle fatigue test

conditions over a wide range of isothermal temperatures (�40�C to +125�C) and
frequencies. Both the strain-range and energy-based low cycle fatigue models were

used. The fatigue life prediction model constants are presented in tables and closed-

form equations for easy use to predict the solder joint fatigue life when the inelastic

strain range or inelastic strain energy density fatigue driving force parameter is

obtained from an FEA result.

The low cycle fatigue test specimens for 95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu

solder alloy were machined from the solder bar. The configuration of the specimens

has a diameter of 6 mm at the two ends, a center diameter of 3 mm, and a gauge

length of 4.5 mm with a radius of curvature of 50 mm to reduce stress concentration

effects due to sharp corners. The geometry of the specimen is following the ASTM

standard [1] and is shown in Fig. 4.1.

The low cycle fatigue tests were conducted on a micro-force materials test

system. The sine waveform was employed for all fatigue tests. The total strain

was calculated from the crosshead displacement divided by the gauge length. The

tests were carried out at three different frequencies (10�3, 10�2, and 1 Hz) and at

three different temperatures (25�C, 75�C, and 125�C) with total strain set at four

different values (2, 3.5, 5, and 7.5%). The fatigue failure was defined as 50%

reduction of maximum tensile load.

J.H.L. Pang, Lead Free Solder: Mechanics and Reliability,
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4.1 Low Cycle Fatigue Test Result

4.1.1 Cyclic Stress–Strain Behavior

After calculating cyclic stress and strain in each cycle, stress–strain hysteresis loop

of Sn–0.7Cu and Sn–3.8Ag–0.7Cu solders at the tenth cycle for 2% total strain

range at temperature of 125�C and frequency of 1 Hz are shown in Fig. 4.2. For the

same total strain range, Sn–0.7Cu solder has larger plastic range and smaller stress

range than Sn–3.8Ag–0.7Cu solder. The plastic range increased with the applied

total strain range, and will increase slightly with the number of cycles, as shown in

Fig. 4.3.

The relationship between stress amplitude (one-half of the stress range) and

number of cycles for Sn–0.7Cu and Sn–3.8Ag–0.7Cu solders for different total

strain ranges at 125�C and 1 Hz are shown in Fig. 4.4. Cyclic softening was

observed for both lead-free solders. At the beginning of the fatigue test, stress

amplitude reduces rapidly, which may be due to the crack initiation.
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After the crack initiation, the cracks will propagate with an increasing number of

cycles. This propagation mechanism caused slow reduction of stress amplitude,

which was defined as the second stage of the fatigue test. It is also noticed that the

decrease rate of stress amplitude at the secondary stage will increase with the total

strain range, which can be compared in Fig. 4.4a, b.

4.1.2 Effect of Temperature on Low Cycle Fatigue Behavior

Test result of Sn–0.7Cu solder at different temperatures will show the effect of

temperature on low cycle fatigue. By plotting the hysteresis loop of different

temperatures at strain range of 3.5% and frequency of 1 Hz, the material response

at different temperatures was evaluated and compared in Figs. 4.5–4.7. The

Sn–3.8Ag–0.7Cu solder has the similar trends with Sn–0.7Cu solder [2, 3].

The relationship between the fatigue life and plastic strain obtained from tests

of 0.01 Hz at three different temperatures (25�C, 75�C, and 125�C) is presented
in Fig. 4.6. The fatigue life versus inelastic strain energy density plot was given

in Fig. 4.7.

From Figs. 4.6 and 4.7, the values of constants for Coffin–Manson model and

Morrow’s energy-based model can be determined for different temperatures by

taking the slope and the interception of the plastic strain (inelastic strain energy

density) axis. It was found that the value of m and C in Coffin–Manson model

decreases with increasing temperature. For energy-based Morrow model, the same

trend is noted for the constants n and A.
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4.1.3 Effect of Frequency on Low Cycle Fatigue Behavior

The fatigue test result of Sn–0.7Cu solder will show the frequency on low cycle

fatigue. By plotting the hysteresis loop of different frequency at 125�C and strain

range of 7.5%, the material response at different temperatures was evaluated and

compared in Fig. 4.8 [2]. Sn–3.8Ag–0.7Cu solder has a similar trend.

After conducting tests at the same temperature and total strain but at different

frequencies, the fatigue life of lead free solder was found to decrease with decreas-

ing frequency. This characteristic of fatigue life can be attributed to accumulate

creep damage during fatigue testing. As the frequency decreases, the time to failure

increases, and this allows more time for creep to develop and thus leads to lower

fatigue life in terms of cycles to failure.

As can be seen from Figs. 4.9 and 4.10, the Coffin–Manson model and energy-

based model can be used to describe the fatigue behavior of lead free solder for

any given frequency. However, the fatigue results have some difference at

different frequencies, the value of fatigue exponent m and ductility coefficient

C changes as frequency changes. It was found that, for both models, the m value

decreases with frequency, but the frequency dependent is small. However, the

C value decreases significantly as the frequency decreases, and is strongly fre-

quency dependent.
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4.2 Comparison with Tin–Lead and Lead Free Solder Results

4.2.1 Comparison with Tin–Lead Solder

The fatigue properties for 63Sn–37Pb solder at different temperatures and

frequencies were reported earlier by Shi [4]. The comparison of fatigue resistance

for Sn–3.8Ag–0.7Cu, Sn–0.7Cu, and 63Sn–37Pb at room temperature and high

frequency, and high temperature and low frequency are shown in Figs. 4.11 and

4.12, respectively. It can be seen that lead free solder has better fatigue resistance

than tin–lead solder. The fatigue performance of Sn–Ag–Cu is better than Sn–Cu

solder.

4.2.2 Comparison with Lead Free Solder Data

Reported studies [5–8] have found that the low cycle fatigue behavior of lead free

and lead bearing solder alloys. Figure 4.13 shows the fatigue test result at room

temperature and 1 Hz of different reported data of lead free and lead bearing solder

alloys. The fatigue failure was defined as 50% reduction of maximum tensile load.

From Fig. 4.14, it can be noticed that the conventional tin–lead solder has the lowest
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fatigue life at the same test condition, three types of lead free solder: 99.3Sn–0.7Cu,

97Sn–3Ag ,and 95.5Sn–3.8Ag–0.7Cu solder all have better fatigue property than

63Sn–37Pb solder at room temperature and 1Hz. However, in lead free solder alloys,

the fatigue life of 99.3Sn–0.7Cu is lower than the other two lead free solder alloys,

while 97Sn–3Ag and 95.5Sn–3.8Ag–0.7Cu solders have similar fatigue life [9, 10].

Isothermal LCF test data for Sn–Ag and SnAgCu lead free solders at 0.1 Hz and

room temperature were reported by Kanchanomai et al. [5, 6]. Their failure criteria

were defined at the 25% load drop of the stress amplitude. Comparison with other

LCF data by Mavoori [7] and Kariya [8] at 1 Hz and room temperature, is shown in

Fig. 4.14. It can be seen that at the same test condition, SnAg and SnAgCu have

comparable fatigue life. However, the fatigue life data from Kanchanomai, at

0.1 Hz and with a failure definition of 25% load drop, is lower than the result by

Mavoori and Kariya and the author’s data.

4.3 Low Cycle Fatigue Models

The Coffin–Manson model [11, 12] has been widely used to relate low cycle fatigue

life (Nf) of metallic materials with the plastic strain range (Dep), as shown below:

Nm
f Dep ¼ C; (4.1)

where m and C are material constants.
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The Morrow’s energy-based model [13] was also used to predict low cycle

fatigue lives. The model predicts fatigue life in terms of inelastic strain energy

density (Wp), given below:

Nn
fWp ¼ A; (4.2)

where n is fatigue exponent and A is material ductility coefficient.

The inelastic strain energy density was determined from the area surrounded by

a stable hysteresis loop.

Based on the low cycle fatigue test result at different temperatures and

frequencies, the m, C, n, and A at different conditions can be determined for

95.5Sn–3.8Ag–0.7Cu and 99.3Sn–0.7Cu lead free solders. The results were

summarized in Tables 4.1–4.4.

Table 4.3 m and C for Coffin–Manson model of Sn–0.7Cu

m C

25�C 75�C 125�C 25�C 75�C 125�C
1 Hz 0.9734 0.9227 0.9022 21.27 12.51 9.98

0.01 Hz 0.8067 0.7938 0.7825 5.89 4.46 3.33

0.001 Hz – – 0.7192 – – 1.98

Table 4.2 n and A for Morrow’s model of Sn–3.8Ag–0.7Cu

n A

25�C 75�C 125�C 25�C 75�C 125�C
1 Hz 1.103 1.079 0.953 14,865 6,208.3 1,492.8

0.01 Hz 0.973 0.944 0.926 1426.2 1,144.3 578.9

0.001 Hz 0.935 0.914 0.897 1144.4 666.9 311.7

Table 4.1 m and C for Coffin–Manson model of Sn–3.8Ag–0.7Cu

m C

25�C 75�C 125�C 25�C 75�C 125�C
1 Hz 0.913 0.896 0.889 26.3 19.8 16.0

0.01 Hz 0.904 0.889 0.871 20.7 16.0 12.1

0.001 Hz 0.891 0.876 0.853 13.9 11.5 9.2

Table 4.4 m and C for Morrow’s model of Sn–0.7Cu

n A

25�C 75�C 125�C 25�C 75�C 125�C
1 Hz 1.2157 1.1406 1.1064 9,542.9 2,864.8 1,387.8

0.01 Hz 1.1396 1.0084 0.8379 1,524.8 559.46 143.71

0.001 Hz – – 0.7328 – – 38.64
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To model frequency-dependent low cycle fatigue behavior of Sn–3.8Ag–0.7Cu

and Sn–0.7Cu lead free solders, the frequency-modified Coffin–Manson relation-

ship [4] can be introduced to describe the low cycle fatigue behavior of Sn–0.7Cu

solder, given below.

Nfnðk�1Þ
h im

Dep ¼ C; (4.3)

where n is frequency and k is frequency exponent.

Based on the fatigue test results at different frequencies at 125�C, the frequency
exponent, k, can be determined to be 0.95 and 0.91 for Sn–3.8Ag–0.7Cu and

Sn–0.7Cu solder, respectively. Then the frequency modified fatigue life

Nfnðk�1Þcan be calculated. When the plastic strain was plotted against the fre-

quency-modified fatigue life, all the fatigue life data obtained at different

frequencies were found to fit well into a single line, as shown in Figs. 4.15 and

4.16. This means that the frequency-modified Coffin–Manson model can be used to

model the effect of frequency for the low cycle fatigue behavior of

Sn–3.8Ag–0.7Cu and Sn–0.7Cu solder.

Similarly, the frequency-modified Morrow model can be used to model the

frequency effect, as given below:

Nf nðh�1Þ
h in

Wp ¼ A; (4.4)

where n is the frequency and h is the frequency exponent.

Based on fatigue test of Sn–3.8Ag–0.7Cu and Sn–0.7Cu solder at different

frequencies, the frequency exponent, h, can be determined to be 0.82 and 0.762,

respectively. Figures 4.17 and 4.18 show the inelastic strain energy density plotted
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against the frequency-modified fatigue life at 125�C. It can be seen that all fatigue

life data at different frequencies fall on a single line. Hence, the frequency-modified

Morrow model can be used to model the effect of frequency for the low cycle

fatigue behavior of lead free Sn–Ag–Cu and Sn–Cu solder.
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Chapter 5

Finite Element Analysis

and Design-for-Reliability

Abstract Chapter 5 reports on the application of FEA modeling and simulation

techniques used for design of package assembly design for reliability. FEA modeling

techniques have been developed for three-dimensional models, sub-modeling, and

global–local modeling techniques. The global–local 3D modeling techniques like

sub-modeling and Global–Local-Beam (GLB) methods, were applied to model solder

joint reliability behavior for various test cases of thermal cycling, vibration, and

impact drop tests. Implementation of the nonlinear mechanics of materials models

have been integrated to the ANSYS finite element analysis program.

Finite element analysis (FEA) plays an important role in the design-for-reliability

(DFR) methodology for modeling and simulation of lead-free solder joint reliability

in electronic packaging assemblies. FEA modeling and simulation of solder

joint reliability tests provide a physics of failure-based life prediction tool that

can be used in a design-for-reliability. This can minimize excessive and time-

consuming experimental test programs, particularly, where a wide range of

design-of-experiment parameters are to be investigated. Applying DFR strategies

with FEA modeling helps to save product development time and costs, increase

product reliability, and better understanding of product design limits.

Different FEA models, for 2D, 3D slice, 3D one-eighth, and 3D quarter model

have been investigated for varying levels of complexity in analysis. Global–Local

modeling techniques were developed to reduce the computational effort compared

to 3D quarter model. FEA modeling results for lead-free 95.5Sn–3.8Ag–0.7Cu and

99.3Sn–0.7Cu solders were compared to other lead-based and lead-free solders.

Comparison of the solder joint fatigue life prediction results using the Anand

viscoplastic material constants and the energy-based fatigue models respectively.

J.H.L. Pang, Lead Free Solder: Mechanics and Reliability,
DOI 10.1007/978-1-4614-0463-7_5, # Springer Science+Business Media, LLC 2012
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5.1 Finite Element Analysis

The finite element method developed from advances in computational structural

analysis [1]. The finite element model is a representation of a structure or assembly

formed by subdivisions of structural elements. These elements are connected at

nodes or nodal joints. Mathematical shape functions are used to approximate the

variation of the displacements over a finite element. A stiffness matrix connects all

elements into a numerical model, which approximates the force–displacement

relations externally at loading and boundary conditions and internally for determin-

ing the stress–strain distributions in each element.

The variational principle of mechanics, such as the principle of minimum potential

energy, is often used to obtain the equilibrium conditions [2]. The equilibrium

equations of the entire body are then obtained by combining the equations for the

individual elements in such a way that continuity of displacements is preserved at the

interconnecting nodes. These equations are modified for the given displacement

boundary conditions and then solved to obtain the unknown displacements. When

the displacements are known, the strain and stress can be calculated.

The FEA procedure involves the following steps:

1. Modeling elements to fit the body of the structure or assembly;

2. Specify the loading and boundary displacement conditions;

3. Derivation of each element type stiffness matrix;

4. Assembly of equations for the overall finite element model stiffness matrix;

5. Iterative solutions for all unknown nodal displacements;

6. Calculation of the element strains and stresses from the nodal displacements.

A schematic illustration of the design-for-reliability methodology for solder

joint reliability analysis is shown in Fig. 5.1. FEA modeling and simulation is an

important tool in the DFR evaluation of solder joint reliability in electronic

DFR Methodology

Materials
Characterization

Fatigue Life
Prediction Models

FEA Modeling and
Simulation

Reliability Tests

Update of
DFR Rules

and
Guidelines

Fig. 5.1 Design for

reliability (DFR)

methodology
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packaging assemblies. Application of the DFR method with FEA requires materials

characterization of the nonlinear constitutive models, fatigue life prediction

models, and validation by comparing to reliability test results.

The advantage of using the DFR procedures includes savings in reliability test

time and cost. The physics of failure approach allows parametric studies to be made

on material properties, geometric sizes, thicknesses, and different loading profiles.

The DFR procedure can be implemented on most commercial FEA software such as

ANSYS, ABAQUS, LS-DYNA, MSC-NASTRAN, and MSC-MARC. The FEA

modeling and simulation work reported here were conducted using the ANSYS

software [3].

The ANSYS FEA procedures consist of three steps.

1. Preprocessing:

Create geometric model, elements and mesh, input material properties.

2. Solution Process:

Apply loads and boundary condition, output control, load step control, selecting

proper solver, obtaining the solution.

3. Postprocessing:

Review the result, list the result, contour map, result animation.

For dynamic modeling of drop impact problems, an explicit finite element

program may be used. ANSYS LS-DYNA combines the pre- and postprocessing

capabilities of the ANSYS program with the explicit solver in LS-DYNA. The

explicit method of solution used by LS-DYNA provides fast solutions for short-

time, large deformation dynamics, quasistatic problems with large deformations

and multiple nonlinear conditions, and complex contact/impact problems.

5.2 2D and 3D FEA Modeling

The electronic packaging trend is towards further miniaturization of interconnec-

tion feature size, high I/O counts within a more compact utilization IC package size

and PCB mounting space. FEA techniques can be used to model physical effects

like decreasing package interconnection feature sizes and this will require increas-

ing requirements for high performance computing, higher speed, larger memory

size, and hard-disk storage space. These requirements can limit the application FEA

modeling on a single PC workstation, hence different levels of simplification in

FEA modeling needs to be calibrated against full 3D modeling results. In this

chapter, solder joint reliability analysis of thermal cycling loading on 2D model

and 3D FEA models are presented. It is convenient to use the symmetry boundary

conditions afforded by the nature of thermal expansion loading in electronic

packaging assemblies subject to thermal cycling loading.

For thermal loading, the symmetric model is often used. A 2D model is simple

and requires much fewer elements, hence less computing source compared to a 3D

model. Figure 5.2 shows a 2D Plain Strain model for a Flip Chip On Board (FCOB)
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assembly. For some special cases, 2D model can provide reasonable approximation

to 3D model results. However, 2D model does not capture the full 3D effect of

geometry and deformations, material properties variation, loading, and boundary

conditions. Therefore, 3D modeling is often needed for most electronic packaging

reliability simulation problems.

Another method is to reduce the full 3D FEAmodel to an approximate simplified

3D slice model [4, 5], technique as shown in Fig. 5.3. This can be compared to a

symmetrical one-eighth 3D model [6–8], which is often the preferred model used as

shown in Fig. 5.4. Some trade-off in accuracy is expected in these simplified 3D

slice models as they cannot capture the full 3D effect of the package assembly.

Hence, FEA model calibration work [9] is needed to quantify the comparative

accuracy expected in these simplified model techniques. It was noted that the 2D-

Plane Strain and 2D-Plane Stress models gave the highest and lowest solder joint

strains range respectively. The 3D-Strip model and 3D-1/8th symmetry model

results fall in between the 2D-Plane Strain and 2D-Plane Stress model results.

The 3D-1/8th symmetry model agrees closer with the 2D-Plane Strain model,

while the 3D-Strip model results are closer to the 2D-Plane Stress model results.

Fig. 5.2 2-D FEA model for FCOB assembly

Fig. 5.3 3D Slice FEA model
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5.3 3D Submodeling Technique

Global–Local modeling technique is needed when the 3D model is too large

to solve or when the loading on the assembly does not have any axes of symmetry

and a full 3D model is needed. The method employs a coarser global model, which

is able to capture the 3D effect of deformations on a selected local submodel

assembly. Transfer of the corresponding elastic deformations to a finer local

submodel is used to perform a detailed nonlinear strain analysis in a solder joint.

Cheng et al. [10] proposed a typical three-dimensional local model with equivalent

beam for ball grid array (BGA) packaging. An effective finite element method was

proposed by Yu et al. [11] to analyze the stress of the leads and the solder joints in

the surface-mount assembly (SMA). The global–local modeling method is also

called the submodeling technique [12–15], and has been used to simulate thermal or

mechanical loadings in soldered assemblies. A simplified global–local model uses a

beam element [16, 17] to model the solder connections with an effective beam

stiffness. Both the submodeling and global–local beam modeling techniques will be

reported in this chapter. The results from global–local model simulation were

compared to those from full 3D model simulation.

