Fast Qualification of Solder
Reliability in Solid-State
Lighting System

Jing Zhang

Fast Qualification of Solder Reliability in SolidState Lighting System

PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
op gezag van de Rector Magnificus Prof. dr. ir. K.C.A.M. Luyben,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen

op vrijdag 24 April 2015 om 10:00 uur

door

Jing ZHANG
Master of Science (M.Sc) in Materials Engineering
University of Leuven, Belgium
geboren te Hohhot, China

Dit proefschrift is goedgekeurd door de promotor:
Prof. dr. ir. G.Q. Zhang
Prof. dr. ir. S. van der Zwaag

Composition of the doctoral committee:
Rector Magnificus
Prof. dr. ir. G.Q. Zhang

promotor

Prof. dr. ir. S. van der Zwaag

promotor

Dr. H.W. van Zeijl

daily supervisor

Independent members:
Prof. dr. P.M. Sarro

Technische Universiteit Delft

Dr. ir. W. D. van Driel

Technische Universiteit Delft

Prof. dr. M. G. Pecht

University of Maryland, USA

Prof. dr. P. Leisner

Jönköping University, Sweden

Prof.dr.ir. C.I.M. Beenakker

Technische Universiteit Delft, reservelid

This research was carried out under project number M71.9.10382 in the
framework of the Research Program of the Materials innovation institute (M2i)
in the Netherlands (www.m2i.nl)

ISBN: 978-94-91909-24-5
Copyright  2015 by Jing Zhang
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted in any form or by any means without the prior
written permission of the copyright owner.
Printed by CPI, Wöhrmann Print Service, Zutphen, The Netherlands.

To the memory of my grandfather,
and my dear family

Contents
1 Introduction ........................................................................................1
1.1 Solder joints in solid state lighting package ...................................... 2
1.2 Challenges for solder reliability assessment in SSL system ............. 3
1.3 Challenges for prognostic of Remain Useful Lifetime of solder joint
in SSL system.......................................................................................... 8
1.4 Outline of this thesis ......................................................................... 9
References ............................................................................................. 11
2 Fatigue model derivation for solder joint in LGA assembly . 13
2.1 Introduction .................................................................................... 14
2.2 Constitutive law and material models ............................................. 17
2.3 Finite element modeling ................................................................. 20
2.4 Results and discussion ................................................................... 28
2.5 Conclusion ...................................................................................... 39
References ............................................................................................ 40

v

3 Geometric effects of solder joint on board level solder
reliability in SSL system .................................................................... 45
3.1 Introduction .................................................................................... 46
3.2 Modeling and simulation details .................................................... 48
3.3 Results and discussion ................................................................... 50
3.4 Conclusions .................................................................................... 64
References ............................................................................................ 66
4 Feasibility of crack initiation identification using in-situ high
precision electrical resistance monitoring ................................... 69
4.1 Introduction .................................................................................... 70
4.2 Experimental design and FEM modeling details ........................... 72
4.2.1 Fatigue test details ................................................................... 72
4.2.2 In-situ DC electrical resistance monitor set-up .......................75
4.2.3 Micro-tomography scans of the solder assembly .....................77
4.2.4 FEM model and simulation details ..........................................77
4.3. Results and discussion .................................................................. 80
4.3.1 Pretest results and the compensation of temperature effect ... 80
4.3.2 Results of fatigue test............................................................... 84
4.3.3 Discussion ................................................................................ 89
4.4 Conclusions .................................................................................... 94
References ............................................................................................ 95

vi

5 Damage type sensitive monitoring method in solder fatigue
test ........................................................................................................... 99
5.1 Introduction .................................................................................. 100
5.2 Experimental design and FEM modeling details ......................... 102
5.2.1 Fatigue test details.................................................................. 102
5.2.2 In-situ DC electrical resistance monitor set-up ..................... 105
5.2.3 Micro-tomography scans of the solder assembly .................. 109
5.2.4 FEM model and simulation details ........................................ 109
5.3 Results and discussion................................................................... 113
5.3.1 Pretest results and the compensation of temperature effect .. 113
5.3.2 Results of fatigue test .............................................................. 115
5.3.3 Discussion ............................................................................... 118
5.4 Conclusions................................................................................... 130
References ........................................................................................... 131
6 In-situ precise fatigue damage monitoring of solder joint
during temperature cycling test .................................................... 133
6.1 Introduction .................................................................................. 134
6.2 Experimental procedures .............................................................. 137
6.2.1 Geometric details of test sample ............................................. 137
6.2.2 Temperature sensor calibration ............................................ 139
6.2.3 Thermo-mechanical test ........................................................ 142

vii

6.2.4 In-situ DC electrical resistance monitor set-up .....................143
6.2.5 Micro-tomography scans of the solder assembly ...................146
6.2.6 Temperature coefficient of resistivity of SAC 305 ..................146
6.2.7 Finite element model and simulation details .........................149
6.3 Results and discussion .................................................................. 153
6.4 Conclusions ...................................................................................163
References ...........................................................................................164
7 Conclusions ..................................................................................... 171
Summary .............................................................................................. 177
Samenvatting...................................................................................... 183
Acknowledgements ........................................................................... 189
About the author ................................................................................193

viii

Chapter 1

Introduction

1

2

Introduction

1.1 Solder joints in solid state lighting package
Solid-state lighting (SSL) is the most promising reliable energy saving
solution for future lighting applications and is based on the
semiconductor-based light emitting diode (LED) [1]. A bare LED die
cannot survive without a package. The package not only fulfils optical
functions, but also contains interconnects, the heat sink, the driver and
other components. The integration of all these items into a single package
may result in many reliability issues, such as stress concentrations,
interconnect fatigue, material degradation etc., which decrease the
reliability from a systems perspective. Thus, in order to perform a
reliability analysis of a SSL system, detailed knowledge of the package
configurations and its assembling routine is required. The reliability of
LED packages is often addressed at 5 levels, shown in Figure 1 [1].
The main function of Level 2 package is to facilitate the electrical
connection and heat dissipation of the Level 1 package (LED die on
ceramic carrier) mounted on a printed circuit board (PCB) by Land Grid
Array (LGA) solder joints. These solder joints endure relatively harsh
operating conditions, such as a high temperature, a high current density
flow, thermal stresses induced by the coefficient of thermal expansion
mismatch between the chip carrier and the PCB. Hence, the solder joints
are commonly regarded as the most vulnerable link of the whole LED
system [2]. In this dissertation, the reliability of solder joints used to
mount the chip carrier onto the PCB will be addressed in greater detail.
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Figure 1：Different level definitions for high power LED system [1].

1.2 Challenges for solder reliability assessment in
SSL system
Although there has been a remarkable growth in the application of LED
lighting for luminaires in the market, the technology is certainly not
without remaining challenges. The most important consideration for the
industry is long term reliability, since the specified lifetime of some LED
lighting products can be up to 100,000 hours. However, these products
are expected to be developed in a short time to market in order to retain
the competence in this booming industry. Thus, there is an urgent
demand for fast reliability assessment methods of LED products in order
to accelerate development cycles without increasing the risk of launching
less reliable products.
The Accelerated Life Test (ALT) is a lifetime prediction methodology
commonly used in the electronics industry. The purpose of ALT is to
induce field failure under laboratory conditions at a much faster rate than
in real-life conditions by providing a harsher yet representative
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environment. Nevertheless, the acceleration factor cannot be set
infinitely high, since only those failure modes and mechanisms that can
realistically be expected in actual applications should be triggered.
Therefore, when testing LED products with very long intended service
lifetimes of up to 100,000 hours, longer ALT testing time is required.
Based on test results from industry [1], to properly test for the main
failure mode (creep fatigue), the ALT testing time of solder joints in LED
packages can go up to 9,000 cycles. Such a test cycle definitely does not
meet the industrial target of limiting the testing time to 6-12 weeks.
Hence, new testing methods and ALT protocols are necessary.
Furthermore, the minimally required testing time also depends on the
criteria to terminate the test. The most common approach to detect
failure during ALTs for solder joints is by forming a daisy chain test
structure consisting of a series of joints and monitoring the electrical
resistance. However, this method has a relatively low sensitivity to failure,
and it involves an arbitrary threshold (exp. 30% resistance increase),
which greatly increases the chance of prolonging the testing time beyond
the actual onset of joint failure. When the reliability of individual solder
joints becomes critical, the daisy chain method is no longer applicable.
The alternative way is to conduct regular manual checks, which are much
more time- and labor-consuming. Therefore, it is crucial to develop an
appropriate failure detection technique for the ALT of products with long
lifetime expectation reliability at the level of individual solder joints.
By increasing the sensitivity and lowering the detection limit for
resistance changes, the failure detection method may be used to monitor
the damage evolution in individual solder joints. A test method that is
capable of monitoring the deformation accumulation phase and the
resultant crack initiation and crack propagation phases, in principle,
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creates the possibility of early termination of the test once enough
information is collected to predict final and catastrophic failure. The
concept is schematically demonstrated in Figure 2. Currently, no mature
technique is available for online damage evolution monitoring in
individual solder joints.