5.3.1 Submodeling Procedure

Submodeling is a FEA modeling technique used to get more efficient results in a

local region of model. Often the global model finite element mesh may be coarser to

produce satisfactory results at the boundary surrounding a stress concentration

region in a structure. To obtain more accurate results in such case, there are two

Fig. 5.4 3D FEA 1/8th octant model
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options: (a) reanalyze the entire model with greater mesh refinement but this can be

too large and costly to solve, (b) use submodeling technique to generate an

independent submodel in region of interest and transfer the effective loading

from the global to the local part of the model.

Submodeling is also known as the cut boundary displacement method or the

specified boundary displacement method. The cut boundary is the boundary of the

submodel, which represents a cut through the coarse model. Displacements calcu-

lated on the cut boundary of the coarse model are transferred as boundary

conditions to the fine submodel.

Submodeling technology is based on St. Venant’s principle, which states that if

an actual distribution of forces is replaced by a statically equivalent system, the

distribution of stress and strain is altered only near the regions of load application.

This implies that stress concentration effects are localized around the concentra-

tion; therefore, if the boundaries of the submodel are far enough away from the

stress concentration, reasonably accurate results can be calculated within the

submodel region. Aside from the obvious benefit of giving more accurate results

in a region of model, the submodeling technique can reduce, or even eliminate, the

need for complicated transition regions in solid finite element models.

The procedure for submodeling consists of the following steps:

1. Create and analyze the coarsemodel for the entire structure. This does notmean that

themeshhas to be coarse, only that it is relatively coarse compared to the submodel.

2. Create the submodel for the region of interest. The location of the submodel

must be the same as the corresponding portion of the coarse entire model with

respect to the global origin.

3. Perform cut boundary interpolation. This is the key step in submodeling. The

nodes along the cut boundaries firstly are identified and then the program

calculates the degree of freedom (DOF) values at those nodes by interpolating

results from the full (coarse) model. For each node of the submodel along the cut

boundary, the program uses the appropriate element from the coarse mesh to

determine the DOF values. These values are interpolated onto the cut boundary

nodes using the element shape functions.

4. Analyze the submodel. In this step, define the analysis type and analysis options,

apply the interpolated DOF values, define other loads and boundary conditions,

specify load step options, and obtain the submodel solution.

5. Verify that the distance between the cut boundaries and the stress concentration

is adequate.

5.3.2 Cut Boundary Selection

A calibration example was conducted to study the accuracy of the submodeling as

well as the appropriate cut boundary. The selected FCOB specimen is shown

schematically in Fig. 5.5. The silicon die is connected to the PCB by four solder

balls at four corners. The specimen with and without underfill encapsulation was
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investigated. The size of the silicon die is 8.5 m by 8.5 mm, with a thickness of

0.65 mm. The solder joint has a solder standoff height of 0.1 mm. The PCB is made

of FR-4, with a selected area of 30 mm by 10 mm and a thickness of 1.13 mm.

Initially, a thermal loading increment of 20�C was applied to this FCOB

assembly to study the appropriate grid size and cut boundary condition. Due to

the symmetry, only the quarter part of the assembly was modeled. The 3D quarter

model meshed for fine and coarse models are shown in Fig. 5.6. Two types of

boundary condition shown in Figs. 5.7 and 5.8 are conducted to determine the

reasonable cut boundary. Figure 5.9 shows the maximum von Mises stress of

PCB
die

solder

Fig. 5.5 Geometry size of the FCOB (unit in mm)

Fig. 5.6 (a) Fine model. (b) Coarse model
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Fig. 5.7 Cut boundary for submodel (cb1)

Fig. 5.8 Cut boundary for submodel (cb2)

Fig. 5.9 Von Mises stress for different models
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solder/die interface comparison between fine-model and submodel with two differ-

ent cut boundaries. It can be seen that the first cut boundary has more accurate result

than second one compared to fine model result. The cut boundary, including die, IC

chip, and PCB, was selected as suitable to take the simulation when FCOB

specimen was subjected to thermal cycling loading.

5.3.3 Comparison of Submodel to Full 3D Model Results

Two cases were considered, that is, FCOB without underfill case and FCOB with

underfill case. The thermal cycling loading profile (�40�C to +125�C) used is

shown in Fig. 5.10. For solder joint, Anand’s model was used in the FEA simula-

tion. The plastic work density is a very important parameter in the life prediction of

solder joint when it is assumed to exhibit the viscoplastic behavior when subjecting

to the thermal cycling loading. The plastic work density is a very important

parameter in the life prediction of solder joint when it is assumed to exhibit the

viscoplastic behavior when subjecting to the thermal cycling loading. Therefore,

the plastic work density was used for comparison shown in Fig. 5.11 for

nonunderfill case and Fig. 5.12 for underfill case. It can be seen that the

submodeling can give accurate result compared to fine 3D model, especially for

FCOB without underfill case.

The submodel technique can be used in FEA simulation for reliability analysis of

SMT technology without loss of accuracy. The advantages of submodel technique

include reduction in computational time, hard disk space, smaller virtual memory

requirements with less elements used as shown in Table 5.1.

Fig. 5.10 Thermal cycling loading profile
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Fig. 5.11 Plastic work density for nonunderfill FCOB

Table 5.1 Submodel to 3D fine model comparisons

Items Elements Nodes

Comp. time

(Min)

Result

file (Mb)

Submodel Coarse (1) 900 1,216 12 113

Submodel (2) 5,084 5,664 84 650

Fine 3D model (3) 22,409 24,896 671 2,730

Factor (3)/(1 + 2) 3.74 3.62 6.99 3.58

Fig. 5.12 Plastic work density for underfilled FCOB
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5.4 3D Global–Local-Beam Modeling Technique

5.4.1 Introduction

FE modeling of an electronic assembly subjected to TC can employ symmetry

boundary condition. Vibration and drop analysis need a full model of the assembly

because of nonsymmetry in out-of-plane displacement. A full detailed model of a

BGA or FCOB assembly, which includes numerous solder joints and many

modules, is difficult to model. The submodeling technique mentioned earlier can

reduce the FE mesh complexity, but can be still too complex with many

components. In this section, a two-level global–local technique is introduced,

which is named global–local-beam (GLB) technique in order to distinguish from

submodel method. The key technique in this method is the use of simple elements,

such as beam elements with effective stiffness matrix, to represent solder joints, and

by doing this, the number of elements needed to model the entire structure can be

reduced. This method consists of three main steps given as following:

1. Stiffness extraction analysis of a single solder joint

In this step, a typical solder joint is modeled using detailed three-dimensional

solid elements in order to establish its effective mechanical properties. A unit

displacement in the X, Y, and Z direction and a unit rotation about X, Y, and Z
direction are applied at the top and bottom surfaces of the solder joint, respec-

tively. The reaction forces at each node of two ends of solder joint were

calculated by FEA and summed together to get the total force in X, Y, and Z
directions and moments around them. The relation between the displacements

and reaction force shows the stiffness matrix of solder joint. This stiffness matrix

is used in the deformation analysis of the entire structure.

2. Deformation analysis of the entire structure

Solder joints, which connect the SMT modules to the PCB, are modeled as two-

node beam elements with effective stiffness matrix established in step 1. The

other parts of assembly are modeled as solid or shell elements. Then deformation

caused by thermal or mechanical loading is calculated by FEA. The weakest

solder joint can be detected by examining deformation of the entire structure.

Usually, the relative deformations between two nodes of the beam elements are

used as an index to determine the weakest solder joint.

3. Stress strain analysis of solder joint

The weakest solder joint is modeled like the mesh used in stiffness extraction

analysis of a single solder joint in the first step. Displacements calculated in the

second step are applied at two ends of the solder joint model as boundary

conditions. The translational displacements can be applied at the top and bottom

surfaces of the detailed solder joint model directly. The rotational displacements

are modified to the translational displacements considering the location of each

node on the surfaces.
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5.4.2 Equivalent Beam Stiffness Analysis

Figure 5.13 shows a two-node beam element, which has 12 DOFs, three transla-

tional, and three rotational at each end, marked by node 1 and 2. The relation

between the generalized nodal force vector {F} and the generalized nodal displace-
ment vector {u} of beam is expressed in matrix form as following:

Ff g ¼ Kf g uf g (5.1)

Ff g ¼ Fx1 Fy1 Fz1 Mx1 My1 Mz1 Fx2 Fy2 Fz2 Mx2 My2 Mz2½ �T (5.2)

uf g ¼ ux1 uy1 uz1 yx1 yy1 yz1 ux2 uy2 uz2 yx2 yy2 yz2½ �T (5.3)

where [K] is the stiffness matrix of two-node beam. Fij in (5.2) means a nodal force

in the i-th direction at the j-th node and Mij means a nodal moment around the i-th
direction axis at the j-th node.

The uij in (5.3) means a translational displacement in the i-th direction at the

j-th node and yij means a rotational displacement around the i-th direction axis at

the j-th node.

According to the beam theory [18], the stiffness matrix of a beam element

corresponding to X, Y directions can be expressed as

Mx1

Mx2

� �
¼ B D

D B

� �
yx1
yx2

� �
(5.4)

My1

My2

� �
¼ A C

C A

� �
yy1
yy2

� �
(5.5)

Fig. 5.13 Schematics of two-

node element
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in which

B ¼ 4EIx
L

; D ¼ 2EIx
L

; A ¼ 4EIy
L

; C ¼ 2EIy
L

where I and E are the moment of inertia and elastic modulus, respectively. L is the

length of the beam. The torsional stiffness with respect to Z direction can be

expressed as

Mz1

Mz2

� �
¼ JG

L

1 �1

�1 1

� �
yz1
yz2

� �
¼ Q �Q

�Q Q

� �
yz1
yz2

� �
(5.6)

where J and G are polar moment of inertia and shear elastic modulus, respectively.

The axial stiffness can be expressed as

Fz1

Fz2

� �
¼ EA

L

1 �1

�1 1

� �
uz1
uz2

� �
¼ H �H

�H H

� �
uz1
uz2

� �
(5.7)

where A is the cross-section area. Combining (5.5)–(5.7) yields

Mx1

My1

Fz1

Mz1

Mx2

My2

Fz2

Mz2

8>>>>>>>>>><>>>>>>>>>>:

9>>>>>>>>>>=>>>>>>>>>>;
¼

B 0 0 0 D 0 0 0

0 A 0 0 0 C 0 0

0 0 H 0 0 0 �H 0

0 0 0 Q 0 0 0 �Q
D 0 0 0 B 0 0 0

0 C 0 0 0 A 0 0

0 0 �H 0 0 0 H 0

0 0 0 �Q 0 0 0 Q

266666666664

377777777775

yx1
yy1
uz1
yz1
yx2
yy2
uz2
yz2

8>>>>>>>>>><>>>>>>>>>>:

9>>>>>>>>>>=>>>>>>>>>>;
(5.8)

or

F
� � ¼ SI½ � uf g (5.9)

As Fig. 5.14 illustrates, the following relationships can be derived by summing

moments at two ends 1 and 2:X
Mx1 ¼ 0 ¼ Mx1 þMx2 � Fy2L

Fy2 ¼ Mx1 þMx2

L

(5.10)

X
Mx2 ¼ 0 ¼ Mx1 þMx2 þ Fy1L

Fy1 ¼ �Mx1 �Mx2

L

(5.11)
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X
My1 ¼ 0 ¼ My1 þMy2 þ Fx2L

Fx2 ¼ �My1 �My2

L

(5.12)

X
My2 ¼ 0 ¼ My1 þMy2 � Fx1L

Fx1 ¼ My1 þMy2

L

(5.13)

Rewriting (5.10)–(5.13) in matrix form yields

Ff g ¼

Fx1

Fy1

Fz1

Mx1

My1

Mz1

Fx2

Fy2

Fz2

Mx2

My2

Mz2

8>>>>>>>>>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>>>>>>>>>:

9>>>>>>>>>>>>>>>>>>>>>>>>=>>>>>>>>>>>>>>>>>>>>>>>>;

¼ 1

L

0 1 0 0 0 1 0 0

�1 0 0 0 �1 0 0 0

0 0 L 0 0 0 0 0

L 0 0 0 0 0 0 0

0 L 0 0 0 0 0 0

0 0 0 L 0 0 0 0

0 �1 0 0 0 �1 0 0

1 0 0 0 1 0 0 0

0 0 0 0 0 0 L 0

0 0 0 0 L 0 0 0

0 0 0 0 0 L 0 0

0 0 0 0 0 0 0 L

2666666666666666666666664

3777777777777777777777775

Mx1

My1

Fz1

Mz1

Mx2

My2

Fz2

Mz2

8>>>>>>>>>>>>><>>>>>>>>>>>>>:

9>>>>>>>>>>>>>=>>>>>>>>>>>>>;
¼ S½ �

Mx1

My1

Fz1

Mz1

Mx2

My2

Fz2

Mz2

8>>>>>>>>>>>>><>>>>>>>>>>>>>:

9>>>>>>>>>>>>>=>>>>>>>>>>>>>;

(5.14)

Fig. 5.14 FE model of a solder ball and its simple two-node beam element
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Substituting (5.9) into (5.14) yields

Ff g ¼ S½ � SI½ � S½ �T uf g ¼ K½ � uf g (5.15)

K½ � ¼

2 AþCð Þ
L2 0 0 0 AþC

L 0
�2 AþCð Þ

L2 0 0 0 AþC
L 0

0
2 BþDð Þ

L2 0
� BþDð Þ

L 0 0 0
�2 BþDð Þ

L2 0
� BþDð Þ

L 0 0

0 0 H 0 0 0 0 0 �H 0 0 0

0
� BþDð Þ

L 0 B 0 0 0 BþD
L 0 D 0 0

AþC
L 0 0 0 A 0

� AþCð Þ
L 0 0 0 C 0

0 0 0 0 0 Q 0 0 0 0 0 �Q
�2 AþCð Þ

L2
0 0 0

� AþCð Þ
L 0

2 AþCð Þ
L2

0 0 0
� AþCð Þ

L 0

0
�2 BþDð Þ

L2
0 BþD

L 0 0 0
2 BþDð Þ

L2
0 BþD

L 0 0

0 0 �H 0 0 0 0 0 H 0 0 0

0
� BþDð Þ

L 0 D 0 0 0 BþD
L 0 B 0 0

AþC
L 0 0 0 C 0

� AþCð Þ
L 0 0 0 A 0

0 0 0 0 0 �Q 0 0 0 0 0 Q

266666666666666666666664

377777777777777777777775
We can easily find that the stiffness matrix [K] is symmetric matrix. The simple

upper triangle form of [K] can be rewritten as following:

K½ � ¼

S11 0 0 0 S15 0 �S11 0 0 0 S15 0

S22 0 �S24 0 0 0 �S22 0 �S24 0 0

H 0 0 0 0 0 �H 0 0 0

B 0 0 0 S24 0 D 0 0

A 0 �S15 0 0 0 C 0

Q 0 0 0 0 0 �Q

S11 0 0 0 �S15 0

S22 0 S24 0 0

sym H 0 0 0

B 0 0

A 0

Q

26666666666666666666664

37777777777777777777775

(5.16)

where S11 ¼ 2 AþCð Þ
L2 ; S15 ¼ AþC

L ; S22 ¼ 2 BþDð Þ
L2 ; S24 ¼ BþD

L
When the cross section of the beam is axisymmetric or square, yields A ¼ B,

C ¼ D, then S11 ¼ S22, S15 ¼ S24.
The solder joint can be replaced by a simple two-node beam element shown in

Fig. 5.14. In order to extract the stiffness of the solder joint, unit translational and

unit rotational are applied on the surface of the solder joint as a boundary condition.

Here 10�6 m and 10�6 rad were selected as unit translational and unit rotational

then the reactions are amplified to obtain the stiffness matrix of the solder joint. The

1 m and 1 rad were not selected as unit displacements because these values are far

greater than the geometry of the solder joint, thus lead to some errors in stiffness

extraction analysis due to distortion. Therefore, a boundary value problem, which is

subjected to {u} ¼ {10�6, 0, 0, . . .0}T, is solved by using FEA. From the solutions

the generalized forces imposed at two end surfaces can be obtained, and these

generalized forces form first column or first row elements in the stiffness matrix of
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the solder joint. By means of same process, when 12 different boundary value

problems with unit displacement are solved, all the terms in the stiffness can be

obtained. When the original stiffness matrix is obtained, then modify it according to

the form of [K] in (5.16).

5.4.3 Deformation Analysis of the Entire Structure

In this process, the solder joints, which connect the chip to the PCB, are modeled as

two-node beam elements with the effective stiffness matrix established in above

analysis. Chip and PCB can be modeled as solid or shell elements. In this study, two

types of elements are used to model chip and PCB in order to find which model is

more accurate, by means of results comparison between simple model and fine 3D

model. The temperature range is selected as loading form to validate the feasibility

of global–local beam element method.

In the ANSYS software, MATRIX27 element can represent this beam element

with effective stiffness matrix. MATRIX27 represents an arbitrary element whose

geometry is undefined but whose elastic kinematic response can be specified by

stiffness, damping, or mass coefficients. In this project, only stiffness coefficients

are considered. The element is defined by two nodes and matrix coefficients. The

stiffness matrix constants are input as real constants in simulation. The matrix is

assumed to relate two nodes, each with six degrees of freedom: translations in the

nodal x, y, and z directions and rotations about the nodal x, y, and z axes.

5.4.4 Stress Strain Analysis of Solder Joint

After the deformation analysis mentioned above, the weakest solder joint should

be selected as the one which has the largest stress. In the present approach, the

relative deformations between two nodes of the beam elements are used as an

index to determine the weakest solder joint. Relative shear deformation, longitu-

dinal extension, and rotation are considered to select the weakest solder joint.

After determining the weakest solder joint, the nodal displacements at both ends

of the beam element are applied to the detailed model as prescribed displacement

boundary condition. For the thermal load case, the stress distribution can be

obtained from the detailed solder joint 3D elements. Figure 5.15 shows the

comparison of maximum Von Mises stress in the solder joint. It can be seen

that solid model used in global–local model can give rise to more accurate result

than shell model. The difference induced by global–local solid model is about

24% compared to the full 3D model. The difference induced by global–local shell

model is very large, 40%, and this error is not acceptable for reliability analysis of

the solder joint.
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In order to further verify the data validation from the solid element used in GLB

model, the Von Mises stress distribution of the whole solder joint is compared

between GLB model and full 3D model and the result is shown in Fig. 5.16. It can

be seen clearly that the stress distribution is similar between two methods.

From above analysis, some conclusions can be drawn. Firstly, the GLB model is

a more simple simulation method than submodeling technology because the solder

joint is only replaced by one two-node beam element with effective stiffness, thus

leading to more error using the GLB model than submodel. Secondly, in GLB

model technique, using solid elements to simulate the components except solder

joint in electronic assemblies can obtain more accurate results than using shell

element.

Fig. 5.15 Von Mises stress comparison for different model

Fig. 5.16 Von Mises stress distribution comparison

5.4 3D Global–Local-Beam Modeling Technique 81



5.5 Case Study I: Pb-Free and Pb-Based Solders

5.5.1 Anand Viscoplastic Model

The viscoplastic Anand model is widely used for electronic solder applications in

FEA of thermo-mechanical behavior of solders [5, 19] the Anand model is

expressed by a flow and three evolution equations below.

Flow equation

dep
dt

¼ A sinh
xs
s

� 	� �1 m=

e �Qð Þ kT= (5.17)

Evolution Equations

ds

dt
¼ h0 Bj jð Þa B

Bj j
� �

¼ dep
dt

(5.18)

B ¼ 1� s

s�
(5.19)

s� ¼ ŝ
1

A

dep
dt

eQ kT=

� 	n

(5.20)

There are nine constants to be curve-fitted to the Anand model. ANSYS has an

option for viscoplastic analysis using Anand’s model to describe rate-dependent

material behavior with large strain solid, Visco107 element, for three-dimensional

large strain solid. When using Anand’s model, nine material constants from C1 to

C9 are required.

5.5.2 Low Cycle Fatigue Models for Solder Joint

The Coffin–Manson model has been used to relate low cycle fatigue life (Nf) for

solder materials with the plastic strain range (Dep),

Nf
mDep ¼ C (5.21)

where, m is the fatigue exponent and C is the fatigue ductility coefficient. For

63Sn–37Pb refer to Shi et al. [20] and for SAC tested at 125�C and 0.001 Hz, m and

C are 0.853 and 9.2, respectively.
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Morrow’s energy-based model is often used to predict the low cycle fatigue life.

The prediction fatigue life in terms of plastic work density can be expressed as

follows:

Nn
fWp ¼ A (5.22)

where n and A are material constants. For eutectic 63Sn–37Pb solder refer to

Shi et al. [21] and for SAC tested at 125�C and 0.001 Hz, n is 0.897 and A is 311.7.

Darveaux [5] proposed that the calculated strain energy density increases

as element size in the solder joint decreases. Hence a volume technique was used

to reduce this sensitivity to meshing. The averaged viscoplastic work density

accumulated per cycle for the interface elements, DWave, can be calculated by the

following equation:

DWave ¼
P

DWVP
DV

(5.23)

where DWis the viscoplastic work density per cycle of each element, and V is the

volume of each element. The values of DW and V can be obtained in ANSYS

simulation and are important parameters in the calculation of fatigue life.

5.5.3 Implementation of Pb-Free and Pb-Based
Solder Anand Model

The Pb-free solders Sn–3.8Ag–0.7Cu, Sn–0.7Cu, and 96.5Sn–3.5Ag are widely

used for solder connection. Comparison between Pb-based and Pb-free solders is

made. Some Pb-based solders, including high-Pb solders such as

92.5Pb–5Sn–2.5Ag, 97.5Pb–2.5Sn and near eutectic Pb–Sn solders such as

60Sn–40Pb, 62Sn–36Pb–2Ag were investigated. The specimen studied is the

same as that shown in Fig. 5.5. The submodeling technique was used for simulation

of the FCOB solder joints. The Anand’s model derived in this project for

Sn–3.8Ag–0.7Cu and Sn–0.7Cu solders and other reported solders were used in

the ANSYS FEA program. The nine parameters in the Anand model for different

solder alloys are listed in Table 5.2. In FEA simulation, thermal cycle loading

(�40�C to +125�C) shown in Fig. 5.10 was used and underfill was considered with

temperature-dependent elastic modulus.

Plastic strain energy density, or plastic work density, was compared for different

solder joints and shown in Fig. 5.17. A volume technique was used to calculate

averaged plastic work density accumulated per cycle for the top interface elements

by (5.23). It can be seen from Fig. 5.17 that plastic work density accumulated per

cycle is similar for near eutectic solder of 60Sn–40Pb and 62Sn–36Pb–2Ag. The
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high-Pb solder, 97.5Pb–2.5Sn, has the lowest plastic work density. Pb-free solders

have higher plastic work density.

Plastic work density accumulated per cycle is usually selected as a parameter to

predict the solder joint life using Morrow’s energy-based model shown in (5.22).

The fatigue life was calculated for lead-free solder of 95.5Sn–3.8Ag–0.7Cu and

Sn–0.7Cu. Figure 5.18 shows the fatigue life comparison for 95.5Sn–3.8Ag–0.7Cu

and Sn–0.7Cu solder. It can be seen that the fatigue life of 95.5Sn–3.8Ag–0.7Cu

solder is longer than that of Sn0.7Cu solder. The effect of nonunderfill and underfill

FCOB on fatigue life of 95.5Sn–3.8Ag–0.7Cu solder joints is significant. The

fatigue life of solder joints increases by more than ten times when underfill is used.

Fig. 5.18 Life comparisons for Sn0.7Cu and 95.5Sn–3.8Ag–0.7Cu solder joints

Fig. 5.17 Plastic work density comparisons for different solder joints
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5.6 Case Study II: PBGA Assembly with

95.5Sn–3.8Ag–0.7Cu Solder Joints

Finite Element Analysis is used extensively in solving thermo-mechanical

problems in the electronic packaging industry. The temperature profile loading is

based on the temperature profile used in the experimental work. A 2D plane strain

model is used to model the Micro-BGA shown in Fig. 5.19, with the materials

defined in Table 5.3.

The elements of the solder ball with the furthest distance from the neutral

point (DNP) were refined for detailed study of the solder joint deformation. The

usual 2D symmetry boundary condition was applied in the x-direction, and one node
was restricted in the y-direction to prevent free body translation and rotation. The finite
element model employs the Anand viscoplastic model for 95.5Sn–3.8Ag–0.7Cu

solder and viscoelastic properties for the Micro-BGA mold compound. A 2D rate-

dependent material behavior with large strain solid, VISCO 108 element, was defined

in ANSYS to represent the viscoplastic deformation of solder.

Fig. 5.19 2-D Finite Element Model of Micro-BGA solder joints

Table 5.3 Constitutive models for Micro-BGA materials

Material Constitutive model Source

Silicon Die Elastic-isotropic [23]

Polyimide Elastic-isotropic Vendors data

Mold Viscoelastic-isotropic [23]

Copper Pad Elastic-isotropic [23]

HDI Elastic-isotropic Vendors data

PCB Temp-dependent elastic, isotropic [23]

Die adhesive Temp-dependent elastic, isotropic [23]

Sn–3.8Ag–0.7Cu Solder Viscoplastic Curve-fitted
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The solder joint is subjected to a complex state of multiaxial stress–strain

response during thermal cycling, and the equivalent stress–strain concept is

required to represent the multiaxial state of stress and strains in the solder joints.

From the experimental results, the interface between the solder and silicon chip is

the sensitive region to failure. And the solder joint fatigue failure is due to the cyclic

plastic and creep strain damage leading to crack initiation and propagation. Hence,

the plastic work or inelastic energy density DWave is extracted as a fatigue failure

parameter at the top layer of the solder elements. This method seeks to output the

plastic work, DWave, and averaging it across the elements along the solder joint

interface where the crack propagates. This area averaging technique reduces the

sensitivity to meshing.

DWave ¼
P

DW � VP
V

The energy density outputted from FEA is 0.33 MPa. Energy-based Morrow’s

model given in (5.22) can be used to predict the fatigue life for Sn–Ag–Cu solder

joint. The Morrow’s model constants, n ¼ 0.897 and A ¼ 311.7 here were used.

The predicted fatigue life is 2,056 cycles.

Nn
fWp ¼ A

Using the Morrow’s life prediction model, the predicted fatigue life cycles of

2,056 is within 2� of the MTTF of 3,177 cycles from test result.
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Chapter 6

Thermo-Mechanical Reliability Test

and Analysis

Abstract Chapter 6 reports on solder joint reliability test case studies for thermal

cycling tests. Thermal cycling test and FEA of lead-free solder PCB assemblies for

BGA and FCOB test specimens were evaluated to determine the Weibull cumula-

tive failure distribution. Finite element modeling and simulation of this reliability

test was employed to predict the solder joint reliability performance. Experimental

study was conducted on lead-free 95.5Sn–3.8Ag–0.7Cu soldered assemblies

provided by Solectron Technology [8]. The test variables include different

packages (PBGA, PQFP) and different PCB board surface finishes on copper

pads (Cu-OSP, ENIG, and Im-Ag). FEA modeling of the PBGA assembly with

95.5Sn–3.8Ag–0.7Cu solder joints and fatigue analysis was applied to predict the

solder joint mean-time-to-failure life cycles. Failure analysis investigation on

intermetallic compound or IMC layer growth subject to isothermal aging, thermal

cycling, and thermal shock aging experiments were conducted to correlate IMC

layer growth properties in lead-free 95.5Sn–3.8Ag–0.7Cu solder joint specimens.

Highly Accelerated Life Test (HALT) approaches were also developed for lead-

free 95.5Sn–3.8Ag–0.7Cu soldered PCB assemblies.

6.1 Accelerated Testing and Reliability Engineering

The reliability of a packaged microelectronic system is related to the probability

that it will be operational within acceptable limits for a given period of time [1].

The design for reliability knowledge triangle is shown in Fig. 6.1. It can be seen that

three parts are needed for DFR of electronic packaging: reliability test, FEA

modeling and simulation, and fatigue life prediction model. Reliability test is an

important part in DFR of electronic packaging because it can be used to verify the

results of FEAmodeling and fatigue life prediction analysis. Reliability test provide

the actual failure mechanism of special design of electronic package.

J.H.L. Pang, Lead Free Solder: Mechanics and Reliability,
DOI 10.1007/978-1-4614-0463-7_6, # Springer Science+Business Media, LLC 2012
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Electronic products may be subjected to different types of loading, such as

thermal cycling (TC) or thermal shock (TS), vibration, and drop impact loading.

Failure mechanisms for electronic solders include creep, low-cycle fatigue, high-

cycle fatigue, and brittle fracture. In SMT assemblies, the solder joint in the

electronic assembly is often the weakest link and solder joint reliability becomes

even more important with further minimization. The solder joint is particularly

prone to fatigue failure due to temperature cycling and mechanical loading [2].

In real service condition, the failure of solder joints in electronic assemblies is

expected to precipitate after the warranty period for electronic products. It is not

practical to obtain reliability test data for service condition, as it would take too

long to test and collect failure data. Reliability testing often employs accelerated

stress testing (AST). Reliability tests are aimed at revealing and understanding the

physics of failure. Another objective of accelerated tests is to accumulate represen-

tative failure statistics [3]. Accelerated tests use elevated stress levels and/or higher

stress-cycle frequency to precipitate failures over a much shorter time. Typical

accelerating stresses are temperature, mechanical load, thermal cycling, and vibra-

tion. Stress loading includes: constant stress, step stress, progressive stress, and

random stress [4]. Such tests can facilitate physics of failure reliability tests that are

cost effective, shorten the product process, and improve long-term product reliabil-

ity. Highly Accelerated Life Tests (HALTs) are carried out to obtain, as soon as

possible, the preliminary information about the reliability of products and the

principal physics of their failures. The HALTs are conducted with a smaller number

of samples.

Temperature cycling or thermal cycling is very common loading for electronic

products. In order to assess the reliability of electronic package subjected to thermal

cycling loading, the accelerated thermal cycling reliability test is often used.

When accelerated thermal cycling (ATC) tests were carried out, the acceleration

Experimental
Methods for

Reliability Test

FEA modeling
and

Simulation

Fatigue Life
Prediction
Analysis

Design-For-Reliability
Methodology for Lead-Free

Solders

Fig. 6.1 Design for reliability (DFR) knowledge triangle
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factor (AF) given by Norris and Landzberg [5] has been used to relate test

conditions to field conditions.

AF ¼ DTt
DTf

� �1:9 ff
ft

� �1 3=

exp 1414
1

Tmax :f
� 1

Tmax :t

� �� �
; (6.1)

where DTt; DTf are temperature ranges at test and field conditions; ft, ff are the

cyclic frequencies at test and field conditions; Tmax.t, Tmax.f are the highest

temperatures in Kelvin at test and field conditions, respectively.

Life distribution model is a statistic model that is a theoretical population model

used to describe the lifetime of a component/product/system and is defined as the

cumulative distribution function F(t) for the population [6]. The life distribution

model F(t) has two useful interpretations:

• F(t) is the probability a random unit drawn from the population fails by t hours
(or cycles).

• F(t) is the fraction of all units in the population, which fails by t hours (or

cycles).

It is defined as:

FðtÞ ¼ Fðs� tÞ ¼
Z t

�1
f ðsÞds; (6.2)

where f(t) is probability density function.

The Weibull life distribution model is widely used for solder joint reliability

investigations. For two-parameter Weibull distribution, the failure density function

can be written as

f ðtÞ ¼ b
�

t

�

� �b�1

exp � t

�

� �b
" #

; (6.3)

where b is called a shape factor because it measures how the failure frequency is

distributed around the average lifetime. � is called the lifetime parameter because it

gives the time at which 63.2% of the devices failed. So the failure function can be

obtained.

FðtÞ ¼
Z t

0

f tð Þdt ¼ 1� exp � t

�

� �b
" #

(6.4)

The reliability function corresponding to this failure function can be obtained

RðtÞ ¼ 1� FðtÞ ¼ exp � t

�

� �b
" #

(6.5)

and the failure rate can be calculated.
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hðtÞ ¼ f ðtÞ
RðtÞ (6.6)

When the life distribution model is available, the mean time to failure can be

calculated by the following equation:

MTTF ¼
Z 1

0

tf ðtÞdt ¼ � � G 1

b
þ 1

� �
(6.7)

The Weibull probability plot was used to determine whether the data could fit to

the Weibull distribution model. Then the parameters b and � were estimated by

fitting the test results to the Weibull distribution model.

6.2 Temperature Cycling Test and Analysis

The two commonATC tests used for solder joint reliability conducting in industry are

the thermal cycling (TC) (JESD22-A104-B) [7] and thermal shock (TS) (JESD22-

A106-A) [8] tests. TC has a ramp rate varying from 8�C/min to 33�C/min, whereas

TS condition has ramp rate between 33�C/min and 55�C/min. Dwell time is included

at the cycle extremes to allow for creep and stress relaxation process to take place.

Table 6.1 shows the temperature cycling test conditions according to JESD22-A104-

A standard. Different temperature ranges are shown in Table 6.2 for different service

environments for electronic products.

The thermal cycling test is modeled using finite element analysis to study the

failure mechanism of solder joint. Figure 6.2 shows a similar modeling methodol-

ogy for TC and TS test. The methodology requires (a) Finite element analysis

employing temperature and strain rate-dependent properties for solder; (b) solder

fatigue model compensating for frequency and temperature effects in order to

model the correct trend in TC and TS test results; (c) solder joint reliability test

results for validating the TC and TS modeling and fatigue life prediction results.

Table 6.1 Temperature

cycling test conditions Test condition

Nominal TS(min)

(�C) with tolerances

Nominal TS(max)

(�C) with tolerances

A �55(+0, �10) +85(+10, �0)

B �55(+0, �10) +125(+15, �0)

C �65(+0, �10) +150(+15, �0)

G �40(+0, �10) +125(+15, �0)

H �55(+0, �10) +150(+15, �0)

I �40(+0, �10) +115(+15, �0)

J �0(+0, �10) +100(+15, �0)

K �0(+0, �10) +125(+15, �0)

L �55(+0, �10) +110(+15, �0)

M �40(+0, �10) +150(+15, �0)
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6.3 TC and TS Tests for 96.5 Sn–3.5Ag Solder

Bumped FCOB Assembly

Thermo-mechanical failures are the most common cause of failure in an electronic

assembly. The temperature loading arises from ATC test or service environment.

Due to difference of the thermal expansion between the different materials of the

package, the package will deform and result in stresses and strains generated and

ultimately cause failure. Since solder is the weakest material in the assembly, the

Table 6.2 Thermal

environments for electronic

products

Use condition Thermal excursion (�C)
Consumer electronics 0 to 60

Telecommunications �40 to 85

Commercial aircraft �55 to 95

Military aircraft �55 to125

Space �40 to 85

Automotive-passenger �55 to 65

Automotive-under the hood �55 to 150

Temperature Cycling
(TC and TS Test)

FE Analysis
(Materials Model)

Fatigue Test
(Failure Model)

Failure Parameter
ε
W

Dependent Variable
T 
ν

Fatigue Life Model
Nf (ε, ν ,T) 
Nf (W,ν,Τ)

TC TS 

2P Weibull cfd

( Nf vs MTTF)

Input:
TS - T, ν
TC - T, ν

Output:
ε
W

MTTF (TC) MTTF (TS)

50%

TC TS

Fig. 6.2 DFR modeling methodology for TC and TS tests
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likely cause of failure is expected in the solder joint. Temperature cycling tests by

slow TC or faster TS tests are widely used for quantifying the solder joint reliability

performance.

Thermal cycling and thermal shock tests for FCOB were conducted in a three-

zone temperature cycling chamber. The TC loading has a cycle time of 60 min

while the TS loading has a cycle time of 17 min. The thermal profile for the TS and

TC tests are given in Table 6.3. The solder interconnections are connected via daisy

chains and used for in-situ resistance monitoring. Failure of the FCOB solder joint

was defined when the resistance value exceeding 300O (i.e., an open joint or

resistance) in this study.

Prior to testing, the FCOB assemblies were screened using scanning acoustic

microscope and electrical continuity check. Figure 6.3 shows the FCOB assembly

test vehicle. Time zero resistance measurements were taken only after the samples

were prebaked for 24 h at 125�C. Only the outer row solder joints are monitored by

four daisy chains. The failed units were cross-sectioned to identify the failure

location and the failure mode. From the SEM analysis, as shown in Fig. 6.4, the

observed failure mode is solder fatigue cracking, where the crack propagation path

is along the top solder joint, below the UBM layer.

The test results are presented using a two-parameter Weibull analysis and plotted

in Fig. 6.5. The first failure, MTTF and Beta, or slope is given in Table 6.4 for both

Table 6.3 Thermal profiles for TS and TC tests conditions

Test Tmax (
�C) Tmin (

�C) Ramp rate (�C/min) Dwell time (min) Cycle time (min)

TS +125 �55 ~50 5 17

TC +125 �40 ~30 15 60

Fig. 6.3 FCOB test vehicle
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Fig. 6.4 SEM picture 96.5Sn–3.5Ag FCOB solder failure
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the TC and TS test condition. The table shows that the test results for the TS

condition are very close to that of the TC condition.

6.3.1 FEA Modeling of FCOB with 96.5 Sn–3.5Ag Solder Joints

Finite element method is applied to investigate the flip chip solder joint reliability

modeling. The implementation of this FE simulation involves five main input

parameters such as: (a) material property, (b) geometry, (c) boundary condition,

(d) element type, and (e) initial and loading condition. After which, the computed

results are used for assessing the solder joint reliability. The modeling methodology

and procedure used are consistent throughout the various models developed in this

work. The following assumptions are made prior to modeling: (a) The FCOB

assembly is stress free at initial condition, (b) Temperature on the FCOB assembly

is uniform during temperature cycling and transient effect is not considered, (c)

Perfect adhesion at all material interfaces, and (d) FCOB assembly modeled is free

of voids, delaminations, and defects. 3D models are developed to capture all the

material components in a FCOB assembly. The planer dimension of the FCOB

assembly is shown in Fig. 6.6. Its detail flip chip joint geometry is measured from a

cross-sectioned specimen and implemented in the FEA, as shown in Fig. 6.7. The

constitutive models for various materials in the FCOB assembly are summarized in

Table 6.5.

The solder is modeled as a separate constitutive model in ANSYS, taking into

account the time-independent plasticity and the time-dependent creep. This phe-

nomenological model can separate the different deformation behaviors in solder by

analyzing the plastic and creep behavior.