Figure 2: Benefits of precise damage monitoring prior to catastrophic
failure.
Another critical limitation of ALT to be applied to evaluate the solder
joint reliability in LED lighting packages is the problem of deriving the
actual Acceleration Factor (AF). For conventional high-lead solders the
AF can be determined by the well-established and validated NorrisLandzberg equation (Eq. 1.1)
𝑁𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑁𝑡𝑒𝑠𝑡

=(

∆𝑇𝑡𝑒𝑠𝑡
∆𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡

1.9

)

1

∙

𝑓
3
( 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)
𝑓𝑡𝑒𝑠𝑡

∙ 𝑒𝑥𝑝 [(

1

𝑚𝑎𝑥
𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡

−

1
𝑚𝑎𝑥
𝑇𝑡𝑒𝑠𝑡

)]

(1.1)

6

Introduction

where the subscripts “test” and “product” denote the accelerated testing
and product environments, N is the number of cycles to failure, ΔT is the
temperature range, f is the cyclic frequency, and Tmax is the maximum
temperature for each temperature range. However, such an equation for
lead free solder materials does not exist yet.
On the other hand, considering the fact that Norris-Landzberg equation
tends to underestimate the real deformation occurred in the solder joint
[3], for products that require long term reliability of 10-20 years, the
extrapolation using the equation 1.1 based on the assumption of a single
and constant failure mechanism to be in place at all times, can lead to
significant errors . This effect is schematically demonstrated in Figure 1.
The question of how to accurately correlate the information obtained
from ALT to the actual application and its prevailing conditions has not
been answered yet.
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Figure 3: Schematic of load level versus life time for a hypothetical
product.
The appeal of the Norris-Landzberg equation is its simplicity and
efficiency; however, it has limited possibilities to extrapolate to
configurations and conditions other than those for which is was validated.
Finite Element (FE) calculations relating accelerated test results to
service lifetime can be an alternative. The challenge of performing FE
calculations for solder joints in modern LED packages is the introduction
of LGA assembly configurations that minimize the solder thermal
resistance. This type of solder joint with a high solder contact Area to
Stand-Off Height (SOH) ratio differs significantly from the configuration
in the conventional and well-studied Ball Grid Array (BGA) assemblies.
Many factors related to the reliability of this assembly, such as the
geometric effects, are yet unknown. Furthermore, there is a need for a
new fatigue model that is compatible with LGA solder configuration,
since the guidelines for selecting fatigue critical elements for BGA joints
[4-6] are unlikely to apply. Thus, it is also of great importance to develop
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a suitable critical element selection rule specially for LGA solder joints.
Finally, although FEM simulations are no longer very expensive, it would
be desirable to have cruder engineering guidelines to quickly estimate the
effect of the various geometries and dimensions for new trial LGA
configurations.

1.3 Challenges for prognostic of Remain Useful
Lifetime of solder joint in SSL system
Historically, diagnostics and prognostics of remaining useful life (RUL)
have often been implemented for critical structural components of
complex mechanical systems such as airplanes and nuclear reactors.
Electronic equipment played a minor role, and its lifetime was assumed
to be much longer than the most critical mechanical components.
Currently, however, the functioning of complex products and systems
relies more and more on its electronics, and therefore on the reliability of
solder joints that are embedded in various locations of the system.
Consequently, predicting the remaining useful life of solder joints is a
research area currently attracting lots of attention. The accuracy of life
prediction tools has become critically important, due to reliability values
now being in absolute numbers, rather than in relative performance
rankings [5]. Much research is currently ongoing to define methods and
models to correctly predict the RUL of solder joint taking all potential
failure modes into consideration [7-10]. In all such studies there are two
prime challenges to be addressed: i) define and monitor the appropriate
damage indicator and ii) establish a stress and damage model for lifetime
prediction.
In older models, an accumulated environmental exposure parameter,
such as combinations of time, temperature and humidity, were used as
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damage

parameter.

These

models

rely

on

a

phenomenological transient model to recalculate the actual damage from
these parameter values [11]. Newer models employ operational
parameters, such as voltage, power consumption, or heat dissipation,
which are physically related to the damage level, as the damage indicator
[10]. The drawback of such a damage parameter is that its value is not
uniquely linked to the actual damage accumulation and may induce false
alarms or late warnings. Hence, the selection or creation of a suitable
physical property to monitor directly the damage evolution is vital for
reliable prediction of RUL for solder joints in LED systems.
To make full use of such a better damage indicator, corresponding new
lifetime prediction models should also be established in order to be able
to perform really accurate RUL prediction.

1.4 Outline of this thesis
The goal of the research presented in this thesis is to develop fast, reliable
and cost-effective reliability qualification procedures for solder joints in
SSL packages. The focus is on diminishing the testing time via the use of
an in-situ high-precision damage monitoring technique. Furthermore, a
lifetime prediction approach combining both experimental results and
theoretical calculations is proposed and applied to investigate the effects
of solder geometry on the reliability of LGA assemblies. For test protocols
involving high precision electrical resistance as the damage monitoring
method, a sufficiently low detection limit enables the possibility of in-situ
monitoring of the viscoplastic deformation accumulation, the crack
initiation and the crack propagation during thermal and thermomechanical cycling. Additionally, the feasibility of utilizing the approach
for RUL prediction is also demonstrated.
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The research questions addressed in this work are discussed in the
following chapters. Chapter 2 proposes a more suitable critical element
selection method for LGA assemblies and formulates a corresponding
fatigue model. In chapter 3, a phenomenological response surface model
is derived for fast qualification of the reliability of LED packages with
different designs. The predictive power and the limitations of the
approach are listed. Chapter 4 demonstrates the advantages of in-situ
high precision damage monitoring during ALT and demonstrates its
feasibility. The method was shown to be capable of identifying crack
initiation. The use of dedicated electrode configurations to separate the
various types of fatigue damage in solder joints is discussed in chapter 5.
In chapter 6 the knowledge gained in both chapter 4 and chapter 5 for
monitoring failure under semi-isothermal conditions is transferred to the
testing of solder joints subjected to thermo-mechanical loading, but with
different crack initiation identification method. Moreover, in this chapter
the application of this model for lifetime prediction and feasibility of
facilitating RUL prognostics is demonstrated. The thesis ends with a
summary of the major findings of each chapter.
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Fatigue model for solder joints in LGA assembly

2.1 Introduction
The reliability of solder interconnects is increasingly important in the
electronics and microelectronics industry, even more so with the
introduction of new types of solder materials, harsher operating
environments and the trend towards package miniaturization. As more
and more packages abandon the concept of through-hole connections
nowadays, surface mounting technology (SMT) is seen as a better
alternative solution for applications such as Solid State Lighting (SSL)
and power electronics. In particular, LGA (Land Grid Array) concepts are
gaining popularity because of their better heat dissipation and current
flow characteristics. But LGA solder joints are not studied as intensively
as BGA (Ball Grid Array) solder joints, which are still widely used in
various microelectronic applications. Many efforts have been made to
derive an accurate fatigue model to evaluate the (thermo-mechanical)
reliability of solder interconnects in BGA assemblies and also predict the
resulting lifetime [1].
In a number of countries and regions, conventional lead-based solder has
been banned from use in lighting systems. Hence, the reliability of tinbased lead-free solder has become increasingly important. A tin-based
alloy, SAC (Sn Ag Cu), is considered as one of the best options to replace
conventional lead solder. This new type of solder has not been studied as
intensively as traditional lead solder. The principal characteristics of this
new type of solder alloy are its high creep resistance and its lower
ductility compared to lead-containing solder [2-5]. The low ductility
results in the commonly adopted strain-based Coffin-Manson fatigue
model developed for conventional lead solder reliability studies no longer
being applicable, because the strain accumulation per cycle becomes
unstable even for low number of cycles [1]. Thus, many researchers
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currently employ energy-based models to discuss the reliability of SAC
solder [2], [5-8]. In most such studies the crack propagation time is
ignored, since (brittle) failure along grain boundaries or near the
intermetallic layer is the major fracture mode and forms only a small part
of the total lifetime [5], [6], [8].
These energy-based approaches normally involve a finite element
analysis (FEA) for calculating the damage evolution per cycle. An
indicator based on the volumetric averaged damage per element is then
correlated to the corresponding experimental results to establish the final
fatigue model. As the damage initiation does not happen all over the
interconnect but is localized in some sections of the interconnect, it
becomes vital to select the appropriate critical elements in order to derive
the most relevant average damage accumulation to the final failure of
solder joints. In a BGA assembly, the elements that are in layers within
the top 20% of the total stand-off height are generally chosen as the most
critical elements [9-12], and the predicted lifetime based on this
approach shows good agreement with experimental findings for BGA
assemblies [13-16].
However, it does not seem appropriate to use the mentioned methods
intended for BGA solder joints to select critical elements for LGA solder
joints, considering their very large soldering area and their relatively low
Stand-Off Height (SOH). Therefore, it is necessary to develop a reliable
and accurate fatigue prediction model with proper critical element
selection method for this new type of solder.
In this chapter, an energy-based fatigue model which correlates
experimental reliability results to simulation results obtained from 3D
FEM models is developed to predict the characteristic lifetime of the
lead-free solder joints in SSL systems. A general Garofalo secondary
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creep law is employed to describe the viscoplastic behavior of SAC solder.
Based on a series of statistical analyses, critical elements are selected
using a new selection approach involving the element creep energy
density distribution. The validity of the model is verified by applying it to
different package configurations, which leads to much more accurate
lifetime predictions than those derived based on layer-averaged critical
element selection methods.
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2.2 Constitutive law and material models
A complex deformation behavior can be expected when solder joints in
an LED package undergo thermal loading due to CTE (coefficient of
thermal expansion) mismatch of the various materials in the total
package. The deformation behavior is normally associated with many
different viscoplastic mechanisms, such as irreversible rate and
temperature dependent inelasticity, strain hardening, dynamic recovery,
and even dynamic recrystallization.
To describe this viscoplastic deformation behavior of a solder joint, a
partition constitutive model which splits the total deformation to elastic,
rate-independent

plastic,

and

creep

deformation

is

used

and

demonstrated in Eq. 1 [17].

𝛾̇ 𝑡𝑜𝑡𝑎𝑙 = 𝛾̇𝑒 + 𝛾̇𝑝 + 𝛾̇𝑝𝑐 + 𝛾̇𝑠𝑐

(1)

where 𝛾̇ 𝑡𝑜𝑡𝑎𝑙 is the total strain rate, 𝛾̇𝑒 is the elastic strain rate, 𝛾̇𝑝 is the
rate-independent plastic strain rate, 𝛾̇𝑝𝑐 is the primary creep strain rate,
and 𝛾̇𝑠𝑐 is the secondary creep strain rate. However, under normal
thermo-mechanical loading conditions, solder alloys are often subjected
to conditions leading to secondary creep [2], [3], [18-20], for which rateindependent plastic deformation and primary creep deformation is
negligible compared to steady state creep deformation. Therefore, in this
chapter, rate-independent and primary creep deformations were
assumed to be negligible compared to secondary creep deformation. Thus
the partition law can be rewritten as Eq. 2.

𝛾̇ = 𝛾̇𝑒 + 𝛾̇𝑠𝑐

(2)

Assuming that the solder joint is isotropic, the linear recoverable, elastic
response, Υe, can be described by Hooke’s law. The apparent Young’s
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modulus of SAC solder is temperature and strain rate dependent [4], [2124]. For ease of inputting the model into finite element software, a
temperature-dependent relation of Young’s modulus at a typical
intermediate strain rate (5.6×10-3) is applied [22]:

𝐸 = 55.8 − 0.25𝑇

(3)

where E is the Young’s modulus in GPa, and T is the temperature in °
C.
For SAC solder, the Poisson’s ratio is normally estimated to be in the
range 0.35-0.4 [4], [23], [24]. In this study, a fixed Poisson’s ratio of 0.36
is adopted.
The secondary creep deformation is modeled with a Garofalo law, which
is shown in Eq. 4:
𝑑𝛾𝑐𝑟𝑒𝑒𝑝
𝑑𝑡

= 𝑐1 [𝑠𝑖𝑛ℎ(𝑐2 𝜎)]𝑛 𝑒𝑥𝑝 (−

𝑄
𝑘𝑇

)

(4)

where Υcreep is the secondary creep strain, Q is the activation energy for
secondary creep, k is the Boltzmann constant, and T is the absolute
temperature. c2 reflects the stress level that the power law break down. Q,

c1, c2 and n are material constants that have been derived by Schubert et
al.

[5]

for

SAC 405.

Material

constants values

for

INNLOT

(Sn Ag3.8 Cu0.7 Bi3.0 Sb1.4 Ni0.2) solder have been derived by Dudek et al. [25]
and were published by Hannach et al. [26] They are listed in Table 1.
Table 1: Materials constants of solder creep model

c1

c2

n

Q/k

SAC405 [5]

277,984

0.0244

6.41

6496.5

INNLOT [26]

8000

0.05

4

7577.6
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In this study, the energy-based fatigue model introduced by Dasgupta [27]
is applied. This model predicts the occurrence of failure on the basis of
the volume-weighted-average stress-strain history. In the model, it is
assumed that three aspects contribute to the cyclic fatigue damage:
elastic deformation, rate-independent plastic deformation, and ratedependent creep deformation. The relation is presented in Eq. 5:

𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑈𝑒 + 𝑊𝑝𝑙 + 𝑊𝑐𝑟

(5)

where Wtotal is the total strain energy density in a particular loading step,

Ue is the elastic strain energy density, Wpl is the plastic strain energy
density, and Wcr represents the creep strain energy density. It should be
noted that in this paper plastic deformation refers only to the rateindependent plastic deformation. Akay [28] then proposed the fatigue
model listed below in Eq. 6.
𝑊0

𝑁𝑓 = (∆𝑊
where Nf

𝑡𝑜𝑡𝑎𝑙

)𝑘

(6)

is the characteristic lifetime of solder joint, or the scale

parameter of a Weibull plot of the lifetime values, W0 and k are the
fatigue model correlation parameters, and ΔWtotal is the total strain
energy density increase per cycle. Since rate-independent plastic
deformation and primary creep deformation are ignored, the expression

ΔWtotal can be given by Eq.7:
∆𝑊𝑡𝑜𝑡𝑎𝑙 = ∆𝑊𝑠𝑐

(7)

where, ΔWsc is the secondary creep strain energy density increase per
cycle. The derivation of ΔWtotal according to simulation results is
demonstrated in the next section. It is worth noting that this model can
only determine the crack initiation time. However, for lead-free solders,
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since fast crack propagation along grain boundaries or near the
intermetallic layers is usually expected, it is assumed that the number of
propagation cycles is negligible compared to the total number of cycles to
failure [5], [6], [8].

2.3 Finite element modeling
Three different commercially available LED package types were
considered, which were referred to as package types A, B, and C. The
geometric information of these packaged LED chips was obtained from
industrial product data sheets. Figure 1 schematically illustrates the
cross-section of the type A package.

Figure 1: Illustration of a cross-section of the LED package studied in this
paper [29].
The other packages studied in this work have a similar structure,
although the package materials, size and the footprint are different. The
relevant detailed size and material information of the three packages is
listed in Table 2.
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Table 2: Detailed size information of the LGA package
Type A
Component

Die substrate
Copper

Type B

Type C

Area/
mm2

h/mm

Area/
mm2

h/mm

Area/
mm2

h/mm

4.5×3

0.44

9×7

0.3

10×10

0.3

Alumina

Alumina

Glass
2.7×5.3

2.8×1.8

0.035

6.4×5.6

0.035

1.2×0.8

0.035

6.4×0.7

0.1

2.8×1.8

0.1

6.4×5.6

0.1

1.2×0.8

0.1

6.4×0.7

0.1

1.4×1.4

0.1

Solder mask

6×6

0.1

13×13

0.1

16×16

0.1

Under filled
epoxy

6×6

0.1

13×13

0.1

16×16

0.1

Aluminum or
FR-4

6×6

1.5

13×13

1.5

16×16

1.5

(big thermal)
Copper
(small electrode)
Solder
(big thermal)
Solder
(small electrode)

3.7×3.7
1.4×1.4
2.7×5.3
3.7×3.7

Solder coverage
(SC)

0.52

0.78

0.79

Thermal to
electrical pad
Area Ration
(AR)

5.2

8.0

NA

0.1

0.1

0.1
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The footprints of the three package types considered are illustrated in
Figure 2.The shape of the solder was simplified as being rectangular, and
the planar size of the solder was considered to be the same as the size of
the copper pads. The size of the PCB is chosen to be equal to that of the
real samples from the corresponding accelerated tests performed. More
detailed information of the accelerated tests can be found in [29]. Nonlinear viscoplastic finite element analysis was performed using ANSYS TM
13.0. 8-node solid brick elements that can handle large creep strains were
employed. The deformation of all other components in the system was
taken as elastic and 4-node triangle elements were used. As for boundary
conditions, the central point of origin, (0, 0, 0), was fixed in all directions.
In addition, due to symmetry consideration, for the type A package, a half
model was simulated, and for types B and C quarter models were
introduced. The material properties are listed in Table 3.
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Figure 2: Schematic illustration of footprints of three different packages
studied.