Table 6.4 TS and TC

test results
1st failure Beta/slope MTTF

TS 1,255 5.71 2,226

TC 1,271 2.09 2,813

Fig. 6.6 Planer dimension of the FCOB assembly
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The total strain of an elastic-plastic-creep analysis can be expressed as the sum

of elastic strain eel, time-independent plastic strain ep, and steady state creep strain

ec given in (6.8).

etotal ¼ eel þ ep þ ec (6.8)

The elastic modulus of 96.5Sn–3.5Ag solder given in (6.9), is fitted with its

mean loading rates from 0.64 MPa/s to 51 MPa/s [9]. The solder response is

assumed to exhibit elastic and perfectly plastic behavior after yielding. The plastic

deformation is characterized by nonrecoverable strain and occurs when stresses

exceed the yield point of solder. Hence, the temperature-dependent yield stress

given in (6.10) is fitted from its three different nominal strain rates of 5E�5 to

5E�3 s�1 [9] to determine the yield state condition. Hence, a strain rate value of

1E�5 to 1E�3 s�1 is used to simulate the solder joint strain rate response under a

temperature cyclic loading condition.

E MPað Þ ¼ 92295� 149:7� T (6.9)

sy MPað Þ ¼ 200:45� 0:7756T þ 0:0007T2 (6.10)

Fig. 6.7 Detail flip chip solder joint structure in the FE model

Table 6.5 Thermo-

mechanical constitutive

models and Element Types

used for FCOB

Material Constitutive

Silicon die Elastic-isotropic

Cr-Cu UBM Elastic-isotropic

Cu Pad Elastic-isotropic

BCB Elastic-isotropic

Solder mask Temp-dependent elastic-isotropic

BT substrate Temp-dependent elastic-orthotropic

Underfill Temp-dependent elastic-isotropic

Sn96.5–Ag3.5 solder Elastic-plastic-creep
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ANSYS creep analysis employs an implicit time integration method, which has

provisions for including temperature-dependent constants, and simultaneous

modeling of creep and kinematics hardening plasticity. The experimental

steady state creep behavior of 96.5Sn–3.5Ag flip chip solder joint specimen by

Wiese [11, 12] is given in (6.11). This equation is then rewritten into (6.12), which

is in the form of input for implicit creep model (TBOPT ¼ 10 for 96.5Sn–3.5Ag

solder) in ANSYS [10]. The constants C1, C2, C3, and C4 are given in Table 6.6.

de dt= ¼ Aðs B= Þnexpð�Q kT= Þ (6.11)

de dt= ¼ C1ðC2sÞC3 expð�C4 T= Þ (6.12)

Boundary conditions are typically set to describe the symmetry planes and set at

the bottom corner of the structure to prevent free rotation in space. However, in the

3D-slice model, addition boundary condition is required; this is applied at the

opposite edge of the two symmetry planes, which is shown in Fig. 6.8. The purpose

of this boundary condition is to couple the nodes at the edge and constraint to only

out-of-plane movement during thermal loading condition. Figure 6.8 shows the

applied boundary conditions in a 3D-slice and 3D-octant models.

The solder joint is subjected to a complex state of multiaxial stress–strain

response during thermal cycling, and the equivalent stress–strain concept is

required to represent the multiaxial state of stress and strains in the solder joints.

From the experimental results, the interface between the solder and silicon chip is

the sensitive region to failure. And the solder joint fatigue failure is due to the cyclic

plastic and creep strain damage leading to crack initiation and propagation. Hence,

the accumulated equivalent inelastic strain is extracted from the finite element

analysis as a fatigue parameter, at the top layer of the solder.

It is found that the elemental results are more dependent on the mesh size than

the nodal results. Therefore, the failure parameter is calculated from the nodal point

solution. However, the existence of singularities or large gradients at the free edges,

abrupt change of geometry, or sharp corners of the solder joints make this consid-

eration critical. The inelastic strain in the strain concentration area is very sensitive

to the local mesh density. To minimize the mesh sensitivity and stress–strain

singularity, element volume averaging technique is introduced in this flip chip

solder joint modeling. This will effectively characterize the inelastic strain response

at the critical solder element layer by averaging these values among the selected

elements at a designated time step. Figure 6.9 shows the fatigue parameter extracted

at a nodal location point of the critical solder joint. It also shows the top solder

element layer taken from the critical solder joint at the outer most row to

Table 6.6 ANSYS input

for implicit creep analysis
Solder alloy C1 C2 C3 C4

Sn96.5–Ag3.5 5E-6 1 11 9,601
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Fig. 6.8 Boundary conditions for the FCOB assembly. (a) 3D-slice model. (b) 3D-octant model
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Fig. 6.9 Fatigue failure parameter extraction
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characterize the failure/fatigue parameters by volume averaging method at the last

thermal cycle. The equations of the element volume averaging calculation are

described in (6.13) and (6.14). The accumulated equivalent inelastic strain per

cycle is calculated from (6.15), and then substituted into the fatigue model to

estimate the solder joint fatigue life.

Accumulated equivalent

Depl per cycle ¼
X

Depl � V
h i X

V
.

(6.13)

Accumulated equivalent

Decrp per cycle ¼
X

Decrp � V
h i X

V
.

(6.14)

Depl þ Decrp ¼ DeInelastic (6.15)

The life prediction model of 96.5Sn–3.5Ag solder is taken from the published

work by Kanchanomai et al. [13]. Kanchanomai et al. conducted their low cycle

fatigue test on several Sn–Ag system solders using a noncontact strain controlled

system at 20�C, with a constant frequency of 0.1 Hz. Their failure in the solder

fatigue test is defined as 25% reduction of maximum tensile load instead of 50%,

which is recommended by ASTM [14], and commonly used by the researchers in

their low cycle solder fatigue testing. This is because, solder fatigue lifetime

corresponding to this failure criterion of 50% load changed is often beyond the

onset of solder softening acceleration.

Equation (6.16) shows the Coffin–Mansion type of fatigue model for the

96.5Sn–3.5Ag solder alloy.

Nf ¼ 27:63Deinelastic�1:08 (6.16)

In this work, the FEA results are compared between 3D-slice model and

3D-octant model. The solder fatigue parameters that extracted from a 3D-slice

and -octant models are shown in Fig. 6.10, with the location notation of (1) and (2).

Its modeling results are presented in Table 6.7.

From Table 6.7, FE result generated using a 3D-slice model calculated the

lowest inelastic strain value, which predicted a higher fatigue life as compared to

a 3D-octant model. If comparing the fatigue life predicted at the same joint location

(1) of 3D-slice and -octant models, the difference is only about 5%. In 3D-octant

model, the maximum inelastic strain is located at the outer most diagonal joint

[joint location (2)]; however, the differences in the life predicted, at joint location

(1) and (2) is less than 6%. The major difference in simulations for both models

employed is their computing time and space. The 3D-octant structure required an

enormous number of elements, hence this will demand a huge computing space and

longer time for analysis, as compared to 3D-slice structure.
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6.4 Thermal Cycling Test for Pb-Free 95.5 Sn–3.8Ag–0.7Cu

Solder Joints

The test specimen is shown in Fig. 6.11. Four different components, BGA316,

PQFP208, PQFP176, and TSSOP48, are mounted on the FR4 PCB using lead-free

solder of Sn–3.8Ag–0.7Cu. Three different finishes are used on PCB surface, say,

Ni/Au, Immersion Ag, and OSP finish. For each board surface finish, six specimens

were tested.

A total of 18 test boards were tested under thermal cycling condition. Thermal

cycling tests for lead-free solder specimen were conducted in a three-zone

3D-slice Model

3D-octant Model

Outer Joints (1)

A

A

BT Board

Silicon Die

Underfill

Solder Mask

A

A

Outer Joints (2)

Outer Joints (1)

a

b

Fig. 6.10 (a) 3D-slice and (b) 3D-octant models of FCOB assembly

Table 6.7 Element volume averaging results of 3D-slice and 3D-octant model

3D-model Depl Decrp DeInelastic Nf Computing space

Slice (1) 7.11E�3 19.02E�3 26.13E�3 1,416 ~0.1

Octant (1) 7.09E�3 20.30E�3 27.39E�3 1,346 1.0

Octant (2) 7.66E�3 21.19E�3 28.85E�3 1,272 1.0
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temperature cycling chamber. The TC loading has a cycle time of 60 min. The

thermal profile for TC tests are given in Table 6.8.

The solder interconnections are connected via daisy chains and used for in-situ

resistancemonitoring. Failure of the solder joint was definedwhen the resistance value

exceeded 300O (i.e., an open joint or resistance) in this study. Only one daisy chain for

each component connects all the solder joints. The test is stopped after 3,400 cycles.

The test results are listed in Table 6.9. It can be seen that all BGA components

failed after test. For PQFP208, Ni/Au finished component has not failed after 3,400

Fig. 6.11 Lead-free solder assembly specimen

Table 6.8 Thermal profiles for TS and TC tests conditions

Test Tmax (
�C) Tmin (

�C) Ramp rate (�C/min) Dwell time (min) Cycle time (min)

TC +125 �40 11 15 60

Table 6.9 Test result and Weibull parameter for BGA316 component

Ni/Au Ag OSP

BGA316 test result 2,745 1,048 1,236

3,053 1,309 1,680

2,131 1,347 2,661

2,892 1,432 2,987

2,972 2,127 1,931

Beta 7.7 4.4 3

MTTF 2,741 1,439 2,105
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TC cycles test. For PQFP176, failure occurred for the component with OSP finish.

For TSSOP 48, no failure occurred for all components with different finishes. It was

shown from test results that small components are safer than large ones subjected to

thermal cycling loading; components with Ni/Au finish exhibit more fatigue life

than components with Ag or OSP finish; fatigue life of BGA component exhibits

more sensitivity to thermal cycling load than that of PQFP component. The fatigue

failure result data for BGA component with different finishes and PQFP 208

component with OSP finish are enough to plot two-parameter Weibull distribution

curve. The Weibull plot for BGA component is shown in Fig. 6.12 and PQFP208

with OSP finish in Fig. 6.13. The Weibull parameters, such as mean-time-to-failure

(MTTF) and slope, are listed in Table 6.9. The large slope value means that the first-

time-to-failure (FTTF), MTTF and all the failure data are closed so that the failure
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Fig. 6.12 Weibull plot for BGA 316 component with three surface finishes
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data are closed to MTTF. The small slope value means that the failure data are

scattered.

Finite element method is applied to investigate the lead-free PBGA solder joint

reliability modeling. The PBGA component geometry is measured from a cross-

sectioned specimen and implemented in the FEA. Because of significant geometry

mismatch among different materials and many solder balls, the submodeling method

is used in FEA model in order to obtain more accurate result. The quarter model is

used for global model due to symmetric geometry and boundary condition shown in

Fig. 6.14. The constitutive models for various materials in the BGA assembly are

summarized in Table 6.10. The Anand viscoplastic model was used for solder joint

and the plastic work density is a very important parameter for energy-based

fatigue life prediction model. Three thermal cycles are used in FEA simulation.
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Figure 6.15 shows the plastic work density result for global model. It can be seen that

the critical solder joint is located under the die corner due to large CTE mismatch.

The die side interface exhibits more critical than PCB board side one. Therefore, the

subsequent analysis of fatigue life would be focused on die side interface. The

submodel is shown in Fig. 6.16 selecting from the critical solder joint closed to die

corner.

It is noted that plastic work density in stress concentration area is very sensitive

to the mesh density and position as shown in Fig. 6.17. To minimize the

mesh sensitivity, element volume averaging technique is introduced in this study.

However, how to select suitable elements for volume-averaged results is very

Fig. 6.14 Global quarter model of PBGA component

Table 6.10 PBGA Assembly materials and models used

Material Constitutive

Silicon die Temperature-dependent Elastic-isotropic

Die adhesive Elastic-isotropic

Cu pad Elastic-bilinear kinematic hardening plastic

BT substrate Elastic-orthotropic

FR4 PCB Elastic-orthotropic

Mold compound Elastic-isotropic

Sn–3.8Ag–0.7Cu solder Viscoplastic (Anand’s model)
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Fig. 6.15 Plastic work density result for solder joint of global model

Fig. 6.16 Submodel including one critical BGA solder joint
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important and it can affect the fatigue result significantly. In this study, different

methods are used to compare with test result. Figure 6.18 shows the fatigue

parameter extracted at different locations of solder joint interface element layer

under the die. The element volume averaging calculation of accumulated plastic

work density per cycle is calculated from (6.17) and then substituted into the fatigue

model shown in (6.18) shown in Fig. 6.19 to estimate the solder joint fatigue life.

Fig. 6.17 Plastic work density result sensitive to location

Fig. 6.18 Different averaged volumes
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Accumulated plastic work density per cycle

DWp ¼
X

DWp � V
h i

SV= (6.17)

Energy-based fatigue model [15]

Nf ¼ 345Wp
ð�1:02Þ (6.18)

Table 6.11 given the fatigue life prediction base on (6.18) for different averaged-

volume method. It can be seen that the life prediction is sensitive to the element

location. During thermal cycling test, the crack always initiates at the outer area of

interface between solder and die due to stress concentration on this area. Then, the

crack propagates along the interface so that the stress concentration area will move

toward the interface center. Therefore, the whole top layer averaged parameter will

Fig. 6.19 Energy-based model for lead-free and lead–tin solder joints [15]

Table 6.11 Element volume averaging results of 3D-slice and 3D-octant model

Volume DWp Nf

Whole top layer 0.172 2,081

Outer two circle of top layer 0.228 1,634

Outermost circle of top layer 0.243 1,460
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underestimate the plastic strain energy density and overestimate the fatigue life

accordingly. The averaged parameter located on outer circle elements is appropriate

for fatigue life prediction.

Equation (6.18) is obtained by combining component fatigue test data and FEA

analysis result. The fatigue life is derived from component level solder joint thermal

cycling fatigue test, and plastic strain energy density is derived from the FEA

analysis result based on volume-averaged technique for top layer element of die

side. Therefore, the fatigue life prediction using whole top layer volume-averaged

data results in closed fatigue life (2,081 cycles) compared to test result (2,741

cycles for Ni/Au surface finish) based on (6.18).

In thermal cycling test, temperature changes from �40�C to 125�C with 1 h per

cycle. The isothermal tension test condition is required closing to thermal cycling

test. The highest temperature and strain rate in thermal cycling test have significant

effect on solder joint fatigue failure. According to the above condition, the

isothermal test condition is selected as at temperature 125�C with 0.001 Hz of

frequency. The material constant m and C for Sn–3.8Ag–0.7Cu solder are 0.897

and 311.7 MPa, respectively [16, 17] obtained from isothermal test. Figure 6.20

shows the fatigue life prediction for different methods using material constants

from bulk solder isothermal fatigue test result.

It can be seen that fatigue life is overestimated when volume averaging the

whole top layer plastic strain energy density compared to testing result by using

material fatigue constant from isothermal bulk material fatigue test result. Using the

outermost ring of top layer as averaged volume can lead to ideal fatigue life result

compared to test result when using material fatigue constant from isothermal bulk

material fatigue test result. The stress strain is closed to uniform at cross section of

bulk solder material during tension fatigue test. From FEA analysis result, the stress

strain distributed on top layer is sensitive to position and the difference is very large
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Fig. 6.20 Fatigue life comparison for different FE output methods
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between outer ring and center of top layer. The crack will initial around outer ring

due to higher stress at outer ring of top layer. So selecting the outer ring of top layer

is desirable for volume average.

6.5 Thermal Aging Effects on Pb-Free 95.5 Sn–3.8Ag–0.7Cu

Solder Joint Reliability

The morphology and growth of interfacial IMC compounds between

95.5Sn–3.8Ag–0.7Cu Pb-free solders and Nickel/Gold (Ni/Au) surface finish was

studied on a BGA solder joint specimen. Digital imaging techniques were

employed in the measurement of the average IMC growth thickness. The IMC

growth behavior subjected to isothermal aging exposure at 125�C, thermal cycling,

and thermal shock with an upper soak temperature of 125�C are compared.

The solder joint specimen consists of a single BGA 95.5Sn–3.8Ag–0.7Cu solder

ball, soldered between two FR4 substrate materials as shown in Fig. 6.21. The

Ni/Au surface finish on copper pad has a nickel (Ni) layer thickness of 5 mm and a

gold (Au) flash thickness of submicron. The copper pad thickness is 30 mm. The

FR4 substrate specimen pieces have dimensions of 12 � 3 � 0.5 mm. The speci-

men pieces are placed on a template for soldering. No-clean flux was applied onto

the copper pad and a solder sphere is placed on top of the flux and reflowed on one

side as shown in Fig. 6.21. After the first reflow, another fluxed FR-4 piece is placed

onto the template and the reflowed piece is flipped over a second FR-4 piece and

Reflow

Copper

Solder ball

Reflow

Step 1

Step 2

Step 3

Step 4

Step 5 Support

Fig. 6.21 Fabrication

process for solder joint

specimen
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reflowed for a second time to form a lap shear specimen. The solder reflow profile

with a peak temperature of 250�C was used in the fabrication.

Isothermal aging at 125�C, Thermal Cycling (TC), and Thermal Shock (TS)

were used for solid state IMC growth studies. Isothermal aging at 125�C
was carried out in a thermal chamber for 47, 119, 167, 262 h. The TC profile

is �40�C to +125�C with a cycle time of 56 min, a ramp rate of 12.7�C/min and

hold time of 15 min. The TS profile is �55�C to +125�C with a cycle time of

17 min, a ramp rate of 51.4�C/min and hold time of 5 min. The solder joints were

subjected to TC and TS aging for 500, 1,000, and 2,000 cycles. The exposure time is

equal to the total dwell time spent at the high temperature soak period for the TC

and TS profile, respectively.

After thermal aging, the lap shear specimens were mounted, cross-sectioned,

polished for optical microscope investigation. Then they were etched (5%

HNO3 + 95% methanol) and observed by a JOEL JSM-5410LV Scanning Electron

Microscopy (SEM) under an accelerated voltage 20 kV. At the same time, Energy

dispersed X-ray (EDX) was used to identify the material elements present in each

selected area in the solder joint. Digital imaging techniques were employed in the

measurement of the average IMC growth thickness shown in Fig. 6.22. Two

polylines R1, R2 were created manually along the edge of the IMC by using

the tracing tool. Then the average distance between the two polylines will be

given automatically. The thickness results were defined by spatial calibration.

The minimum and maximum distance between the two lines will also be marked

in the image.

Fig. 6.22 Digital imaging techniques to measure the average IMC thickness

6.5 Thermal Aging Effects on Pb-Free 95.5 Sn–3.8Ag–0.7Cu Solder Joint Reliability 111



The features of the microstructure and IMCs formed after reflow was observed

by SEM. Energy dispersed X-ray (EDX) was used to identify the material elements

present in the solder joint. Low magnification image of the whole solder joint is

shown as Fig. 6.23 and the region of interest indicated by (I) and (II) will be

discussed further. The microstructure of the solder joint after reflow typically

consist of globular Sn rich phases surrounded by small Ag3Sn phases, and

Cu6Sn5 are also present. Some large Ag3Sn IMC rods are formed in the solder,

and can be as long as 100 mm or more. The enlarged images of the region (I) and (II)

are shown in Figs. 6.24 and 6.25, together with the EDX spectrums.

Region (II) in Fig. 6.25 shows the morphology of solder/nickel interface, which

is the enlarged image of region (II) in Fig. 6.23. EDX analysis was used to identify

the traces of respective elements noted at the IMC layer. The darker phase above the

IMC is the Sn-rich phase whereas the lighter features are Ag3Sn and some Cu6Sn5
precipitates. The Ni metallization layer is approximately 5-mm thick. The darker

phase below the Ni layer is the copper pad.