Table 3: Material properties of components as applied in FEM model
CTE(10-6 K-1)

FR-4[10]
MCPCB (Al

Ex(GPa)

x,y

z

x,y

z

Poisson’s
ratio

18

50

20

10

0.38

6061)[30]

23.6

70

0.33

Deposited copper[26]

16.5

90

0.35

55.8-0.25×T[22]

0.36

SAC 405[11]
INNOLOT[26]

19.7 (373K)
21.0 (423K)
23.2 (373K)

48.5 (218K)

0.36

24.8 (423K)

33 (483K)

Solder mask[10]

70

2.0

0.3

Dielectric Epoxy[10]

60

2.4

0.3

Glass substrate

8.5

80

0.22

7.1

300

0.23

Al2O3

Substrate[10]
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Note that the material properties of solder listed here only describes the
linear elastic mode. The viscoplastic deformation is presented by the
creep model which is discussed in Section 2. In addition, since the
substrate material FR-4 is a typical anisotropic material, the material
properties in different directions are listed. The z direction is the
direction normal to the printed circuit board. Since the exact composition
of the glass substrate in a type C package is unknown, estimations are
made according to Ref. [31].
The thermal load steps considered in the analysis consist of two parts,
both shown in Figure 3. (The first part is cooling down from the solidus
temperature (217°
C) to room temperature 25°
C.)
300

Temperature (°C)

250
200
150
100
50
0

-50
0

50

100

150

200

250

300

350

Time (min)
Figure 3: Typical test temperature profile used for lifetime experiments
and input into FEM simulation.
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A stress-free state within the package at the reflow temperature is
assumed, which leads to residual stresses being induced by cooling down
from the soldering temperature. Then, three different thermal cyclic
loading conditions corresponding to those to be used for accelerated tests
and described in Table 4 were employed.
Table 4: Cyclic loading details
Ramp rate

Hot dwell

Cold dwell

Tmin(°
C)

Tmax/(°
C)

Cycle 1

15°
C/min

30 mins

15 mins

-20

100

Cycle 2

15°
C/min

30 mins

30 mins

-40

125

Cycle 3

12.5°
C/min

30 mins

30 mins

0

125

It is reported that the accumulated increase in creep strain energy density
per cycle is stable after 3 cycles [32]. Thus, 4 cycles were performed in the
FEM simulation. In total, 8 simulations runs with conditions
corresponding to the lifetime experiments are conducted. The details,
together with the experimentally determined lifetime data [29], are listed
in Table 5.

26

Fatigue model for solder joints in LGA assembly

Table 5: Simulation details and corresponding test results[29]
Package
type

Cycle
type

Solder
material

PCB
type

Characteristic
lifetime

Standard
error

1

A

2

SAC 405

MCPCB

2307

±3.1%

2

A

2

SAC 405

FR-4

8014

±2.8%

3

A

3

INNOLOT

MCPCB

4291

±3.9%

4

A

1

SAC 405

MCPCB

3999

±6.1%

5

B

2

SAC 405

MCPCB

1690

±6.6%

6

B

3

INNOLOT

MCPCB

2736

±2.7%

7

C

1

INNOLOT

FR-4

6913

±10.9%

8

C

1

INNOLOT

MCPCB

5665

±5%

To derive the ΔWsc value to be used in the energy-based model, the
element(s) with maximum creep strain energy density after 4 loading
cycles should be identified firstly from the FEM analyses. Then, ΔWsc is
calculated as the creep strain energy density difference of the most
critical elements between the end of the fourth cycle and the end of third
cycle using Eq. 8 and 9:
𝒄𝒓

̅𝑾
̅̅𝒔𝒄 = ∑𝒊 𝑽𝒊 ∙𝑾𝒊
∑ 𝑽
𝒊

𝒊

̅̅̅𝒔𝒄 )𝟒𝒕𝒉 − (𝑾
̅̅̅𝒔𝒄 )𝟑𝒓𝒅
∆𝑾𝒔𝒄 = (𝑾

(8)
(9)

Where Vi is the volume of the element in the most critical element set,
and Wicr is the creep strain energy density in the corresponding element.
In order to minimize the edge singularity in the simulation, mesh
sensitivity studies were conducted prior to the actual analysis. It was

Chapter 2

27

found that a mesh density larger than 1×105 element/mm3 in the critical
solder joint, the influence of the mesh density on the total volume of the
most critically loaded elements, and the calculated fatigue indicator
ΔWsc were limited and remained within 10%. Therefore, 1×105
element/mm3 is determined as the appropriate mesh density for solder
materials in the model. The meshed structure is depicted in Figure 4.

Figure 4: Meshed structure in FEM simulation model.
In order to find an adequate way of selecting the most relevant elements
for LGA assemblies, the distribution of creep energy density for all
elements in the actual solder joint was investigated for each simulation
run. The results were further linked to the aspect ratio of the solder joints,
so as to formulate a more suitable critical element selection methodology
for a LGA solder assembly.
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2.4 Results and discussion
The FEM analysis clearly showed that the outer edge corner for the
electrical connection is the most critical and dangerous joint location for
all cases. Representative contour plots of creep strain energy density for
each package are shown in Figure 5.
In addition, the most critical corner in each critical solder joint is
identified as that with maximum creep strain energy density and circled
with red in Figure 5, which predicts the most probable location of the
crack initiation spot. Figure 6 shows a cross-sectional micrograph
containing the location of the experimentally determined crack initiation
point, which is at the outer corner near the ceramic carrier side. The
observation confirms the model prediction.
Moreover, Figure 5 shows that most elements in the center of the critical
solder joint have low creep energy density, which makes them irrelevant
to the fatigue failure initiation. Detailed information regarding to the
element distribution of creep energy density for each package type at the
last sub-step of the simulation is demonstrated in Figure 7. It is clear that
only a very limited fraction (less than 10%) of elements that are subjected
to a high load level will contribute to fatigue crack initiation. Moreover,
as shown in Figure 5, these critical elements are located just at the corner
in the neighborhood of the most critical elements. Therefore, a layer
averaging procedure as applied to BGA solder joint models is
inappropriate. For LGA assembly models it seems essential to define a
suitable energy density threshold and select all the elements that are
above this threshold as the critical elements.
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Figure 5: Contour plot of creep energy density distribution of three types
of packages after 4 cycles, half model of Package A and quarter model for
Package B and C.

Figure 6: Cross section picture of solder joint at early crack propagation
stage.
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In order to identify the most critical elements, the element distribution of
creep energy density is illustrated in Weibullian form in Figure 8 due to
its good capability of demonstrating data in both extremes.
It shows that the data plot tends to deviate down from the Weibullian
linear regression line at around 97% for each case, which also coincides
with simulation results of other scenarios listed in Table 5. It implies that
those elements that are above the derivation point are very likely to be
responsible for the failure. In order to develop a critical selection method
that is easy to make robust, although the separation points for all cases
are slightly different, adopting a general fixed threshold percentage value
seems more appropriate, since it is somewhat arbitrary to determine the
separation point. Therefore, elements with top 3% creep strain energy
density are considered as critical elements in this study.
Once the threshold is defined, all the elements that have higher creep
energy density are selected. However, it may happen that some of the
selected elements are located near other corners of the solder joint rather
than the most critical one. In that case, those elements have to be
excluded. Then, the damage indicator, which is the simulated
accumulated creep strain energy density per cycle of the critical elements,
is calculated according to the equations that are listed in Section 2.3.
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Package A

Package B

Package C

Element percentage

50%
40%
30%
20%
10%
0%
0

5

10

15

Creep energy density (MPa)
Figure 7: Representative element distribution of creep energy density of
critical solder joint for each package type.
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Figure 8: Weibullian plots of creep strain energy density for all 3
packages.
All the calculated damage indicator values ΔWcreep are shown in Figure 9.
To obtain the calibration parameters in the fatigue model, the simulated
accumulated strain energy density per cycle is plotted against its
corresponding experimental lifetime in a log-log scale. The results of
Package A are used to build up the fatigue model. The data and
regression line are illustrated in Figure 9 (a).
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b

a

Figure 9: Plot of creep energy accumulation per cycle versus test life
cycles:
a. Data regression of Package A
b. Fit data of Package B and C to model obtained from Package A data [29]
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The quality of the regression is found to be good according to the R value
of 98.3%. The calibration parameters of the fatigue model, W0 and k,
were determined and are presented in Eq. 10.
636

𝑁𝑓 = (∆𝑊

𝑡𝑜𝑡𝑎𝑙

)1.3

(10)

The standard error of the calibration parameters k·logW0 and k with 95%
confidence interval are calculated as ±9.3% and ±0.53%, respectively.
The uncertainty of these two parameters has an impact on the accuracy of
the lifetime prediction, which is further illustrated in Figure 9 as the red
dashed lines. This confidence interval band indicates that this fatigue
model should be only applied to cases with lifetime range from 550 to
14500 cycles in order to have a prediction with accuracy no worse than
±30%.
Data points of Package B and Package C are then added to the plot in
order to check the feasibility of applying this model to other package
geometries. It shows that all the points fit into the regression line quite
well within the 95% confidence interval band, which is demonstrated in
Figure 9 (b).
Moreover, the experimental derived Number of Cycles (NoC) to failure is
compared with model predicted lifetime in Table 6. It appears that even
considering the standard error of both experimental characteristic
lifetime and model predicted lifetime, the largest deviation is still below
35%. Since lower deviation is more likely to be found in the real case
rather than these extremes, prediction accuracy of ±10%-25% is expected
(depends on the predicted NoC), which is already sufficient for industrial
applications.
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Table 6: Deviation of simulated results from experimental data using the
newly developed critical element selection method

Package B & SAC
Package B &
INNOLOT
Package C & FR4
Package C &
MCPCB

Largest

Experimental

Simulated

1690±111

1384±223

35%

2736±74

2930±252

16%

6913±754

7190±675

21%

5665±283

5461±564

15%

deviation

In order to check the feasibility of applying the layer critical element
selection method (selecting a layer of 20% of the SOH as critical element)
for LGA assembly, the same lifetime data are correlated to damage
indicator ΔW that is calculated based on this selection approach, which is
demonstrated in Figure 10. A energy-based fatigue model for Package A
is derived following the procedure that has been demonstrated above and
listed in Eq. 11.
5×107

𝑁𝑓 = (∆𝑊

𝑡𝑜𝑡𝑎𝑙

0.45

)

(11)

The standard error of the calibration parameters k·logW0 and k with a 95%
confidence interval in this case are calculated as ±21.2% and ±13.0%,
respectively, which are significantly larger than the standard errors (±9.3
and 0.53, respectively) of the fatigue model that employs the new critical
element selection method. Moreover, according to the confidence interval
band, this model can be only applied to cases with very narrow lifetime
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range from 1000 cycles to 6400 cycles in order to achieve an accurate
lifetime prediction with less than ±30% uncertainty. This range is even
narrower than the experimental lifetime range that was correlated for the
fatigue model derivation, indicating the irrelevance between the damage
indicator and experimental characteristic lifetime. In addition, it seems
that the sensitivity of the damage indictor to the experimental lifetime
increases with an increasing damage indicator. This suggests that
including elements with low energy in the center as critical elements will
average out the significant energy accumulation that only occurred in the
actual critical elements, especially for cases with lower accumulative
creep strain energy.
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Package A

Package B

Package C

Linear (Package A)

4.2
4

Log Nf

3.8
3.6
3.4
3.2
3
-1

-0.5

Log ΔW

0

0.5

Figure 10: Plot of creep energy accumulation per cycle versus test life
cycles calculated with critical element selection method for a BGA.
Furthermore, data points of Package B and Package C are added into
Figure 10 as similar as Figure 9 (b). Although data points from Package C
shows good agreement with the regression trend line, Package B hardly
follows the prediction model due to its large area to SOH ratio, because
the critical element selection method from a certain layer tends to
underestimate the fatigue damage accumulation especially when the joint
area is large. The largest deviations between the calculated and
experimental lifetime for both Package B and Package C are listed in
Table 7.
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Table 7: Deviation of simulated results from experimental data using
traditional layer critical element selection method

Package B & SAC
Package B &
INNOLOT
Package C & FR4
Package C &
MCPCB

Largest

Experimental

Simulated

1690±111

2629±428

55%

2736±74

3401±343

29%

6913±754

6948±2135

32%

5665±283

6369±1803

34%

deviation

Significantly high deviations are found, which indicates that it is very
risky to trust the lifetime prediction of the LGA assembly derived from a
fatigue model that uses the layer critical element selection approach. To
sum up, the demonstrated new critical element selection method is in
principle more appropriate than the current well adopted layer selection
method to be applied to predict the lifetime of an LGA solder assembly.
Thus, considering the relatively large differences in terms of package size,
carrier, PCB materials, solder materials and solder geometries between
the data points plotted, it is concluded that the model is accurate enough
to predict the LGA solder lifetime of different package types, solder
materials, and solder geometries.
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2.5 Conclusion
A series of FEM simulations corresponding to finished accelerated tests
are conducted. The simulation results show good agreement with the
experimental discoveries, and suggest the necessity to develop a new
critical element selection approach for LGA solder assemblies. Therefore,
a new approach is proposed in this study based on statistical analysis of
the element distribution of creep energy density. Thereby, adopting this
new critical element selection method, a new energy-based fatigue model
for predicting LGA solder life times has been established by combining
lifetime measurements with corresponding FEM simulations for different
material combinations and different LED package configurations.
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Chapter 3

Geometric effects of solder joint
on board level solder reliability in
SSL system
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Solder geometric effects on 2nd level reliability in SSL system

3.1 Introduction
The fast growth of solid state lighting (SSL) systems as the preferred light
source for consumer and industrial lighting requires more accurate and
reliable models to estimate the long term reliability of this novel type of
lighting product. In order to gain more knowledge of the system
reliability, accurate models for the failure probability of different
components within the system are highly desirable. According to the
work of Van Driel et al. [1], 44% of the failures in SSL systems can be
attributed to failure of the solder interconnect. Thus, it becomes
important to determine the solder reliability, in terms of geometries and
materials, in order to be able to predict the system reliability as a whole.
The packaging levels of a SSL system has already been defined in Chapter
1. The 2nd level packaging is to mount the light engine to a print circuit
board (PCB) by solder joints, so it is also referred as board level assembly.
Considering harsh environments they experienced mainly due to large
coefficient of thermal expansion (CTE) mismatch between the light
engine materials (mostly ceramics) and the PCB board (in many cases is
aluminum), these solder joints in board level assembly tend to be
vulnerable [2-6]. Typical surface mounting technology employed is LGA
(Land Grid Array) with solder joints that have large contact area but very
thin thickness for better heat dissipation and current flow. But the LGA
solder joint is not studied as intensively as BGA solder joints, which are
widely used in various microelectronic applications. Therefore, it is
crucial to understand how the influential parameters in board level
configuration can affect solder reliability.
Many factors can affect the reliability of LGA solder in the package, such
as mission profile, voids, PCB type, solder pad finish and solder geometry.
Nevertheless, among all the factors, solder geometry seems of vital
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importance. Several publications discuss the geometric effect on the
solder reliability of BGA and other type of assemblies. It is reported that a
solder joint with a larger diameter and a larger stand-off height is more
reliable [7-9]. However, these results cannot be transferred directly to
LGA solder joints in LED packages due to their unique solder patterns
and a much smaller stand-off height. There are limited reliability data
available for LGA type solder joints, but all these studies are for specific

configurations and solder types, and do not include effects of geometry
and cannot be used for lead free solders [10-12]. Unlike BGA type solder
joints, which have an array of fine pitched solder joints, the footprint of
solder in SSL systems normally consists of three parts, two pads for
electrical connection, and one large pad for heat dissipation [13-15]. Thus,
it is no longer appropriate to describe the geometry only using solder
diameter and pitch size. In other words, defining new geometric
parameters and finding out their effects on the solder reliability are of
significant importance, and few publications are available regarding
mentioned aspects. It is usually difficult to optimize the geometric
parameters once the footprint and solder mask designs are finalized.
Therefore, a methodology to assess the reliability of the solder reliability
in the design phase rather than in the test phase would reduce the
package development cost and time to market. In order to achieve that, it
is essential to investigate the influence of different geometric factors in
the package on the solder reliability, and then to determine an optimized
solder geometry
In this paper, the effects of newly defined solder geometry factors on the
LGA solder package life times for SSL systems are investigated by
adopting the energy based fatigue model that we derived from our
previous work. This has been done by conducting a series of FEM
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simulations to establish a response surface model for LED package
geometric parameters to predict solder joint reliability. Finally,
suggestions are given for an optimal solder geometric design in terms of
solder reliability.

3.2 Modeling and simulation details
With the developed fatigue model demonstrated in Chapter 2, a series of
simulations regarding different solder size and geometry were performed
in order to establish a response surface of LGA solder reliability of LED
packages in terms of geometric parameters. Package type B described in
Chapter 2 is selected for an in depth parameter study. 5 parameters (SOH,
A, α, β, δ) are selected to represent the geometric parameters of the
package, which are illustrated in Figure 1. SOH is the stand-off height of
the solder joint, A is the chip carrier area, α is the ratio of solder length W
over the chip carrier length L, β is the ratio of thermal pad width over
chip carrier length L and δ is an indicator of the fractional area of the
electrical pad. The following constraints were applied. The package is
considered as symmetric along two axis a and b. See Figure 1. The
thermal pad locates always in the middle and has the same length W as
the electrical pads. The edges of the electrical pads are located 0.2 mm
away from the nearest edges of the substrate.
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b

a

Figure 1: Parameters (SOH, L, α, β, δ) that defined for reflecting
geometric information of LGA solder employed in a DOE analysis.

A central composition design was made to establish the response surface
model of geometric factors in terms of solder reliability using Minitab
16TM software package. Thermal profile Cycle 1 defined in Chapter 2,
INNOLOT (SnAg3.8Cu0.7Bi3.0Sbl.4Ni0.2) solder and metal core print circuit
board (MCPCB) were employed for all simulation runs, and only the
geometric parameters were varied. The axial high and low points are
listed in Table 1 together with the resulting 32 simulation runs which are
needed for a half factorial design. 6 duplicate simulations for central
point would have been required for the data of an experimental nature.
However, for fully defined simulations only one simulation run has to be
performed to determine the central point. Once the results were obtained,
a sensitivity analysis was performed and optimal geometry of solder
joints in this type of package was determined and discussed. It is
important to note that this study only consider solder reliability subjected
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to thermo-mechanical loading. However, based on this work, further
complex investigations considering heat dissipation, electromigration
and cost can be done as well.