IMC formation between solder and Ni/Au surface finish on copper pad and its

subsequent growth can have a serious consequence on the solder joint reliability

performance. The Cu pad metallization is made up of a thin layer of gold (Au) for

oxidation protection on top of a Nickel (Ni) layer acting as a diffusion barrier

preventing a diffusion couple between the Sn-rich solder and copper (Cu) pad. The

gold layer diffuses readily into the solder during reflow. Under such combinations,

the intermetallic compounds formed between Sn–Ag–Cu solder and Ni/Au surface

finish on Cu pad could be a ternary (Cu–Ni)6Sn5 and/or a complex quad,

(Cu–Ni–Au)6Sn5 intermetallic compounds, if Au goes into IMC formation during

the wetting and aging process.

Fig. 6.23 Microstructure of Sn–3.8Ag–0.7Cu solder joint after reflow
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Solder joints are subjected to thermal cycling exposure due to cyclic environ-

ment thermal excursions and/or electronic equipment power on–off cycles. There-

fore it is important to understand the effects of thermal cycling aging on the

microstructure and IMC growth of solder joints subject to controlled thermal

cycling exposure. A comparison of the morphology and the average IMC thickness

on the interface were performed between isothermal aging, TC, and TS aging.

After isothermal aging for 47, 119, 167, 262 h, the interface morphology were

captured by optical microscopy. The measurements of the Cu–Ni–Sn IMC thick-

ness were processed from the optical microscope images rather than SEM images.

The Cu–Ni–Sn IMC on the solder/nickel interface are needle-like structures and are

readily observed on the optical images of a cross-sectioned surface. The Cu–Ni–Sn

IMC details are not readily observed on the SEM image of a cross-sectioned

surface. By etching away the solder, the Cu–Ni–Sn IMC details on the surface

and behind it can be seen as shown in Fig. 6.26. When using the digital imaging

technique with such SEM image, higher average IMC layer thickness will be

computed. Thus, optical images were used to determine the IMC layer thickness

in this study.

Fig. 6.24 The IMC and EDX features in the solder joint, plot I in Fig. 6.28. (a) Sn-rich; (b)

Cu6Sn5; (c)Ag3Sn
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The IMC morphology after 0, 119, and 262 h of isothermal aging at 125�C were

noted to grow and coarsen. After reflow (i.e., at 0 h), the IMC on the solder/nickel

interface are irregular and grow in needle like manner. After 119 h of aging,

coalescence of the IMC needles leads to lateral thickening and ripening. After

262 h of aging, the IMC layer growth is planar in nature. For the TC and TS aging

experiments, the IMC growth phases are similar to the isothermal aging case.

However, the IMC growth rate for TC and TS aging were much higher than that

for isothermal aging at 125�C.
In order to simplify the comparison, the IMC growth was assumed to be volume

diffusion controlled, that is, the growth rate is proportional with the square root of

time. The IMC thickness, xt, subject to the aging time can be described by (6.19),

where D, is the temperature-dependent coefficient, x0, is the initial IMC thickness.

Fig. 6.25 IMC and EDX features at the Solder/Nickel interface, plot II in Fig. 6.23. (a) Ag3Sn

IMC; (b) Sn-rich; (c) Cu–Ni–Sn IMC; (d) Ni metallization layer; (e) Cu pad
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xt ¼
ffiffiffiffiffi
Dt

p
þ x0 (6.19)

For TC and TS aging, the “effective aging time”, teff, is defined as the total

accumulated dwell time at the upper soak temperature of 125�C. It is reasonable to
assume that the upper soak temperature segments at 125�C of the temperature

cycles contribute mainly to the IMC layer growth for TC and TS aging compared

to isothermal aging at 125�C. For TS aging between �55�C to 125�C, the cycle

time is 17 min and the dwell time at the upper soak temperature is 5 min. Thus the

teff at the upper soak temperature of 125�C after 2,000 cycles of TS aging is

10,000 min or 166.7 h.

The IMC growth behavior measured for TC, TS, and Isothermal aging at 125�C
are plotted in Fig. 6.27. It is interesting to note that the IMC growth rate for TS

aging is higher than TC aging. Both IMC growth rate behavior for TS and TC aging

is also faster than Isothermal aging at 125�C. The coefficient
ffiffiffiffi
D

p
for isothermal

aging, TC, and TS aging are 0.0816, 0.1032, and 0.1778, respectively.

The “equivalent isothermal aging time” teq was then calculated for each of the

TC and TS aging condition, based on their respective IMC thickness and the

coefficient
ffiffiffiffi
D

p
for isothermal aging. The formula used to calculate teq is derived

Fig. 6.26 IMC morphology change subject to isothermal aging (SEM image). (a) 0 h; (b) 119 h;

(c) 262 h
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from (6.19), in which Diso is the square of 0.0816 or 6.66 � 10�3, and the average

initial IMC thickness, x0, is taken as 1.35 mm.

teq ¼ 1

Diso

xt � x0ð Þ2 (6.20)

The “equivalent isothermal aging time” can quantitatively represent the

accelerated effect of TC and TS aging compared to isothermal aging. For example,

after 2,000 cycles of TC aging, the total dwell time at 125�C, teff is 30,000 min or

500 h. The IMC thickness accumulated after 2,000 cycles is 3.5 mm. To obtain such

an IMC thickness by isothermal aging, it will need a longer equivalent time of

694 h, which is calculated by (6.20). And the accelerated factor K is defined as the

teq divided by teff, or as expressed in (6.21). For TC at 2,000 cycles, the accelerated

factor is 1.39.
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Fig. 6.27 Comparison of IMC data for TC, TS, and isothermal aging at 125�C. ( filled diamond)
ISO 125, ( filled square) TC, ( filled triangle) TS

Table 6.12 Equivalent isothermal aging time considering the IMC growth for TC and TS

Process

condition

Effective

time teff (h)

IMC

thickness

xt (mm)

Equivalent

isothermal

time teq (h)

Accelerated

factor

K ¼ teq/teff

500 TC 125 2.42 172 1.376

1,000 TC 250 3.42 643 2.572

2,000 TC 500 3.5 694 1.388

500 TS 41.7 2.1 84 2.01

1,000 TS 83.3 2.61 238 2.85

2,000 TS 166.7 2.93 375 2.24
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K ¼ 1

Disoteff
xt � x0ð Þ2 (6.21)

The teq and the accelerated factor for each TC and TS aging were calculated and

shown in Table 6.12. After 2,000 cycles of TC and TS aging, the factor is about

1.388 and 2.24 respectively. This suggests that both TC and TS aging accelerate the

growth of IMC layer compared to isothermal aging at 125�C. This may be due to

higher thermal stresses generated from nonisothermal TC and TS aging conditions.

The effect of TS aging on IMC growth rate is greater than TC aging, suggests that

stress relaxation in the solder joint is not as pronounced in TS aging compared to

TC aging, which has a longer cycle time and soak period. However, isothermal

aging at 125�C allows for extensive stress relaxation in the solder joint, giving

lower stress, and hence lower IMC growth rate compared to both TC and TS aging.

6.6 Highly Accelerated Life Test

Accelerated tests can be divided, from the standpoint of their objectives, into three

major types: product development/verification tests, qualification tests, and ALTs

and HALTs. The difference between the ALTs and HALTs is that the HALTs are

carried out to obtain, as soon as possible, the preliminary information about the

reliability of products, and the principal physics of their failures. The HALTs are

conducted with a smaller number of samples and at higher acceleration factors than

ALTs. Accelerated tests can be performed at any level, such as part level, compo-

nent level, module level, equipment level, and system level. Usually, if the reliabil-

ity characteristics of all the components are known from the ALTs or HALTs, then

the reliability characteristics of the equipment or the system can be evaluated

theoretically, and often with sufficient accuracy.

6.6.1 HALT Test Strategy for Pb-Free Solder Joint Assembly

The test specimen is same as the specimen shown in Fig. 6.11, including three

different surface finishes listed in Table 6.13. The test strategy would include two

AST tests; Base-line Product Test and Highly accelerated Stress Screening Test

(HASS), which would be elaborated further.

Table 6.13 Specimens of

HALT test
Reliability test methods (number of boards) Halt

Surface finish

OSP 1

Ni/Au 1

Immersion Ag 1
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6.6.1.1 AST Test I: Base-Line Product Test

In order to verify robust product design margins, one must perform a series of base-

lining experiments in which stress levels applied to the product are incrementally

increased until either a target robust design stress level is achieved or an operational

or destruct limit is defined. Testing above the destruct limit may cause unrealistic

damage to the product (e.g., exceed the glass transition temperature (Tg) of the
FR-4). The screening profile will start from a least damaging (storage temperature)

to the most damaging (combined temperature and vibration) profile. The experi-

ment seeks to determine the capabilities of the HALT chamber to uncover weak

links in the electronic assemblies in a time much shorter.

(a) Storage Temperature

The HASS profile will start with the High Temperature Storage Temperature

(150�C) – JEDEC Standard (Condition B), test duration of 1 h following which

the Low Temperature Storage Temperature at �40�C, test duration of 1 h. This
storage temperature or stabilization bake is used to uncover infant mortality.

(b) Thermal Shock Stress

Figure 6.28 shows the TC test profile including two different conditions: one is

from �40 to 100�C, the other is from �55 to 125�C.
(c) Vibration Step Stress

In this vibration step stress, a step tickle vibration of 5 Grms with a dwell time

of 10 min is introduced. The purpose of this mild vibration is to ensure that the

parts still function after each high-level vibration is completed. A frequency

range of 0–2,000 Hz was used as it will generally precipitate most of the latent

defects of IC packages. A limitation of 28 Grms was used before proceeding to

the next test. Figure 6.29 shows the profile for the vibration step stress.
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- 40
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25 

-55

5 cycles 5 cycles 

Fig. 6.28 Thermal shock

profile
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(d) Combine Thermal Cycling and Vibration

The final step to ruggedize a product is to combine all the stresses, which were

previously used. For the temperature cycling profile, the temperature range of

�55 to 125�C shown in Fig. 6.30 was used. Each thermal cycle will have a

vibration dwell of a multiple of 5 Grms. The test will stop when the vibration

reaches 28 Grms.

6.6.2 HASS Test Setup and Analysis

6.6.2.1 AST Test II: Highly Accelerated Stress Screening Profile

AST Test I is used early in the product life cycle for fault finding. After the product

goes into production, it will not be feasible to conduct the test as it is very time

consuming. Therefore a HASS test profile as shown in the Fig. 6.31 is used as a

means to screen products from defects.

5 Grms  
10 Grms

125 

-55 

Fig. 6.30 Temperature and

vibration test

5

10

Grms

Time
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Fig. 6.29 Vibration step

stress test
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The HASS test setup is shown in Fig. 6.32, and clamped–clamped boundary

condition is used. The event detector is used to measure the resistance change of

daisy chain. The failure criteria is defined as the resistance change of 300 Ω. The

QFP208 component with Ag finish fails after one block of HASS test. Other

components did not fail after one block of HASS test. Although, the QFP compo-

nent is known to have better thermal fatigue performance than BGA, but the

combined thermal cycling and random vibration condition cause the QFP to fail

earlier than the BGA due to the compliant connection of the QFP to the PCB board.

Temperature cycling under thermal cycling (TC) and thermal shock (TS) load-

ing for FCOB assembly with Pb-free 96.5Sn–3.5Ag solder joints was reported [18].

Fig. 6.32 Thermotron AST test facility and HALT/HASS test setup
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Fig. 6.31 HASS test profile
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Full 3D and 3D strip FEA models were able to predict the solder joint fatigue life

with satisfactory agreement with test result [17].

Thermal cycling test of Pb-free 95.5Sn–3.8Ag–0.7Cu soldered assemblies for

PBGA, PQFP, and TSSOP surface-mounted devices with three different PCB

surface finish conditions were conducted. The test results show that the PBGA

devices are more prone to thermal cycling failures compared to the leaded devices

like PQFP.

Weibull failure analysis of the PBGA with three different surface finishes used

gave a MTTF life of 1,439 cycles for Im-Ag, 2,105 cycles for Cu-OSP, and 2,741

cycles for Ni/Au respectively. Finite element analysis modeling and simulation of

the PBGA assembly predicted fatigue lives of 1,460–2,081 cycles, depending on

the volume averaging techniques used. This falls within the range of MTTF lives

for the three different surface finishes tested.

Highly Accelerated Life Test and HASS test methodologies were developed for

Pb-free soldered assemblies to provide another alternative reliability assessment

tool for understanding reliability failures in board-level soldered assemblies.

Thermal aging studies for isothermal, thermal cycling, and thermal shock expo-

sure on IMC growth behavior has contributed new finding on faster IMC growth

rates for Thermal shock loading compared to thermal cycling and isothermal aging.

A framework for correlating the IMC growth behavior for TS and TC to isothermal

aging behavior was proposed [19].

References

1. Tummala RR (2001) Fundamentals of microsystems packaging. McGraw Hill, New York

2. Lau JH (1993) Thermal stress and strain in microelectronics packaging. Van Nostrand

Reinhold, New York

3. Suhir E (2002) Accelerated life testing (ALT) in microelectronics and photonics: its role,

attributes, challenges, pitfalls, and interaction with qualification tests. J Electron Packaging

124:281–291

4. Nelson W (1990) Accelerated testing: statistical models, test plans, and data analyses. Willey,

New York

5. Norris KC, Landzberg AH (1969) Reliability of controlled collapse interconnections. IBM J

Res Dev 13:266–271

6. Lau JH, Pao YH (1996) Solder joint reliability of BGA, CSP, flip chip, and fine pitch SMT

assemblies. McGraw-Hill, New York

7. JEDEC Standard (2000) JESD22-A104-B, Temperature Cycling. July 2000

8. JEDEC Standard (1995) JESD22-A106-A, Temperature shock. April 1995

9. Microelectronics packaging material database, Purdue University, Center for Information &

Numerical Data Analysis & Synthesis (CINDAS)

10. ANSYS User Manual (V7.0) (2000). Singapore, 2002

11. Wiese S, Schubert A, Walter H, Dudek R, Feustel F, Meusel E, Michel B (2001) Constitutive

behavior of lead-free solders vs. lead-containing solders – experimentals on bulk specimens

and flip chip joint. Proceedings of 51st ECTC, Las Vegas, Nevada, May 2001

12. Wiese S Wolter K-J (2003) Microstructure and creep behavior of eutectic SnAg and SnAgCu

solders. Proceedings of 4th EuroSime, Aix-en Provence, France, April 2003

References 121



13. Kanchanomai C, Yamamota S, Miyashita Y, Mutoh Y, McEvily AJ (2002) Low cycle fatigue

test for solders using non-contact digital image measurement system. Int J Fatigue 24:57–67

14. The American Society for Testings & Materials Standards, ASTM E606: Standard practice for

strain-controlled fatigue testing

15. Pang J, Schubert A (2002) Lead free solder materials and reliability performance. 4th Elec-

tronic packaging technology conference Short course, Grand Copthorne Waterfront Hotel,

Singapore, 10 Dec 2002

16. Pang JHL, Low TH, Xiong BS, Che FX (2003) Design for reliability (DFR) methodology for

electronic packaging assemblies. Proceedings of 5th EPTC conference, Singapore, 10–12 Dec

2003, pp 470–478

17. Pang JHL, Low TH, Che FX (2004) Lead free 95.5Sn-3.8Ag-0.7Cu solder joint reliability

analysis of Micro-BGA assembly. Proceedings of ITherm 2004 conference, Las Vegas, June

1–4, 2004

18. Pang JHL, Yeo A, Low TH (2004) Lead free 95Sn-3.5Ag flip chip solder joint reliability

analysis. Proceedings of ITherm 2004 conference, Las Vegas, June 1–4 2004

19. Pang JHL, Xu L, Shi XQ, Zhou W, Ngoh SL (2004) Intermetallic growth studies on Sn-Ag-Cu

lead-free solder joints. Invited paper, TMS annual meeting, 15–18March 2004, Phase stability,

phase transformation, and reactive phase formation in electronic materials III. J Electron Mater

122 6 Thermo-Mechanical Reliability Test and Analysis



Chapter 7

Dynamic Mechanical Reliability

Test and Analysis

Abstract Chapter 7 focuses on vibration and drop impact test investigation.

Experimental testing and FEA of the vibration mode and frequency for

clamped–clamped PCB assemblies were compared. Constant amplitude vibration

fatigue tests were conducted for the FCOB assemblies and test data were developed

for 3G, 5G, and 10G respectively. Variable amplitude vibration fatigue tests for an

increasing block loading of 3G-to-5G-to-10G repeated loading was conducted to

develop cumulative damage index (CDI) vibration fatigue analysis methods using

board-level fatigue data and solder material-level fatigue data. The Global–Local

Sub-modeling technique developed was used in a quasi-static vibration fatigue

analysis method for predicting the vibration fatigue life of the block loading test

results. Impact drop testing is increasingly employed by many electronic product

manufacturers to evaluate the product reliability to accidental or repeated drop

events. Impact drop test and solder joint reliability investigations for Pb-based and

Pb-free soldered assemblies were investigated. Explicit dynamic FEA modeling

and simulation of the board-level drop test were used to predict the transient

vibration deformation and acceleration from the drop test result. Dynamic stress

strain analysis of the solder joints reveals fairly high plastic strain range generated

and fatigue life prediction confirms the low cycle fatigue failure mechanism.

Electronic products are subjected to vibration loading during transportation and

handling operations. The vibration loads are generally very low and screening

vibration tests on a sample of the product are routinely conducted. However, for

high reliability electronic applications, where the electronic soldered assemblies are

mounted on an automotive, military, or aircraft moving platform, vibration fatigue

tests are required. Another challenging reliability problem for soldered electronic

assemblies is in the portable electronics sector (i.e., hand phone), where design for

reliability against accidental drops is a highly competitive selling point. Drop

impact tests are often conducted to study the drop-induced failures in soldered

board-level assemblies and product level. In this chapter, vibration, drop test, and

analysis for board-level soldered assemblies are reported.

J.H.L. Pang, Lead Free Solder: Mechanics and Reliability,
DOI 10.1007/978-1-4614-0463-7_7, # Springer Science+Business Media, LLC 2012
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7.1 Vibration Test and Analysis

Electronic equipment can be subjected to many different forms of vibration loading

over a wide frequency range and acceleration levels [1]. The simplest form of

periodic motion is harmonic motion, which is usually represented by a continuous

sine wave on a plot of displacement versus time, and this type of vibration is often

selected for testing electronic equipment. For vibration analysis, vibration mode

and natural frequency of the vibrating body must be determined. The first harmonic

mode often has the greatest displacement amplitude and usually the greatest

displacement-induced stresses. Vibration-induced stress can usually lead to fatigue

failure for electronic assemblies. Vibration fatigue failure of solder joints is often

assessed for reliability using high cycle fatigue model, which is represented by an

S–N curve. A specimenG–N curve, acceleration versus fatigue life, was determined

based on vibration test results. Modal analysis using FEA for surface-mounted

components on a printed circuit board (PCB) was conducted [2]. Model analyses

using different models were performed. Two-level global-local modeling approach

[3–5] gave accurate results compared to test results. The analyses by Basaran [6, 7],

Chandaroy [8] and Zhao et al. [9] show that solder joints respond elastically mainly

at room temperature vibration loading.

A flip chip on board (FCOB) assembly was selected for vibration test to analyze

the dynamic response of the FCOB to sinusoidal vibration. The specimen and chip

number are shown in Fig. 7.1. Six larger flip chip modules of 8.5 � 8.5 � 0.65 mm

(L � W � H) silicon die with 388 I/Os and six smaller flip chip modules of

3.5 � 3.5 � 0.65 mm (L � W � H) silicon die with 48 I/Os were mounted on the

PWB assembly, which is made of FR-4 of 185 � 150 � 1.13 mm (L � W � H)
in size. The solder joints are eutectic 63Sn/37Pb solder with a diameter of 0.16 mm,

ball pitch of 0.35mm, and standoff height of 0.1 mm. A total of four test boards were

tested to different acceleration levels to assess the reliability of FCOB assembly

subjecting to constant G-level and block G-level loading. Board 1 for varying

amplitude test, including 3G, 5G, and 10G (G is gravity acceleration) blocks,

Board 2, 3, 4 for constant 3G, 5G, 10G level vibration tests, respectively.

Fig. 7.1 FCOB assembly schematics and silicon chip number
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Vibration tests of specimens were accomplished by using electrodynamic shaker

and vibration control software. Two accelerometers were used in the test to

determine the dynamic response of the specimen subjected to vibration, one for

fixture and the other for PWB, thus the vibration transmissibility of the PWB can be

determined when evaluated at different acceleration levels. In order to minimize the

effect of the accelerometer’s mass on the specimen, a miniature accelerometer (2 g

of mass) was adopted. The specimen was clamped along two long opposite sides

using aluminum fixture, which was bolted to the shaker header. This gives a

clamped–clamped boundary condition for the specimen. The resistance change of

the connecting loops to the solder joints was used to determine the failure of the

solder joints. There are three loops for each larger flip chip, except for chip 6, with

outer, middle, and inner loops. There is only one outer loop for each smaller chip

and chip 6. A total of 22 loops were monitored simultaneously by the monitoring

device called the Event Detector during vibration test. The threshold of the Event

Detector was preset before the test. Any resistance change exceeding a preset

threshold with minimum duration of 0.1 ms can be detected by the Event Detector.

In general, 50% increase of resistance was used as a rule to determine the threshold

setting. Figure 7.2 shows the setup of the vibration test.

The resonance frequency-scanning test was conducted first with sweep sine from

20 Hz to 1,000 Hz. The first order natural frequency of 194 Hz is determined by

scanning test. The transmissibility of the specimen can be estimated using the

following formula

T ¼ Gout

Gin
; (7.1)

where Gout is the maximum acceleration measured at the center of the specimen,

and Gin is the acceleration amplitude of the sinusoidal excitation.

Fig. 7.2 Setup of the vibration test
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According to Meirovitch [10], for a linear vibration system, its transmissibility

should remain constant regardless of the any change in the input. However, the

varying transmissibility, T, at different acceleration input was observed in test as

shown in Fig. 7.3. The FCOB assembly under the out-of-plane sinusoidal excitation

is not a linear vibration system. Yang et al. [11] showed that the PBGA assembly

under out-of-plane vibration has similar nonlinear vibration effect.

The sweep frequency range was 10% around the fundamental resonance fre-

quency, that is, from 175 to 215 Hz. For the varying block G-level vibration test, 3G,

5G, 10G level vibration tests were conducted in turn for each acceleration level of

5 h for same specimen. Constant G level vibration tests at 3G, 5G, and 10G were

conducted for 200, 100, 36 h, respectively. Resistance change larger than 50% of

initial resistance would be considered as a failure and recorded by the Event

Detector, which continuously monitored the resistance of each daisy chain loop.

The vibration cycles to failure were calculated based on the failure time recorded by

the Event Detector and the average frequency of the sweep sinusoidal excitation.

The test results for outer chains on the large chips are given in Fig. 7.4 and satisfy

two-parameter Weibull distribution well. No failure results were obtained for the

small chips components.

Table 7.1 shows the Weibull parameters together with the MTTF and first time

to failure (FTTF) for three different G level tests. It can be seen from the table that

the fatigue life reduces rapidly with increase of sinusoidal vibration acceleration

amplitude.

From test results, a plot of G-level versus fatigue life can be obtained as shown in

Fig. 7.5. In log-log scale, the liner relationship is clear. The fatigue model can be

obtained based on Gin–N curve for FCOB assembly used in this study as expressed

in the following equation
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Table 7.1 Weibull parameters, MTTF and FTTF

Gin �(106) b MTTF(106) FTTF(106)

3G 65.30 2.22 57.84 32.30

5G 23.28 1.20 21.91 4.93

10G 12.89 1.41 11.73 2.47
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Fig. 7.5 Plot of input G-level

versus fatigue life
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A ¼ 1:43e6N�0:735 for MTTF

A ¼ 1:63e6N�0:727 for chip 3;
(7.2)

where A is input, G, N is fatigue life. Therefore, (7.2) can be used to predict fatigue

life of FCOB assemblies subjected to different G-level input vibration tests.

For the electronic assembly subjected to different blocks of acceleration level

(G-level) vibration test, the fatigue damage due to each acceleration level can be

superimposed using the linear superposition method by Miner’s law [12]. Miner’s

cumulative fatigue damage ratio is based on an analysis method that sums up the

ratio of the actual number of fatigue cycles (n) accumulated in a specific element, in

different environments, divided by the number of fatigue cycles (N) required to

produce a fatigue failure in the same specific element in the same environment.

When the ratios are added together, a sum of 1.0 or greater means that the fatigue

life has been used up and should fail. The cumulative damage index (CDI) using

Miner’s cumulative damage law, assuming a linear summation given by

CDI ¼ Dtotal ¼
Xn
i¼1

ni
Ni

(7.3)

Failure is assumed to occur at a more conservative value, such as Dtotal ¼ 0.7.

For the varying G-level test, chip 3 and 4 were selected for the CDI analysis. The

values of ni are obtained from the varying G-level test result as shown in Fig. 7.6 for

chip 3 and Fig. 7.7 for chip 4 whileNi values are equal to MTTF shown in Table 7.1.

Substituting the data shown in Figs. 7.6 and 7.7 into (7.3), the CDI can be obtained:

CDIchip3 ¼ n1
N1

þ n2
N2

þ n3
N3

¼ 3:42

57:84
þ 3:42

21:91
þ 2:76

11:73
¼ 0:451

CDIchip 4 ¼ n1
N1

þ n2
N2

þ n3
N3

¼ 6:84

57:84
þ 6:84

21:91
þ 3:65

11:73
¼ 0:742
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Fig. 7.6 Schematic of block

G-level test for chip 3
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From CDI values for chip 3 and 4, when the CDI was 0.451 and 0.742 for outer

chain of chip 3 and 4, the failure occurred in these two chips, respectively. Using the

CDI of unity is unconservative and a safety factor of 3 is recommended.

7.2 Finite Element Analysis for Vibration Test

Because the natural frequencies and mode shapes are very important parameters in

the design of a structure for dynamic loading conditions, modal analysis to deter-

mine these parameters was conducted firstly. PWB was modeled as shell element in

FE modal analysis. The clamped–clamped boundary condition was simulated

according to the testing condition. First, the bare PWB without Flip Chip

components attached was simulated for modal analysis to study the different

variables effect such as material properties, element size. The FE model of the

bear PWB is shown in Fig. 7.8. Table 7.2 shows the natural frequency results of first

three modes for bare PWB when considering different variables. The element size

has a very slight effect on the natural frequency of the bare PWB. In the subsequent

analysis, the 5 � 5 mm shell element size was used. Actually, the FR-4 PWB has

the orthotropic material properties. However, it can be seen from Table 7.2 that the

effect of the orthotropic material properties on the natural frequencies is very slight

so that the effect can be neglected.

In order to verify that a good approximation of PWB modal response can be

made by considering the PWB as a bare unpopulated thin plate, four detailed modal

analyses were conducted. In case 1, the Flip Chip components mounted on the PWB

were modeled as distributed masses on the PWB. In case 2, the Flip Chip

3

5

10

In
pu

t 
G

 l
ev

el

Test cycle(10e6cycles)

n1a=3.42
n2a=3.42

n3a=3.42

failure

n1b=3.42
n2b=3.42

n3b=0.23

note: n1=n1a+n1b, n2=n2a+n2b, n3=n3a+n3b
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components were modeled as concentrated masses at the center locations of

the components on the PWB. In case 3, the Flip Chip components were modeled

as solid part of the pure chip without considering the effects of the solder joint and

underfill. In case 4, the IC chips were modeled as shell and the solder joints were

modeled as effective two-node beam elements with equivalent stiffness of solder

joint [5]. According to Steinberg [1], the fundamental resonance frequency for a

PWB with the Clamped–Clamped boundary condition can be obtained from the

following equation

fn ¼ 3:55

a2

ffiffiffiffi
D

r

s
; (7.4)

where

D ¼ Eh3

12 1� m2ð Þ ; r ¼ Mass

Area
;

E ¼ 22,000 N/mm2, (Young’s modulus),

m ¼ 0.28, (Poisson’s ratio),

Fig. 7.8 Finite element model of bare PWB

Table 7.2 Natural frequency for bare PWB modal analysis

No. E (GPa) n f1 f2 f3 Element size (mm � mm)

1 22 0.28 208 232 324 2.5 � 2.5

2 22 0.28 208 232 323 5 � 5

3 22 0.28 208 232 322 7.5 � 7.5

4 22 0.28 208 232 322 10 � 10

5 Ex ¼ 22

Ey ¼ 22

Ez ¼ 10

nxy ¼ 0.28

nyz ¼ 0.11

nzx ¼ 0.12

208 232 322 5 � 5
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h ¼ 1.13 mm, (thickness of the PWB),

a ¼ 140 mm, (free side length of the PWB), and

r ¼ 2.147 kg/m2.

Table 7.3 shows the first three order frequencies of the PWB obtained from

different methods. The frequencies obtained from case 1 and case 2 were slightly

less than those from bare PWB because only the masses increased for the PWB while

the stiffness did not change for PWB. It can be seen from Table 7.3 that the results of

modal analysis have a good agreement among FEA, test and theory. Therefore, for

PWBwith Flip Chip assembly, a good approximation of PWBmodal response can be

made by considering the PWB as a bare unpopulated thin plate. The increase in

stiffness of PWB due to the mounting of the components is offset by the increase in

total mass the populated PWB. The same approximation can introduce more error for

PWB with BGA assemblies because the contribution of the masses and stiffness of

the BGAmodules for PWB could not be ignored as the BGAmodules have the larger

volume and mass compared with Flip Chip modules. The first natural frequency

obtained by case 4 has better agreement with the testing results.

A quasi-static analysis method was developed to calculate the stress strain

behavior of the solder joints, which can be used for fatigue life prediction using

high cycle fatigue model. The dynamic loading due to vibration was replaced by

effective static loading in this method. According to Newton’s second law, the

pressure acting on the PWB or component can be obtained

p ¼ F

A
¼ mGout

A
¼ rvGout

A
¼ rtGoutg; (7.5)

where m, r, v, A, t are mass, density, volume, area, thickness of PWB, or chip

i, respectively. Gout is output acceleration in G (acceleration of gravity).

For constant G-level test, the pressure loading can be obtained from (7.4) and

(7.5) when transmissibility is known. It is observed that transmissibility is not a

constant value along transverse locations. The transmissibility was measured only

for half of the PWB due to symmetry. Eight locations uniformly distributed shown

in the Fig. 7.9 were selected to measure transmissibility of the PWB subjected to

vibration. Figure 7.10 shows the transmissibility result for different locations at

fundamental resonance frequency for 10G input test, and that a linear relationship

between transmissibility and location is clear.

Sub-modeling technique was used in this quasi-static analysis because it is

difficult to take board level simulation using full 3D model. Figure 7.11 shows

the brief procedure for sub-modeling technique. For the whole model, only two

Table 7.3 Comparison of the natural frequencies results

Mode Bare PWB Case 1 Case 2 Case 3 Case 4 Eq. (7.4) Test

1 208 206 206 209 201 209 194

2 232 231 231 234 213

3 323 321 321 326 272
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large chips numbered 3 and 4 shown in Fig. 7.1 distributed on center of PWB were

selected and clamped–clamped boundary condition along two opposite longer sides

was used. Elastic-plastic analysis for solder joint was used and no plastic strain occurs

from result. The stress strain distribution for two chips was almost same, so only chip

3 was used for analysis. The outmost corner solder joint has the maximum stress,

which means the first failure will occur in the outmost corner solder joint. Thus, sub-

model was used to simulate the outmost solder joint. The stress-based high cycle

fatigue approach was used to predict the fatigue life of component as shown below:

sa ¼ sf 0 2Nfð Þb; (7.6)

where sa ¼ stress amplitude,

center
x=70mm

x
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edge

Fig. 7.9 Schematic of the

location of the measured
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Fig. 7.11 Sub-modeling

technique for vibration stress

analysis
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sf 0 ¼ fatigue strength coefficient,

b ¼ fatigue strength exponent, and

2Nf ¼ reversals of failure (1 reversal ¼ 1/2 cycle).

For eutectic Pb/Sn solder, the material constant sf 0 and b can be determined by

curve fitting shown in Fig. 7.12 using testing data by Yao et al. [13] and they are

177.1 MPa and �0.2427, respectively. For multi-axes stress situation, the equiva-

lent von Mises stress is used to output the state of stress in the solder joint.

seff ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s1 � s2ð Þ2 þ s2 � s3ð Þ2 þ s3 � s1ð Þ2

q
(7.7)

In order to minimize the effect of stress concentration, the volume-weight

method was used to calculate the equivalent von Mises stress for the die/solder

interface layer in which the failure commonly occurs first for FCOB assembly.

Volume-weight average stress can be obtained by

save ¼
P

s � VP
V

(7.8)

Then fatigue life can be determined by (7.8) when stress amplitude was known.

The frequency range from 175 to 215 Hz was used for vibration test. Different

transmissibility occurs at different frequencies as shown in Fig. 7.13. Therefore,

specimen was subjected to different effective pressures with different slop triangle

distribution at utmost location during test. Miner’s law shown in (7.3) was used and

fatigue life can be predicted combining with (7.6). In this study, CDI of 0.5 was

used. The fatigue life result comparisons between quasi-static method and testing

for chip 3 are listed in Table 7.4. It can be seen that the quasi-static can give

reasonable fatigue life prediction result compared to testing result, especially for

lower G-level vibration test. By imitating S–N curve, the G–N curve can be
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obtained based on fatigue life result for different G-level test as shown in Fig. 7.14.

Different CDI values were used to predict the flip chip solder joint fatigue life in

order to investigate the CDI effect. The factor is defined as the ratio of

fatigue cycles predicted by FEA to experimental fatigue cycles. Different factors

corresponding to four CDI values of 1, 0.7, 0.5, and 0.33 were calculated and shown

in Fig. 7.15. It can be seen that fatigue life prediction has a good agreement with test

data for 5G vibration test.
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Table 7.4 Fatigue life comparisons for chip 3

G level Test (1) Prediction (2) Factor (2/1)

3 8.34E + 07 1.10E + 08 1.32

5 3.34E + 07 2.57E + 07 0.77

10 1.62E + 07 2.61E + 06 0.16
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7.3 Drop Impact Test and FEA Modeling

Portable electronic devices like personal digital assistant (PDA) and mobile hand

phone have to be designed to withstand drops. In these devices, flip chips are widely

used to reduce weight and mounting size. Impact and drop studies of flip chip solder

joints reliability are emerging research interests. The flip chip solder joints are

subjected to operating conditions and accidental drop causing short-time stress

from impact loading. Drop tests are often substituted in qualification testing of

microelectronic devices by shock tests. In order to adequately mimic the drop test

conditions, a short-term external acceleration is applied and should be well below

the fundamental period of system’s free vibrations. Otherwise, the response of the

system can result in substantially higher curvatures and accelerations than that

occurring during drop tests [14]. In the drop test, the measured maximum accelera-

tion is often used as a criterion of the strength of structure in microelectronic

products. The maximum acceleration of PCB board can reach to more than

1,000G when subjected to drop impact, but the displacement and strain of the

PCB is relatively small. It is well known, however, that it is the maximum stress,

not the maximum acceleration, which is responsible for the dynamic strength of a

structure [15]. The dynamic reliability of portable electronic equipment relates to

several external and product factors, which affect the forces and accelerations

during impact [16] drop height, housing material, weight, shape, orientation at

impact, and surface onto which it drops. Most drop heights used in the industry

are 1 and 1.5 m. Yu et al. [17] show that the horizontal impact case of PCB is the

most dangerous case for reliability of solder joints. The first order mode vibration is

more dominant in dynamic fracture of solder joints than higher modes. There are

mainly three types of drop tests in the electronic industry: (1) free fall product level;

(2) free fall board level; and (3) controlled pulse drop at board level. Board level

drop test is convenient to characterize the solder joint performance, as it is more

controllable than product level drop test. Some researchers [18–20] have conducted

board level drop tests to understand the response of solder joint to impact loading.
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Some researchers [21, 22] have conducted product level drop tests due to real drop

events. In this study, free fall board level drop test was conducted.

In this study, FCOB assembly shown in Fig. 7.2 was selected for drop test to

analyze the dynamic response of the FCOB to drop impact loading. The Lansmont

Model 65/81-shock test machine is used to provide the free-fall drop test of board-

level mounted with the flip chip packages. This machine can provide two types of

shock pulse: half sine pulse and trapezoid pulse. The half sine pulse will be chosen

for the excitation of the impact. The acceleration level of the half sine pulse is

related to the drop height and mount of the felt pads. The duration of the pulse

is adjustable, somewhat, by the addition or subtraction of the felt pads. The drop

machine and specimen are shown in Fig. 7.16.

The drop table is an aluminumweldment with an assembledmass of approximately

190.5 kg. It has a 650 � 810 mm top-mounting surface, which is drilled and fitted

with threaded inserts for test specimen mounting. The specimen of PCBwith flip chip

packages is attached to a metal table through aluminum fixture shown in Fig. 7.16.

During impact, the longitudinal stress wave will travel in the table, when the wave

travels into the PCB, it turns into the bending wave. The propagation velocity of the

longitudinal stress wave in the table and fixture can be expressed as [23]

CL ¼
ffiffiffi
E

r

s
; (7.9)

Fig. 7.16 Drop test setup and fixed specimen
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where E is the Young’s modulus and r is the density of the material. The velocity of

the bending wave in the specimen may be expressed as

Cb ¼ pg
L
; (7.10)

where g ¼ ffiffiffiffiffiffiffiffiffiffiffi
D=ra

p
, D is the flexural modulus Eh3/12, h is thickness of specimen,

ra ¼ r h is the area density of specimen, and L is the length of the free edge.

Usually, in the drop test, impact force, accelerations, drop velocity, and strains

are measured. In this test, the strain gages and accelerometer affixed to the

surface of the PCB desired location are used to measure the dynamic strain and

acceleration of the specimen shown in Fig. 7.17. This specimen has the fundamen-

tal frequency of 195 Hz determined by the vibration test, which is equivalent to

period of the 5.1 ms.

After every five drop tests, the continuity of the functional daisy chain net was

checked using a multimeter. Failure criterion was electrical open of the daisy chain

net. During the drop test, a high-speed camera was used to capture the images of the

specimen movements. This camera has an ability to record up to 4,500 frames per

second for immediate playback so that the image storage of extremely rapid events

such as drop can be accurately carried out. Based on the results obtained by the

high-speed camera, the position and shape of the specimen can be obtained.