3.3 Results and discussion
The effects of solder geometry on LGA solder joint in SSL application
were explored by applying the fatigue model derived in Chapter 2 to
establish a response surface model of solder reliability in terms of five
different predefined geometric parameters. The detailed information of
resulted simulation runs and corresponding ΔWsc values for the different
thermal cycles are listed in Table 1. For each simulation, the critical
solder joint was always found to be at the outer corner of the electrical
solder joint.
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Table 1: The range of selected geometric factors, resulted simulation runs
and corresponding lifetime results
Run

1

L2(mm2)
6

70

β
0.2

α
0.6

0.6

δ
0.98

0.3

SOH (µm) ΔWCreep
0.8

100

150

Nf

(MPa)

(cycles)

3018

38

0.4

0.98

0.55

125

1.492

2

54

0.5

0.885

0.425

112.5

1.939

2140

3

22

0.5

0.885

0.675

112.5

1.233

3876

4

22

0.3

0.885

0.675

137.5

0.995

5132

5

22

0.3

0.695

0.675

112.5

1.102

4487

6

54

0.3

0.695

0.675

137.5

1.238

3852

7

38

0.4

0.79

0.3

125

1.477

3059

8

54

0.3

0.695

0.425

112.5

1.854

2270

9

38

0.4

0.6

0.55

125

1.156

4216

10

38

0.6

0.79

0.55

125

1.333

3498

11

38

0.4

0.79

0.55

125

1.378

3350

12

54

0.5

0.885

0.675

137.5

1.357

3416

13

38

0.4

0.79

0.55

125

1.378

3350

14

38

0.4

0.79

0.55

150

1.072

4654

15

22

0.3

0.885

0.425

112.5

1.331

3503

16

22

0.5

0.885

0.425

137.5

1.016

4993

17

54

0.5

0.695

0.675

112.5

1.623

2702

18

38

0.4

0.79

0.8

125

1.492

3851

19

38

0.4

0.79

0.55

125

1.939

3350

20

38

0.4

0.79

0.55

125

1.233

3350

21

54

0.5

0.695

0.425

137.5

0.995

3448

22

22

0.5

0.695

0.425

112.5

1.102

4269

23

54

0.3

0.885

0.675

112.5

1.238

1864

24

54

0.3

0.885

0.425

137.5

1.477

2630

25

38

0.4

0.79

0.55

125

1.854

3350

26

38

0.2

0.79

0.55

125

1.156

3332

27

22

0.5

0.695

0.675

137.5

1.333

6973

28

38

0.4

0.79

0.55

100

1.378

2338

29

6

0.4

0.79

0.55

125

0.424

13456

30

22

0.3

0.695

0.425

137.5

1.378

6416

31

70

0.4

0.79

0.55

125

1.072

2476

32

38

0.4

0.79

0.55

125

1.331

3350
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Firstly, a full quadratic model (linear, quadratic, and interactive terms)
was applied to the data in order to derive the relation between ΔWsc and
the geometric parameters. The model showed a remarkable fit with a R2
value of 98.4% and an adjusted R2adj value which shows the necessity of
terms in the model as 97%. However, the predicted R2pre value is
relatively poor compared to the two R2 values reported above, which
indicates that future prediction using this model might result in larger
deviations. Thus, to obtain better accuracy, terms with a p-value
(indicating the statistically significance of terms) larger than 0.1 are
removed from the model. The modified model is shown in Eq. 1 and the
constants a1-a10 are listed in Table 2.

∆𝑊𝑐𝑟𝑒𝑒𝑝

1
𝐴
𝛼
𝛽
𝛿
= (𝑎1 , 𝑎2 , 𝑎3 … 𝑎10 ) ×
𝑠𝑜ℎ
𝐴2
𝑠𝑜ℎ2
𝐴∙𝛽
(𝐴 ∙ 𝑠𝑜ℎ)

(1)

The predicted R2pre value for this model increases from 89% to 93% at a
relative marginal cost of 0.8% and 0.5% decrease in R2 and adjusted R2adj
value. Thus, this revised model is considered to be appropriate for
modeling LGA solder reliability in terms of different package and solder
geometry. Three points on the resulted response surface were randomly
selected to validate the model with FEM simulation results. The detailed
information of these three points and corresponding results from both
response surface model and FEM simulation are listed in Table 3. It
showed that the largest deviation is only about 10% with regards to solder
lifetime.
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Table 2: Constants for the final selected response surface model
a1

2.879

a2

0.082

a3

1.061

a4

0.474

a5

-0.372

a6

-0.05

a7

-2.95×10-4

a8

1.762×10-4

a9

-0.0215

a10

2.49×10-4

Table 3: Selected validation data point and deviation from the FEM
prediction
A

α

β

δ

SOH

model

FEM

Deviation

point 1

24.9

0.81

0.49

0.62

120.3

3970

4393

9.6%

point 2

34.1

0.74

0.51

0.70

109.3

3175

3094

2.5%

point 3

54.1

0.70

0.40

0.65

144.5

4161

3830

7.9%
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It is now possible to investigate the effects of the geometric parameters
on the LGA solder reliability in SSL system by utilizing the model
obtained. As discussed above, the package size plays an important role in
solder reliability. Figure 2 shows the contour plot of solder lifetime as a
function of both carrier size and solder stand-off height when all other
parameters are kept constant at the middle value of their interval. The
position of package B was also indicated in the plot. It is shown that
lifetime of solder joint decreases dramatically with increasing carrier size.
This is because of the larger stress level generated by the larger carrier
size in the solder joint and hence larger creep strain induced. Due to the
possibility of redistributing the stress concentrations in the solder height
direction, solder joints with larger stand-off height in general have longer
lifetime. This can also explain why the effect of carrier size on solder joint
reliability is more pronounced in case of large stand-off height. Therefore,
in order to obtain better solder thermo-mechanical reliability in SSL
system, it is suggested that for packages with relatively small package size,
increasing the stand-off height is increasing the reliability.
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Stand-off Height (µm)
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Package B

Chip carrier size (mm2)
Figure 2: LGA solder life cycles in LED package as a function of A and
SOH.
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As for the effects of other parameters, two new parameters SC and AR
were defined to reflect the influence of solder geometry in a more direct
way instead of predefined parameters: α, β, and δ. AR is the area ratio
between the solder joint for thermal conduction and the solder joint for
electrical connections. SC is the solder coverage which is the ratio
between solder-covered area on the carrier lower surface and the total
area of carrier lower surface. AR and SC are defined in terms of α, β, and
δ by Eq. 2 and 3.

𝐴𝑅 =
𝑆𝐶 =

𝐵𝑡ℎ
𝐵𝑒𝑙

𝑆𝑜𝑙𝑑𝑒𝑟 𝑎𝑟𝑒𝑎
𝐶𝑎𝑟𝑟𝑖𝑒𝑟 𝑎𝑟𝑒𝑎

2∙𝛽

= (1−𝛽)∙𝛿
=𝛼∙(

𝛿∙𝐴𝑅
2+𝛿∙𝐴𝑅

(2)

+

2
𝐴𝑅

)

(3)

Solder lifetimes as a function of AR and SC were then derived by
substituting above relations to the response surface model as given by Eq.
1. Figure 3 is a contour plot for various LGA solder life cycle values as a
function of SC and AR. The position of Package B in the plot is also
demonstrated. It shows that solder coverage SC can strongly affect the
lifetime. It is observed that the lifetime decays dramatically with SC
decreasing.
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Area Ratio
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Package B

Solder coverage
Figure 3: LGA solder life cycles in LED package as a function of AR and
SC (at constant A=38 mm2, α=0.8, and SOH=125 µm).
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AR=15

AR=10

AR=5

3700

Lifetime (Cycles)

3500
3300
3100
2900
2700
2500

0.4

0.5

0.6

0.7

0.8

0.9

Solder coverage
Figure 4: Lifetime as a function of solder coverage in different AR values
(at constant A=38 mm2, α=0.8, and SOH=125 µm).
Bth constant

Bel constant

solder coverage cons.

Lifetime (cycles)

5000
4500
4000
3500
3000
2500
2

7

12

17

22

AR
Figure 5: Lifetime as a function of AR at different conditions.
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Figure 4 shows the relation between SC and solder lifetime in different
AR values at the condition of constant carrier size, α, and SOH as 38 mm2,
0.8 and 125 µm. It is illustrated that with SC increasing from 0.5 to 0.8,
the lifetime increases about 30% for all cases. This is mainly because of a
lower stress level induced inside the solder joint by increasing the load
handling area. Thus, to achieve better solder reliability, it is possible to
enlarge the solder coverage by increasing the solder pad area.
Additionally, according to Figure 3 and Figure 4, it appears that AR is an
important factor for solder lifetime as well. In the particular case shown
in Figure 4, solder lifetime drops with decreasing AR for a fixed value of
solder coverage. However, Figure 3 and a further investigation of the
lifetime as a function of AR demonstrate that there exists an optimal AR
value for optimal solder reliability. The existence of an optimal AR can be
explained by considering two competing effects when varying AR. The
first effect is the enlargement of thermal solder joint, which means more
load will be carried by thermal solder instead of critical solder joint for
electrical connection, leading to an increase in life time. On the other
hand, for larger AR values the solder joint for electrical connection will
become smaller and hence a higher stress concentration within the solder
interconnection is introduced, leading to a decrease in lifetime. This
phenomenon is depicted in Figure 5. The small dashed line demonstrates
the relation between lifetime and Υ when the size of the electrical solder
joint is kept constant. When AR increases, the size of the thermal solder
joint becomes larger, and therefore, lifetime rises. The dotted line
indicates the relation between lifetime and AR when the size of the
thermal solder joint is kept constant. In that case, when AR increases, the
size of the solder joint for electrical connection becomes smaller and
accordingly decreases in solder lifetime. The large dashed line is the next
result of these two effects when setting the solder coverage as constant,
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namely constant total amount of solder joint in case of constant carrier
size A as 38 mm2 and constant SOH as 125 µm. It is worth noting that
when AR increases from 2 to about 14, an increase of lifetime of about 45%
is predicted. Such an improvement in lifetime due to AR optimization is
significant and almost adds no additional cost to the final product.
Figure 6 illustrates the lifetime-AR relation in terms of different carrier
size levels. It shows that the optimal AR value decreases with decreasing
carrier size. Hence, it is important to investigate the relation between this
optimal AR and other geometric parameters. The relation of the optimal
AR with different carrier size and solder coverage was determined by
setting the first derivative of lifetime versus AR to zero using the response
surface model. In that case, the optimal AR as a function of carrier size
and solder coverage at constant α=0.90 and SOH=125 µm was obtained,
which

was

a

mathematical

expression

numerically

solved

by

Mathematica 8.0. Thus, in order to demonstrate this relation, a series of
2000 optimal AR data points were calculated for 50 different carrier sizes
(from 15mm to 65mm) and 40 values of solder coverage (from 0.6 to 0.8),
and the results are plotted in Figure 7.
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Figure 6: Lifetimes as a function of AR with different carrier size.