Furthermore, the velocities, accelerations, and flections of the specimen can be

calculated by using the fundamental data of displacement. Before the drop test,

some marks are attached on the specimen, which can make the data recorded easily

by high-speed camera, shown in Fig. 7.17. Mark 4 is a reference point attached on

the fixture, and Marks 1, 2, and 3 are located on the left side, center point, and right

side of specimen edge, respectively.

In the first drop test, four felt pads were placed on the base surface to prevent

metal-to-metal impact. The drop height is 1 m. The vertical relative displacements

obtained from the high-speed camera are shown in Fig. 7.18. The data for a period

of 20 ms were extracted for analysis. These relative displacements represent the

displacement differences between the marks on specimen and mark on fixture.

It can be seen from Fig. 7.18 that the motion of the specimen during the drop test is

similar to the simple harmonic motion and maximum deflection along the specimen

occurs at almost the same time, suggesting the existence of a dominant fundamental

deformation mode. The vibration displacement range (2 � amplitude) of the center

point marked by No. 2 shown in Fig. 7.18 is about 4.9 mm approximately. It can be

Fig. 7.17 Marks on the specimen and fixture
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seen from Fig. 7.18 that the vibration period of the specimen during and after

impact is about 5.4 ms. This is equivalent to the frequency of 185 Hz and is close to

the theoretical fundamental frequency of the PCB specimen of 195 Hz, for the first

vibration mode shape under clamped–clamped condition tested.

A wooden plate was placed above the felt pads in order to vary the effect of the

impact surface on the dynamic response of the specimen. The relative displacement

of the specimen is shown in Fig. 7.19. The vibration displacement range of the center

point of the specimen is equal to 4.4 mm and a vibration period of the specimen is

about 5.7 ms. Compared with the results shown in Figs. 7.18 and 7.19, it is obvious

that the wooden plate reduces the maximum vibration displacement and increases

vibration period of the specimen, thus the maximum acceleration of the specimen

will be reduced.

The acceleration of the specimen calculated from the data recorded by high-speed

camera is shown in Fig. 7.20. It can be seen that the maximum acceleration occurs at

Fig. 7.18 Relative displacement of the specimen (camera)

Fig. 7.19 Relative displacement of the specimen with wooden plate on drop base
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the center of the specimen and the acceleration has a value of 981G. The relationship

of the acceleration and time presents a half-sine shape and the duration of the impact

is 2.5 ms. In addition, the acceleration can be measured directly by the accelerome-

ter, and the results are shown in Fig. 7.21. Comparison with the results by camera

shown in Fig. 7.20 and the accelerometer result in Fig. 7.21, the acceleration of

the center point of the specimen has a magnitude of 980G and duration of 2.5 ms.

The acceleration of the drop table is also measured during the impact period and is

shown in Fig. 7.21. According to (7.9), the stress wave propagation velocity of the

table reaches to 5,090 m/s, so the transition of the wave in the table is very fast and

impact wave can travel through table to specimen in 0.06 ms. Therefore, the

maximum accelerations of the specimen and drop table almost occur in the same

Fig. 7.20 Acceleration of the specimen (camera)

Fig. 7.21 Acceleration of the specimen (accelerometer)
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time, as can be validated from Fig. 7.21. It can be seen that the acceleration of the

center point of the PCB specimen has a higher G magnitude compared to that of

the side of the PCB and the drop table. Note that transient vibration of the PCB

specimen continues even after the table approaches a stable state.

Figure 7.22 shows accelerations of specimen when a wooden plate was placed

on the drop base. It can be seen that the maximum acceleration reduces to 700G for

the center point and half-sine shape has a bigger duration of 3 ms compared with

those results shown in Fig. 7.20 without wooden plate. Therefore, the soft drop base

would reduce the maximum acceleration during impact and extend the duration of

impact.

After more than 30 drops, no failure of solder joint was found based on the

resistance measured. The FCOB assembly has good impact drop solder joint

reliability performance due to underfill encapsulation. Other SMT assemblies,

such as PBGA, CBGA, QFP, and TSOP board level assemblies may not be so

resistant to drop impact tests.

The combination of numerical simulation and testing is the best approach to

obtain failure analysis to understand the dynamic response of the electronic assem-

bly on impact loading. It is a significant advantage for numerical simulation that it

can pick up complete mechanical information at any location of analyzed object.

Impact response is a typically transient phenomenon. In transient analysis with

FEA, there are two basic algorithms for time integration methods: implicit and

explicit methods. ANSYS has a LS-DYNAmodule for explicit-based problems and

was selected for the simulation of the impact problem in this study. It has suitable

element type, material model, and contact surface definition capabilities.

In the analysis, the specimen, fixture, table, and impact base are all simulated. The

detailed model is shown in Fig. 7.23. Assume a rigid behavior for the drop base and

bilinear kinematic hardening plasticity for the table, fixture, and specimen. The table

and fixture aremodeled using solid element, specimen using shell, and base using rigid

shell. Some important information of the element, material properties is listed in the

Fig. 7.22 Acceleration of the specimen with wooden plate on drop base
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Table 7.5. A total of 1,921 elements and 2,836 nodes are included in this analysis. The

simulation time is 50 ms, and 500 substeps are involved during this simulation period.

During the free fall stage, the table and specimen is simply accelerating due to gravity.

To save CPU time, apply an initial velocity of 4.43m/s to simulate the free drop height

of 1 m. 4.43 m/s is an approximation derived using v ¼ ffiffiffiffiffiffiffiffi
2gh

p
; where v is the final

velocity, g is the acceleration due to gravity, and h is the displacement of 1 m.

In order to interpret the dynamic response of the specimen on the drop test

conveniently, some labels are marked in the Fig. 7.24 for specimen shell. Label C

presents a central line, which also is a symmetric axis of the specimen shell. Label

L1 and R1 present the outmost left line and right line, respectively, and they are

symmetric about central line labeled mark C. The line labeled L2, located the

middle position between line of L1 and line of C, is symmetric to the line labeled R2

about central line.

Fig. 7.23 Impact model and meshed fall part

Table 7.5 Element types and material properties of the model

Components Table and fixture Specimen Drop base

Element type Solid 164 Shell 163 Shell 163(rigid)

Density (kg/m3) 2,700 1,900 7,800

Elastic modulus (GPa) 70 22 200

Poisson ratio 0.346 0.28 0.25
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From the results, it was found that the specimen vibrates in the form of first order

mode shape, so the displacements, velocities, and accelerations at the symmetric

location of specimen have the similar trends and magnitude.

The deformation along the transverse direction of the specimen is shown in

Fig. 7.25. It can be seen that the deformation is symmetric about the central line and

this deformation shape is consistent with the first vibration mode. The maximum

displacement of the center is about 2.5 mm, which agrees well with the result

obtained by high-speed camera.

The symmetric deformation of the specimen during drop test can also be

validated from the rotational angle shown in Fig. 7.26. It can be seen that the

vibration shape of the specimen after impact exhibits the first vibration mode shape.

For this type of drop test, we can consider that certain period vibration is induced by

the impact force. Thus, drop test problem can be considered a transient vibration

problem. It can be seen that the rotation angle decreases with the time increasing

Fig. 7.24 Labels on the specimen

Fig. 7.25 Maximum relative displacement of the specimen
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due to air damping. The vibration period of 10 ms can be obtained from Fig. 7.27,

which is larger than that from high-speed camera.

The acceleration results of FEA are shown in the Fig. 7.28. The maximum

acceleration of the specimen is 1,400G approximately, which is higher than the

real maximum acceleration of 980G measured by the accelerometer during the drop

test because of the effect of the rigid base used in the FEA. Taking the drop base as a

rigid body without considering the effect of the felt pads induces the difference

between the measured results and simulation. Further modeling study is needed to

obtain more accurate simulation results for acceleration.

The simulation of the drop base as rigid body leads to overestimation of the

acceleration at the center of the board compared to the measured response.

Fig. 7.26 Rotation angle of the specimen about horizontal axis

Fig. 7.27 Relative displacement–time relation of specimen
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The displacement period of the first transient cycle of the specimen agrees with first

order vibration mode frequency for the clamped–clamped board. The vibration

amplitude has good agreement with measured result, as the vibration amplitude is

less sensitive to drop base impact condition compared to acceleration.

After drop impact, the transient vibration occurs. In order to find the stress strain

behavior of solder joint, the component including solder jointmust bemodeled in FEA

simulation. In this study, hybridmodel was used to calculate the stress–strain behavior

of FCOB solder joints subjected to impact loading. This method simulates the FCOB

assembly without considering whole drop table, drop base, and fixture. The displace-

ment of fixture measured by high-speed camera (see Fig. 7.29) was considered as the

input boundary condition, applied along the fixed edges of specimen.

Explicit finite element analysis for FCOB assembly was conducted using

LS-DYNA. In order to reduce the simulation time, only one large component near

the board center numbered 4 was considered and mass scaling technique was used.

Fig. 7.28 Acceleration–time relationship of the center point on specimen

Fig. 7.29 Location of mark 2 and 4 measured by camera
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Four different materials are considered in this simulation, including FR-4 PWB

board, underfill, eutectic Sn/Pb solder, and silicon chip. Solder material was

modeled as bilinear plastic behavior based on data derived from impact testing of

solder. Figure 7.30 shows the FEAmodel for drop test simulation; corner solder balls

are simulated in this model due to their critical location.

The displacement FEA result is shown in Fig. 7.31 for three points of PWB

center, free edge center, and free edge quarter. Free edge center and free edge

quarter in FEA result are corresponded to mark 2 and mark 3, as shown in Fig. 7.17,

respectively. Comparing FEA result with testing result, it can be seen the relative

displacement amplitude and vibration period has good agreement. Figure 7.32

shows the displacement and acceleration change with time on specimen center.

Fig. 7.30 FE model for FCOB assembly

Fig. 7.31 FEA displacement result for drop test
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It can be seen that the positive acceleration occurs when specimen bends down

while the negative acceleration occurs when specimen bends up. The acceleration

value calculated from FEA is slightly higher than that from the test result.

Figure 7.33 shows the plastic strain and displacement comparison with respect to

time for one critical element of corner solder joint. It can be seen that when PWB

first bent down no plastic deformation occurred. When PWB first got its peak

bending-up point, plastic deformation occurred. Therefore, from this point, the

cyclic plastic strain is calculated, and plastic strain of 0.02764 for first cycle and

0.01692 for second cycle are estimated. The cyclic plastic strain becomes lower

with time due to damping.

Result vs time on FCOB assembly center
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Fig. 7.32 Acceleration, displacement versus time
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The volume-average method for plastic strain was used for the outermost corner

elements of the corner solder joint because the plastic strain was very location-

dependent. Figure 7.34 shows the volume-average plastic strain for outmost corner

solder joint. It can be seen that the plastic strain on the solder/PWB side is more

than that on the solder/chip side because PWB board flexure and inertial force have

significant effect on solder material deformation near the PWB side while the board

flexure effect is slighter for solder material deformation near the chip side than that

near the PWB side.

When the plastic strain is obtained, the fatigue life of solder joint can be

predicted based on the fatigue failure model such as Coffin–Manson model,

which was used for lower cycle fatigue behavior of eutectic solder as shown below:

Nf
mDep ¼ C; (7.11)

where C and m are material constants, which can be determined by polynomial

expression fitting from temperature-dependent experimental data given by Shi et al.

[24]. Using room temperature, T ¼ 25, and frequency of 1 Hz obtain m ¼ 0.727

and C ¼ 2.033. There is a need for a suitable drop fatigue model. Tentatively, the

Coffin–Manson model was used for drop fatigue life prediction. A time period of

10 ms was used for drop test analysis to calculate the solder joint drop plastic strain.

The plastic strain equal to 0.0512 computed from solder/PWB side as shown in

Fig. 7.34. The fatigue life, Nf, is equal to 158 drops. This means that after 158 drops

from a drop height of 1 m, the solder joint on the FCOB assembly is subjected to

plastic strain cycling due to the impact loading and is expected to fail by fatigue.

7.3.1 Drop Test for Pb-Free 95.5Sn–3.8Ag–0.7Cu
Soldered Assembly

In this drop test, bare PCB and populated PCB were selected as drop specimens.

For populated PCB specimen, one BGA, one QFP, and one TSSOP component are

mounted on PCB board. For BGA component, three different surface finishes, such

Fig. 7.34 Plastic strains of outmost corner solder joint
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as Ag, Au, and OSP, are used. In the drop test, accelerometers and strain gauges

were used to measure the dynamic response of the specimen subjected to drop

loading. Figure 7.35 shows the locations of measurement. For bare PCB drop test,

all four strain gauges were used, accelerations just on center and right location were

measured, and four different drop heights were selected. For populated PCB

specimen, all seven locations were selected for acceleration measurement and

only strain gauge 1 and 2 near the BGA component were used. One-meter drop

height for populated PCB specimen is fixed. For two different PCB specimens, the

clamped–clamped boundary condition along the longer edge was used.

In populated PCB drop test, only 1 m-drop height was selected. Thirty drops

were conducted for each surface-finishing component such as silver, gold, and OSP

surface finishing. Figure 7.36 shows the acceleration comparison of PCB center for

different surface finishing. Different surface finishing effect on acceleration can be

ignored because it hardly affects the populated PCB structure, stiffness, and mass.

Different surface finishing, however, can affect the fatigue failure of solder joint

due to different interface material properties for different surface finishes. In this

populated PCB drop test, seven different locations as shown in Fig. 7.36 were

selected to measure the acceleration response. Figure 7.36 shows the acceleration of

different locations for Ag surface finishing. Other surface finishes have almost same

results. It can be seen from Fig. 7.37 that the largest acceleration will occur at PCB-

free edge center. The acceleration on the QFP center is slightly more than that on

BGA center because the location of the QFP center is closer to the free edge than

location of BGA center. Thus can provide the guide to prevent the high acceleration

of component mounted on PCB by arranging its location for clamped–clamped

boundary condition.

Fig. 7.35 Pb-free solder test board and measurement points
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In the populated PCB drop test, strain gauge 1 and 2 near the BGA corner as

shown in Fig. 7.35 were used to measure the strain response of BGA component

location. Figure 7.38 shows the strain result for three repeated measurements and

the repeatability is consistent. In the drop test, the location of the accelerometer is

changed after every five drops. The accelerometer has the mass of 2.4 g and this

additional mass will affect the strain value when the accelerometer location varies.

Figure 7.39 shows the effect of the accelerometer on the strain magnitude. It can be

seen that the effect of accelerometer mass on strain of strain gauge1 is evident when

accelerometer lay on the BGA center because of the added mass near the strain

guage1 while the other locations effect is very slight.

Fig. 7.36 Acceleration of PCB center for different surface finish
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Fig. 7.37 Acceleration of different locations
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Figure 7.40 shows the strain comparison between strain gauge 1 and strain gauge

2 as shown in Fig. 7.35. It can be seen that the strain varies with position of PCB

significantly and the strain magnitude becomes lower with time due to damping.

Figure 7.41 shows the strain of strain gauge 1 for different surface finishing. It can

be seen that the strain for the Au surface finishing is larger than that of others at the

first PCB bending down while the strain will be almost same at subsequent PCB

motion. Gold surface finishing PCB assembly indicates lower stiffness than other

surface finishes when PCB is subjected to drop loading.

Reliability test for vibration fatigue was conducted for FCOB assembly with

eutectic 63Sn–37Pb solder joints. Two methods of vibration fatigue analysis were

developed using the G-level based G–N fatigue curve data for the FCOB assembly

and the stress–life, S–N fatigue curve data for eutectic 63Sn–37Pb solder [25, 26].

Strain results for 3 same cases
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Drop impact test studies on the FCOB assembly with 63Sn–37Pb solder and

Pb-free 95.5Sn–3.8Ag–0.7Cu soldered assemblies were conducted. Experimental

measurements of the board-level displacement, acceleration, and strain responses

were made. No failure was recorded after 30 drops from a 1-m height on the drop

test machine [27].

Finite element analysis using the explicit dynamic analysis with LS-DYNA was

able to model and simulate the board level deformation and acceleration

characteristics. Stress and strain analysis of the solder joint was investigated for

the FCOB assembly with 63Sn–37Pb solder and the predicted failure was estimated

at 158 drops [26, 28].

Fig. 7.40 Strain for different locations

Strain for different surface finishing
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Chapter 8

Thermal Cycling Aging Effects

on Board-Level Drop Test Result

Abstract Chapter 8 deals with Board-Level Drop Test and reports on the effects of

thermal cycling aging on board level drop reliability for lead-free SnAgCu (SAC) in

fine pitch ball grid array (FPBGA) packages. The drop life was observed before and

after thermal cycling aging. Comparison of SAC/ENIG packages to SAC/OSP

packages was investigated. Thermal cycling (TC) aging subject to �40�C to

+125�C causes concurrent degradation of the solder joints and result in IMC growth

and thermal fatigue damage. The IMC growth, as well as the void/crack formation

subject to thermal cycling aging will affect the long-term solder joint reliability

performance. It can also affect the impact shock reliability as thicker IMC layer

causes brittle fracture failure.

The effect of thermal cycling aging on board-level drop reliability for lead-free

SnAgCu (SAC) in fine pitch ball grid array (FPBGA) packages is studied in this

chapter. The drop life was observed before and after thermal cycling aging.

Comparison of SAC/ENIG package to SAC/OSP package was investigated.

8.1 Background

In accelerated thermal cycling (ATC) tests, the cyclic excursions of temperatures

between �40�C and +125�C cause concurrent degradation of the solder joints and

result in IMC growth [1] and thermal fatigue damage. The IMC growth, as well as

the void/crack formation subject to isothermal aging and thermal cycling aging, is

expected to affect the long-term solder joint reliability performance. It can also

affect the impact shock reliability as thicker IMC layer cause brittle fracture failure.

The growing use of portable electronic devices such as cell phone and PDA has led

to increased concerns on drop impact-related failures in electronic assemblies. The

studies on impact drop test on lead-free solder joint reliability have been reported

[2–7]. Brittle fracture of IMC caused by dynamic loading, such as impact shock, is
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the dominant failure mode [7]. During service of electronic products, the solder joint

is exposed to thermal aging before accidental drop impact occurs. The solder joints

are subjected to thermo-mechanical induced stress-strains leading to solder fatigue

degradation. Board-level drop impact test and finite elements modeling have been

reported [7–9]. The effect of IMC growth and presence of Kirkendall void formation

subject to thermal aging has been reported [10–13]. For the portable electronic

products, it is necessary to test the drop impact reliability after a period of usage.

The effect of thermal cycling aging on drop impact reliability has been

investigated. A 15 � 15-mm fine-pitch BGA (FPBGA) with 324 I/O was subject

to drop test. Lead-free SAC with either organic solderability preservative (OSP) or

electroless nickel immersion gold (ENIG) surface finishes was used. Interfacial

IMCs, Kirkendall voids formation, and interconnect failure mode are studied

subject to TC aging. Kirkendall voids were observed with Ar+ sputtering etching.

The failure sites and mechanism were then examined and correlated with IMC and

void formation.

8.2 Experiment Procedures

8.2.1 Test Setup and Measurement

The Lansmont test machine was used to provide the drop impact load for board-level

FPBGA soldered assemblies. A half sine g-input shock pulse on the drop table is

calibrated to drop height and the felt pads on drop base to give the required g-input

pulse and time duration. The drop machine structure consists of a steel base, two

solid chrome plated guide rods, drop table, and hoist positioning system as shown in

Fig. 8.1. The aluminum-welded table has an assembled mass of 190.5 kg.