Carrier size
2

Figure 7: Contour plot of optimal AR as the function of carrier size and
solder coverage.
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Figure 7 shows that the maximum optimal AR value occurs when the
package has a large carrier size and a low solder coverage value. It can be
explained by the fact that when the chip carrier is large and solder
coverage is small, it is more effective to allocate more solder material as
thermal solder joint, which means increase the AR value. Therefore, more
loads are applied to the thermal joints rather than the joint for electrical
connection. It also shows that a reduction of the carrier size will result in
a decrease of the optimal AR ratio. This is due to the fact that it becomes
more important to reduce the stress concentration by enlarging the
critical electrical solder joint when chip carrier is small. Similarly, when
the carrier size is large, there will be a higher load applied to the solder
joint. Therefore it is more effective to increase the thermal solder joint to
carry the load for better reliability, especially for low solder coverage
values. It is for this reason why the optimal AR value rises dramatically
with decreasing solder coverage at large carrier size level. The relations
are demonstrated in Figure 8.
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Optimal AR ratio

30
25
20
15
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5
0
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0.65

0.75

0.85

Solder coverage
Figure 8: Optimal AR value as function of solder coverage in different
carrier size.
In addition, it is clear that a certain chip carrier size value exits, where
the optimal AR changes its trend with the solder coverage. When the chip
carrier size is large, a higher load level in the solder joint results and the
optimal AR value increases with increasing solder coverage. On the
contrary, when the chip carrier size is small, the optimal AR value drops
with increasing solder coverage value for smaller package. This can be
explained by the fact that small carrier size results in relatively small load
in the solder joints, hence avoiding stress concentration in the electrical
solder joint becomes more important. In that case, to achieve better
solder reliability, it is more efficient to allocate the additional solder
materials induced by increasing solder coverage to the electrical solder
joint in order to reduce the stress concentration level.
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Moreover, when solder coverage is larger, the optimal AR changes more
slowly with carrier size. The reason is since the load is already distributed
better due to a larger solder area, it is less effective to enhance the
reliability by increasing the AR ratio to handle the load even better.
Furthermore, when carrier size is small, the optimal AR value varies
insignificantly with the solder coverage and carrier size. For smaller
package, the relatively small optimal AR value indicates that comparable
thermal and electrical pad area will leads to better reliability, because
stress concentration in one particular solder joint can be reduced as
much as possible. Similar results are found when the same response
surface model analysis is conducted for Package A. For carrier sizes from
10 mm2 to 20 mm2, it is found that all the optimal AR values indicate that
the size of thermal and electrical pads should be comparable.

3.4 Conclusions
A RSM analysis is conducted to investigate the influence of geometry on
solder reliability in a LED package. It is shown that a smaller carrier size
and larger solder standoff height in general will result in better solder
reliability. This effect is more pronounced in solder with smaller carrier
size and larger stand-off height. Additionally, solder reliability declines
rapidly with solder coverage decreasing.
The ratio between thermal solder area and electrical solder area AR has a
significant influence on solder joint reliability in a SSL system. The
optimal AR value is also observed to relate to carrier size and solder
coverage. In general, the optimal AR value increases with increasing
carrier size, and this phenomenon is more pronounced in package with
smaller solder coverage. Nevertheless, the optimal AR value decreases
with solder coverage in small carrier size and increases when carrier size
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is large. It is found that a transition chip carrier size value exits, where
the optimal AR changes its trend with the solder coverage value. In
addition, when the chip carrier size is relative small, it is advisable to
make the thermal pad and electrical pad comparable.
The proposed methodology in this work, a combination of energy based
fatigue modeling and FEM modeling proves to be very valuable for solder
reliability optimization for LED packages. This methodology can also be
applied to optimize the solder performance in terms of thermal
performance, electrical performance, cost and combinations thereof.
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Chapter 4

Feasibility of crack initiation
identification using in-situ high
precision electrical resistance
monitoring
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4.1 Introduction
The reliability of solder interconnects becomes increasingly important in
electronic packages, since solder joints are often considered as the
weakest link in the system [1]. In order to evaluate the reliability in an
adequate way, accelerated tests are the most appropriate route. Although
lots of effort have been put in accelerated solder testing, there are still
many challenges in terms of new types of solder materials, loading
conditions, testing time, damage monitoring and failure identification [26]. Furthermore the accelerated test of solder joints for applications with
a long expected lifetime such as solder interconnects in solid state
lighting is generally very time consuming and cost ineffective. [7]. The
alternative approach continuously monitoring Remaining Useful Life
(RUL) of solder joint seems increasingly vital to provide safer, more
reliable, and cost-effective systems in many applications such as avionic
and automotive electronics [8].
It is well known that the time of crack propagation in solder joint is often
relatively short and can be negligible compared to the total time to failure
[9-12]. This is because of the lower ductility and the brittle intermetallic
compound (IMC) layer formation in the interface of this interconnects
system based on SAC solder [13-15]. If the crack initiation point can be
identified clearly, it seems feasible to shorten the reliability testing time
by early termination of the test once crack initiation occurs. Moreover,
crack initiation in solder joint is the consequence of deformation energy
accumulation [16-19]. In that sense, a parameter that responds fairly in a
different way to deformation as to cracking would be very desirable as it
would allow damage and crack evolution measurements which could lead
to a system capable of detecting imminent system failure.
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There are several techniques or approaches that are capable of detecting
cracks in solder joints, such as dye and pry inspection, micro-sectioning
inspection, tomographic scan, strain gauge with backface strain
technique and high resolution X-ray imaging [6], [20-23]. However,
those techniques or approaches are less suitable in case of many
individual solder joints in-situ and in parallel, and therefore for in-situ
crack initiation identification. Online electrical resistance measurement
seems to have the potential to overcome the limitations. Our previous
work shows that it is possible to detect the viscoplastic deformation prior
to crack and the crack propagation in the solder joint with our high
precision electrical resistance measurement setup [24]. However, for the
experimental conditions used so far deformation and cracking have the
same effect on solder electrical resistance making it difficult to
distinguish the crack initiation.
In this study, a test approach based on high precision electrical
measurement that has the potential to in-situ identify the solder fatigue
crack initiation is presented. A series of individual SAC 305 (96.5%Sn3%Ag-0.5%Cu) solder joints were tested in a double lap shear (DLS) test.
The electrical resistance of each solder joint was monitored during the
test involving the use of conventional 4-point resistance measurement
structure with specially configured electrodes. It is found that viscoplastic
deformation has a negative effect on resistance, whereas crack
propagation has a positive effect, which makes it convenient to identify
the crack initiation point as the minimum in a resistance-test cycle curve.
This finding agrees with results both from semi-online tomographic
analysis and FEA simulation. Thus, the intention of this paper is to show
that with proper configuration of electrodes, accurate in-situ crack
initiation identification in multiple solder joints tested in parallel can be
achieved.
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4.2 Experimental design and FEM modeling
details
4.2.1 Fatigue test details
In this study, the specially designed DLS test vehicle is made from 3
pieces of FR-4 printed circuit board joined together by 8 small solder
joints (1 mm×1 mm×0.1 mm) that of interest and an additional 8 large
structural solder joints (1.8 mm×1.8 mm×0.1mm). The dimensions of the
structural solder joints were determined according to FEM simulation
results in order to make sure the test assembly remained intact once one
or more small joints are failed. These solder joints are equally distributed
in 2 rows in the test sample such that, under tensile and compressive load
of the assembly, shear loading is induced in the solder joints. A picture
illustrated the test vehicle is shown in Figure 1. Each joint is also
numbered in Figure 1.