The experiment matrix and sample aging condition are given in Table 8.1. The

test specimen with seven mounted FPBGA (324 I/O) units soldered onto the printed

circuit board are shown in Fig. 8.2. The test board (1 mm thick) either has OSP on

copper pads (Cu-OSP) or ENIG, or NiAu, surface finish. The FPBGA package is

daisy chained, with full interconnection failure monitoring of the solder joint.

Multiple fault isolations pads are designed-in for the purpose of easy identification

of failure distribution.

Thermal cycling aging was conducted with TC profile of �40�C to +125�C. The
cycle time was 1 h, where 15 min at upper soak and lower soak temperature,

respectively. Isothermal aging at 125�C and 150�C was also conducted for compar-

ison. After 0, 500, 1,000, and 1,500 cycles, the test boards were taken out from TC

chamber for board-level drop impact tests. The test board was screw mounted to the

drop table at four corners with the units facing downwards.

The drop height was set at 1.0 m with the impact base surface covered with felt

pad. The drop orientation is in the horizontal plane with packages in a face-down

position. The test PCB was screwed onto the drop table at four support pin locations

(see Fig. 8.3). During the test, the drop table is raised and dropped from the desired
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Fig. 8.1 Drop impact test vehicle and setup

Table 8.1 FPBGA specimen and thermal aging condition

Solder joint Aging temperature (�C) Aging time

SAC/Cu-OSP �40 ~ 125 (TC) 500, 1,000, 1,500 TCs

SAC/ENIG �40 ~ 125 (TC) 500, 1,000, 1,500 TCs

SAC/Cu-OSP 125, 150 0, 120, 240, 360 h

SAC/ENIG 125, 150 0, 120, 240, 360 h

Fig. 8.2 PCB test board (77 � 132mm) with 15 � 15mm FPBGA packages
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height (1 m). Upon impact, the drop responses of interest is the shock g-level

(G-input) experienced by the drop table and the PCB (G-output) and the bending

strain experienced at the center the PCB. The static and dynamic resistances of the

daisy-chained solder joints were recorded. The peak G-input shock pulse of the

drop table was about 690 g in the form of a half-sine wave with a 2-ms period.

An accelerometer was mounted on the drop table near to the fixture to measure the

input acceleration (G-input). For drop test consistency and repeatability, drop

responses of input/output acceleration and PCB strain were monitored.

8.2.2 Dynamic Response and Failure Detection

The dynamic measurement method used for monitoring resistance of daisy-chained

solder assembly in real-time during drop impact is shown in Fig. 8.4. A constant

resistor, R0, is placed in series with the daisy chain resistance of Rx, and connected

to a DC power supply. The oscilloscope was used to measure the dynamic voltage

drop on daisy chain loop. The dynamic resistance of solder joints, Rx, can be

expressed as:

Rx ¼ R0Vx

U � Vx
; (8.1)

where U is the voltage of the DC power supply and 1.8 V was used in this test, Vx is

the dynamic voltage of daisy chain measured by oscilloscope, and R0 is the constant

resistance of 10O used in this test. When Vx ! U, Rx ! 1 (implies an open

circuit), it indicates the critical solder joint has failed. Three solder joint daisy-

chained current loops for components labeled “A”, “B”, and “C” as shown in

Fig. 8.4 were monitored by three oscilloscope channels for one test board.

In a drop test, it is common to observe that the solder joint crack opens up

resulting in a resistance discontinuity and closes back to resume electrical

Fig. 8.3 Drop test fixture with PCB mounted
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continuity. The upward/downward deflection of the PCB leads to the opening/

closing mode of the crack, which is known as an intermittent solder joint failure.

When the crack becomes larger and cannot close back after the impact test, a

permanent solder joint failure is recorded. In this study, the permanent solder

joint failure is identified as the failure criteria.

8.2.3 Failure Characterization

After TC aging and drop test, the specimens were cross sectioned and observed by

Scanning Electron Microscopy (SEM) under an accelerated voltage of 15 kV and

backscattered electron mode (BSE). The IMC layer at the interface was examined at

high resolution. Characterization of IMC thickness and Kirkendall voids after ther-

mal cycling was conducted. The specimenwas cross sectioned and polished, and then

it was etched by Ar+ sputtering with an R.F. magnetron sputtering equipment. After

the chamber was evacuated to 10�6 Pa, argon was introduced to maintain working

pressure. The specimens were etched by Ar+ for 10 min with a power of 120 W.

8.3 Board-Level Drop Characterization

8.3.1 Drop Impact Lifetime Comparison Before
and After TC Aging

The resistance of daisy-chained solder joints was monitored during thermal aging. The

drop lifetime wasmonitored by the change of dynamic resistance for the daisy-chained

DC Power
supply

Ch1

R01 Rx1

……

U

……

Oscilloscope

Ch2Oscilloscope

R02 Rx2

……

V01
Vx1

V02
Vx2

Fig. 8.4 Dynamic resistance

measurement setup
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solder joints in real-time during drop impact. During drop test, the solder joints

resistance (or “voltage”) for the FPBGA packages and PCB bending strain was

captured. A typical response is showed in Fig. 8.5. It can be divided into two regions,

before impact (static) and after impact (dynamic). Test result for as reflowed board

after a certain number of drops is used for illustration. Channel 1 is used for dynamic

strain measurement at the PCB center upon impact. Channels 2, 3, and 4 are

measuring the dynamic voltages of package units 1, 8, and 15, respectively. Before

impact, the PCB strain is zero while the static solder joint resistance is similar to

the value measured by manual probing. Each package location has its own zero-

reference voltage and initial voltage reading as indicated. With reference to channel

3 (unit 8), a peak voltage was registered after impact, indicating that an initial failure

in a solder joint has occurred. The following fluctuation in peaks constituted with

the upward/downward flexing of the PCB and shows the opening/closing mode of

the cracking behavior. When flexing of the board has ended, static resistance

measurement by manual probing was not able to register any discontinuity. This

observation describes the intermittent solder joint failure. At subsequent drops, unit

8 would register fluctuation in voltage reading and finally the discontinuity was

confirmed by manually probing with an open circuit being measured, thus implying

that the solder joint has opened permanent.

The drop test was conducted until all the units on the board had failed. The

average number of drop cycles to initial failure after each thermal condition was

Static 
(Before Impact) Dynamic 

(After Impact)

(iv) 0V- CH4 (iii) 0V- CH3 (ii) 0V- CH2 (i) 0V- CH1 

CH1: Dynamic Strain of PCB 

CH2 (Unit #1) – No Failure

0.6V

Crack
Initiation

0.6V

0.6V

(i) 

(ii) 

(iii) 

(iv) 

CH3 (Unit #8)

CH4 (Unit #15) Intermittent Failure

Voltage 

Time 

Fig. 8.5 Typical dynamic responses for drop test
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recorded as the drop impact lifetime. Average drop impact lifetime vs. thermal

aging for SAC/Cu-OSP and SAC/ENIG is plotted in Fig. 8.6a, b.

For the FPBGA assembly on board, the units are classified into three groups due to

their location and symmetry of the board: (1) Edge units C3 and C13, which have the

shortest lifetime; (2) Center units C8 and; (3) Corner units C1, C5, C11, and C15.

It can be seen from Fig. 8.6 that the drop lifetime decreased significantly after thermal

aging conditioning followed by drop test. For all the units in this study, drop lifetime

could decrease by more than 50% only after 500 cycles of TC aging or 120 h

isothermal aging. This is even more significant after longer thermal aging time. For

SAC/Cu-OSP after 1,000 and 1,500 cycles of TC, or after isothermal aging of 240

and 390 h, the drop impact lifetime reduced down to five drops or even worse.

For as reflowed specimens, take unit C3 and C13 as examples, as shown in

Fig. 8.7. The drop lifetime for SAC/Cu-OSP (29 drops) is better than SAC/ENIG

(21 drops). This is reasonable as needle-like IMC (SAC/ENIG) is not as resistant to

IMC fracture as scallop IMC layer (SAC/Cu-OSP). The failure crack morphology is

characterized in the following sections. For the drop lifetime performance of

different surface finish, however, SAC/ENIG seems to be better than SAC/Cu-

OSP after thermal cycling aging. The drop impact lifetime significantly decreased

from 29 to 6 for SAC/Cu-OSP, after only 500 TC aging. After 1,000 and 1,500

cycles of TC aging, the specimen can only endure one drop before failure occur.

The drop lifetimes for SAC/ENIG after 500, 1,000, and 1,500 were 13, 9, and 8,

respectively and were obviously better than SAC/Cu-OSP.

8.3.2 Characterization of Failure Modes

The drop impact failure was characterized from both plane-view and cross-section

observation. For plane-view observation, dye penetration was used to mark the
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failure site. Blue ink 35 vol.% + ethanol 65% was used as a dye-penetration

solution. The FPBGA unit was then pilled off from the board, the marked failure

site display purple-blue color under optical microscope. Among the 324 BGA I/Os

in one unit, the typical drop impact failure occurred at the corner or edge of the unit.

The solder joints failure distribution across the PCB is, however, location depen-

dant. Due to pure bending mode in location (2) or C8, joints at corner of the package

failed as a result. Damage by shock wave transmission through the support pins was

evidently demonstrated for units in group (3), where joints at the package corner

had failed. For group I, failure was registered at left and right rows of the package.

The failure location mapping was preformed after all units in a single board had

failed. Thus it may have failed to capture the first solder joint crack occurring at the

corner of the package. The subsequent drop cycles resulted in adjacent joints to fail.

The failure distribution was similar for all test specimens.

For all of the tested boards with the two different PCB surface finishes (Cu-OSP

and ENIG) and thermal aging profiles, it showed that the drop impact failure

occurred at multiple locations. Four types of possible solder joint failure were

detected after drop impact, as shown in Fig. 8.8. They are; (1) IMC failure between

SAC/Cu pad at the PCB side, as shown in Fig. 8.8a, where solder joint is detached

from the pad through the IMC interface. The IMC failure is the dominant failure

mode in this study. (2) Pad/substrate failure at the PCB side, as shown in Fig. 8.8b,

the copper pad is totally detached from the resin substrate; the fibers in PCB could be

clearly seen in plane-view. (3) IMC/solder failure at the component side, as shown in

Fig. 8.8c, in which the solder ball was left at the board side, the crack could be either

in the IMC or in the solder near the interface. (4) Copper trace failure, as shown in
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Fig. 8.8 Solder joint failure modes subject to drop impact. (a) IMC failure between SAC/Cu pad

at the PCB side. (b) Pad/resin failure at the PCB side. (c) IMC/solder failure at the component side.

(d) Copper trace failure
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Fig. 8.8d, where it can be seen that the copper trace broken must be accompanied

with the Pad/substrate open. When the copper pad is detached from substrate, the

dog-bone shaped copper trace would be easily broken at the route of one end.

The solder joint failure mode subject to TC aging was reported [14–16]. The

typical fatigue failure after TC aging occurred in the SAC solder near the compo-

nent interface, as shown in Fig. 8.9a, the location of solder joint failure was

typically at the outmost component corner or die corner. After 500 to 1,500 cycles

of TC aging, the crack in solder joint is expected to propagate already, which could

affect the drop reliability significantly. However, the failure site after drop impact

test was not where the thermal fatigue crack initiated. The dominant failure is still

the brittle failure of IMC, at IMC layer on the SAC/Cu pad at board side, as shown

in Fig. 8.9b. The solder ball was totally separated from the copper pad.

Fig. 8.8 (continued)

Fig. 8.9 Solder joint failure subject to (a) TC, failure in SAC solder near component interface and

(b) Drop impact, failure in IMC at PCB side
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8.4 IMC Failure Analysis

8.4.1 Drop Impact Crack Propagation

In this section, the first type of drop impact failure, IMC failure between SAC/Cu

pads were observed under high resolution SEM (BSE mode) for SAC/Cu-OSP and

SAC/ENIG test board. The drop tests were conducted after different TC aging time.

Figure 8.10a–d shows the enlarged drop impact failure interface for the SAC/Cu-

OSP specimens with 0, 500 1,000, or 1,500 TC aging. Although all the four failures

occurred in the IMC, the location of the crack path is different. For as reflowed

specimen shown in Fig. 8.10a, the crack path is random in the Cu6Sn5 IMC, either

near the Cu–Cu6Sn5 interface, or near the SAC–Cu6Sn5 interface, or in the middle

of Cu6Sn5. For the specimen after 500 TCs as shown in Fig. 8.10b, a dominant crack

can be seen in the Cu6Sn5 IMC, while quite a lot inclined tiny cracks exist. These

tiny cracks stopped at the interface of IMC and copper pad. After 1,000 TC aging,

the crack became very close to the IMC–copper interface, where the Cu3Sn grows

during TC aging. The crack is flatter compared to the as-reflowed condition and 500

cycles TC aging specimens. This is even more significant for the specimen after

1,500 cycles of TC aging, as shown in Fig. 8.10c; the crack propagates merely

through the bottom Cu–IMC interface.

Fig. 8.10 SAC solder to copper pad interface after drop impact test for (a) as-reflowed, (b) 500

TC, (c) 1,000 TC, and (d) 1,500 TC
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The drop impact failure interface for the SAC/ENIG specimens after 0, 500,

1,000, or 1,500 cycles of TC aging is given in Fig. 8.11a–d. For as reflowed

specimen shown in Fig. 8.11a, the crack occurred at the interface between IMC

and Ni(P) layer. This is different from SAC/Cu–OSP which has scallop IMC layer.

The ternary needle-like NiCuSn IMC did not form a compact layer at the interface.

After 500 TCs, the dominant crack was again at the IMC–Ni(P) interface. It is noted

that vertical crack features penetrated the Ni(P) layer and stopped at the interface of

Ni(P) and copper pad. This indicates that the Ni(P) layer exhibit brittle fracture

weakness. After 1,000 cycles of TC aging, the Ni(P) layer was further consumed

and the crack was at the IMC–Ni(P) interface. The Ni(P) layer became very thin at

some locations, and voids can be seen as shown in Fig. 8.11c. During TC aging,

NiCuSn ternary IMC grow in thickness but it may not be in planner-like. Spalling of

IMC could be seen, as shown in Fig. 8.11d, after 1,500 cycles of TC aging. The Ni

(P) layer degraded, as the crack forms at the interface of Ni(P) and Copper pad. The

interface microstructure requires further characterization for both SAC/Cu-OSP

and SAC/ENIG after TC aging to examine why the crack paths change and how the

IMC growth affects the solder joint strength.

Fig. 8.11 SAC solder to ENIG interface after drop impact test for (a) as-reflowed, (b) TC 500,

(c) TC 1,000, and (d) TC 1,500.
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8.4.2 Kirkendall Voids Characterization

During TC aging, solid state Cu–Sn interdiffusion process continues to grow the

IMC layer. Earlier studies [11–16] reported the formation of Kirkendall voids in the

Cu–Cu3Sn interface and Cu3Sn compound layer when the SAC/Cu solder joints

were subject to isothermal aging. For the two elements, Cu was the dominant

diffusing species through Cu3Sn and Cu6Sn5. In the Cu-SAC solder reaction couple,

the diffusing Cu atoms arrive at Cu3Sn–Cu6Sn5 and Cu6Sn5–solder interfaces and

result in the growth of both IMC layers. Because of the unbalanced Cu–Sn

interdiffusion through interface, atomic-level vacancies left by the migrating Cu

atoms on the bare Cu side are not filled by Sn atoms. These vacancies coalesce into

the so-called Kirkendall voids.

However, the voids were so small that they would be smeared with the normal

mechanical polishing process and cannot be seen in typical SEM pictures. The SEM

pictures reported by Chiu and Zeng [11] were taken from samples cross-sectioned

by Focused Ion Beam (FIB). In this study, Ar+ ion sputtering was used to reveal

the tiny Kirkendall voids. The formation and growth of the Kirkendall voids at the

Cu–solder interface after TC aging are shown in Fig. 8.12.

Fig. 8.12 SAC solder to copper pad interface after Ar+ sputtering etch (a) as reflowed specimen,

(b) TC 500 Kirkendall voids formed and occupied about 10% of the interface, and (c) TC 1,000,

growth of Kirkendall voids is noted, micro-crack could be seen at the interface
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For as reflowed specimen shown in Fig. 8.12a, no voids could be seen at the

interface. While after 500 TCs, it can be seen that many Kirkendall voids were

formed at the Cu–IMC interface, where Cu3Sn is located. It occupied about 20% of

the interface length, shown in Fig. 8.12b. The density of the voids area further

increases as the thermal aging increased to 1,000 cycles of aging. As shown in

Fig. 8.12c, the voids coalesced and generated micro-cracks at the interface. This

voiding process seems to develop faster than the case isothermal aging at 125 C

reported by Chiu [11]. Dynamic recrystallization at the Solder–Cu6Sn5 interface

could accelerate the interdiffusion of Cu atoms. The unbalanced Cu–Sn interdiffu-

sion through the interface is significant, and Kirkendall voiding process under TC

aging is more serious than isothermal aging.

The growth of Kirkendall voids explain why the TC aging effect on drop impact

durability reduced significantly for SAC/Cu-OSP soldered assemblies. At the sub-

micron level, the voids form near the Cu–IMC interface and coalesce during TC

aging. Cracks propagate more readily at the interface than in the IMC layer. Thus

the morphology of the crack path becomes flatter after TC aging and the drop

impact lifetime decreased significantly.

The SAC–Ni(P) interfacial microstructure after TC aging was observed in SEM

BSE mode after Ar+ sputtering. Figure 8.13a–c showed the images for TC aging

Fig. 8.13 SAC solder to ENIG interface after Ar+ sputtering etch (a) TC 500, (b) TC 1,000

vertical voids could be seen in Ni(P) layer, and (c) TC 1,500, horizontal void developed at Ni

(P)–Cu interface
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after 500, 1,000, and 1,500 cycles, respectively. Voids were found in the Ni(P) layer

after 500 cycles of TC aging. These voids had rod shape and were perpendicular to

the Ni(P) layer, or called vertical void in contrast to the horizontal voids, which is

parallel to the Ni(P) layer. This is consistent with the observation shown in

Fig. 8.13b, c, where quite a lot of vertical cracks were found in Ni(P) layer. After

1,000 cycles of TC aging, the Ni layer became thinner and there were more vertical

voids formed. After 1,500 cycles of TC aging, layered horizontal void formed at the

interface of Cu/Ni(P). Compared with crack propagation shown in Fig. 8.13d, it is

clear that these horizontal voids degraded the Ni/Cu layer joint strength. From the

above characterization of interfacial void after Ar+ sputtering, we can see the effect

of TC on the interfacial voiding process and subsequently drop impact lifetime.

Although both BGA units with SAC/Cu-OSP and SAC/ENIG solder joint showed

good drop impact reliability before TC aging, their performance after TC are not

acceptable.

Thermal cycling aging shows significant effect on board-level drop reliability for

SAC-soldered FPBGA packages in this study. SAC/ENIG packages exhibit longer

drop impact life after thermal aging than that of SAC/OSP. Kirkendall voids

formation and solder joint failure mode are characterized by SEM after Ar+

sputtering. It was found that growth of Kirkendall voids and IMC significantly

weakened the solder joint interface with TC aging. Drop impact crack path locations

changed from the IMC to the IMC–Cu interface. For SAC/ENIG specimen, vertical

and horizontal voids in Ni(P) layer were found after TC aging; drop impact crack

propagates between Ni(P)–Cu pad interface along the horizontal voids.
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