Figure 1: Test assembly, side and top views.
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The dimensions of the side board and the middle board are
50 mm×20 mm×1.6 mm and 110 mm×20 mm×1.6 mm respectively. The
dimensions of the assembly are 110 mm×30 mm, with a maximum
thickness of 5.1mm. The dimensions of the copper pad of the tested
interconnect are 2 mm×2 mm, and the structural interconnect measure
3 mm×3 mm, with a thickness of 50 µm. The solder alloy studied in this
work was SAC305 (96.5 wt% Sn, 3 wt% Ag, 0.5 wt% Cu), which was
introduced into the assembly by solder paste screen printing and
followed by a reflow process. During the reflow process, the boards were
firstly heated up from room temperature to 150 °
C in about 50 seconds,
followed by a preheat stage to slowly heat up the boards to 200 °
C in 120
seconds. The boards were then heated up to the soldering temperature
260 °
C in 20 seconds with 30 seconds as the dwell time. Afterwards, the
boards were cooled down with a ramp down rate of 7 °
C/min. After the
PCBs are stacked, 8 connectors were soldered onto the sample for
electrical resistance monitoring of the smaller solder joints.
The sample is then mounted on a specially made sample holder by screws
to fit the tensile tester Zwick Z010 (Zwick GmbH & Co., Ulm, Germany).
A schematic drawing of the holder system with a loaded sample is
presented in Figure 2. Firstly, the length of both upper and lower holder
are designed to be relatively large in order to minimize the effects of
clamp misalignment in the vertical direction. Secondly, a knuckle joint
was introduced to prevent uneven load distribution along the horizontal
direction in the sample while pulling. Thirdly, a T shape joint was
employed to avoid uneven loading in solder joints on different sides of
the sample. Finally, since the gap between two smaller PCBs after the
assembly differs from sample to sample, a spacer can be inserted. To
avoid tilting the boards while screwing the sample to the spacer,
commercially available metal foils with different thickness (10 μm, 25 μm,
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and 50 μm) are used. The total foil thickness to be used to balance the
sample is determined by tomography (Section 4.2.3).

Figure 2: Sample holder to comply with tensile tester.
Isothermal fatigue testing was conducted using the special designed DLS
test assembly described above. To capture the solder shear deformation
via electrical resistance measurements, a force controlled cyclic load with
a low and high force dwell of 100 N and 200 N respectively was applied
to the sample assembly. The ramping rate for loading and unloading is 25
N/s, and the dwell time for both high and low load is 80 seconds. The
load profile is selected on the basis of many preliminary tests as well as
FEM simulations and should yields reasonable times to failure while
avoiding unrealistic high strain rates.
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The fatigue test was interrupted several times in order to have the sample
examined with X-ray tomography to evaluate the fatigue damage
evolution in each of the 8 solder joints. The fatigue testing was
terminated, when all the monitored solder joints had failed.

4.2.2 In-situ DC electrical resistance monitor set-up
During fatigue testing, the DC electrical resistance of each solder joint of
interest was measured twice per cycle, using a dedicated DC electrical
resistance monitor set-up. 4-point resistance measurement was
employed to eliminate the effects of contact resistance between the
contact and the solder joint, and is schematically shown in Figure 3.

Figure 3: Schematics of the 4-point measurement connections, top and
side view.
The set-up basically consists of three parts: a switch unit module, a
resistance and temperature measurement module, and a synchronization
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module. A schematic diagram of the set-up is given in Figure 4. Firstly, all
leads for the resistance measurement were connected to a switch unit
(Agilent 34970A Data acquisition/switch unit equipped with Agilent
34901 multiplexer modules) with multiple channels by well-shielded and
twisted copper electrical wire. In addition, a 4-wired resistance thermal
detector (RTD, PT100, Class A tolerance) was also connected to the
switch unit for a relatively high precision temperature measurement
(around ±0.19 °
C in the temperature range during testing). In order to
time the resistance measurement according to the loading status in the
fatigue test, a signal was wired out to the switch unit as well. This switch
unit together with the resistance & temperature measurement module
and synchronization module were then connected to a computer to
control the channel switching, data measurement and final acquisition.

Figure 4: Schematic diagram of the resistance online monitor set-up.
The measuring strategy is also partially illustrated in Figure 4. When a
signal representing a loading status change was captured, the computer
will ask the switch unit to switch to the appropriate channel for the
resistance measurement of each solder joint. While the channel is on, the
electrical measurement of the corresponding solder joint is then
conducted by forcing 4 different current levels (0.1, 0.3, 0.5, and 0.7 A)
through the solder joints, and sensing the resulted voltage levels with
Agilent 34420A nanovoltmeter, which has 1 nanovolt resolution. A linear
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regression was made with the corresponding voltage-current relation of
each solder joint, and the slope was derived as the solder electrical
resistance. In this case, the voltage offset was fully eliminated and the
influence of the external noise can be also reduced. The temperature
value was recorded per set of resistance measurements.
The effect of ambient temperature fluctuation on the solder electrical
resistance was compensated using a predefined linear relation between
the solder electrical resistance and the ambient temperature. Thus, all the
resistance values were recalculated to the values at 20.0 °
C.

4.2.3 Micro-tomography scans of the solder assembly
To verify the crack detection by the electrical signal, micro-tomography
scan was made upon interruption of the test. The micro-tomography scan
of the assembly was performed using the Phoenix Nanotom S from GE
instrument. A Details of the tomography scan technique can be found in
[21]. The X-ray energy applied to the assembly is 30 KeV, and the
rotation speed is about 1 degree/min for 360 degrees. To obtain the best
compromise between (short) scan time and (high) resolution, two scans
were made. Firstly, the 4 joints on both sides in the left hand side of the
sample, and subsequently the other 4 joints. The spatial resolution is
about 4 µm and the total scan time for all 8 joints was about 2 hours.

4.2.4 FEM model and simulation details
FEM simulations were done to support the experimental findings. The
relations between the shear strain and the solder electrical resistance
were investigated. The electrical simulations were done using the FEM
software Comsol Multiphysics 4.3a. The meshed structure used is shown
Figure 5. The solder joint is assumed to be rectangular and the size is
10 mm×10 mm×0.15 mm. The size of the copper pad employed is
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2 mm×2 mm×0.050 mm, and the trace width and length are 5 mm and
10 mm. To mesh the entire geometry of the structure, 26808 elements
were generated, where 14134 elements were for the solder joint.
A

B

+ Displacement
C

- Displacement

D

Figure 5: Side and top view of the FEM model.
The resistivity of the SAC305 solder alloy adopted in this study is 7.4×106
S∙m-1, and 6.0×107 S∙m-1 for the copper pad at room temperature.
Current was forced from electrode A to electrode D and the difference of
electrical potentials between electrode B and electrode C was calculated.
Therefore, assuming that the contact resistance at the interface to be
negligible, the electrical resistance of interconnect was determined using
Eq. 1.

R= (VC-VB)/I

(1)

Where R is the calculated solder electrical resistance, VC and VB are the
electrical potentials of port C and port B. I is the current forced from
electrode A to electrical D, which selected to be 1 A.
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In order to derive the relation between the shear strain and the electrical
resistance change of the solder joint, a series of shear displacement (from
-100 μm to 100 μm, with 5 μm as interval) was imposed on the solder at
the interface with the copper pad. Positive shear displacement is defined
as the displacement that separates electrodes A and C from electrodes B
and D, whereas negative shear displacement is defined as the
displacement that make them come towards each other. For each
displacement state, the electrical resistance of the solder joint was
determined.
In addition, the effect of a crack on solder electrical resistance was also
estimated by FEM simulations. A thin square plate-like domain with a
thickness of 5 μm was removed at the C-sided corner of the solder joint to
induce a model crack.

The assumed crack was located half-way the

solder stand-off-height. The relation between the crack size and the
electrical resistance change were investigated by altering the size of the
crack. The actual model geometry for the case of 9% crack area is
illustrated in Figure 6.

Figure 6: Model geometry illustration with induced crack.

80

Crack initiation identification using resistance monitoring

4.3. Results and discussion
4.3.1 Pretest results and the compensation of temperature effect
As mentioned in Section 4.2.2, prior to the actual fatigue test, a pretest to
investigate the temperature dependence of resistance for each solder
joint is conducted. The results are demonstrated in Figure 7.
Linear relations between solder electrical resistance and temperature for
all solder joints except for joint 6 and 7 were observed. The derived
temperature coefficient of resistance (TCRc) for each solder joint is listed
in
Table 1.
It is observed that the electrical resistances of solder joint 6 and 7 are
significantly higher than those of the other solder joints. In addition,
resistances of Joint 6 and 7 have very different non-linear responses to
temperature fluctuation. This can be attributed to the poor quality of
these two solder joints containing non-reflowed solder material. as
demonstrated by the tomographic examination (see Section 4.3.3).
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Figure 7: Resistance-Temperature relations for all tested solder joints

Table 1: List of TCRc for all tested solder joints and the R2 value of the fit
Joint
1

Joint
2

Joint
3

Joint
4

Joint
5

Joint
6

Joint
7

Joint
8

TCRc

0.063

0.079

0.098

0.177

0.256

1.043

8.220

0.106

R2

0.91

0.89

0.90

0.89

0.93

0.48

0.62

0.88
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The resistance data are normalized to the value at the fixed temperature
of 20.0 °
C using Eq. 2.
𝑅𝑛 = 𝑅𝑚 + 𝛽𝑇 ∙ (𝑇 − 20)

(2)

Where, Rn is the normalized resistance, Rm is the measured resistance at
temperature T (in Celsius), and βT is the TCRc of the corresponding
solder joint derived in the pretest.
Relatively large differences in electrical resistance among different solder
joints is observed, which are attributed to differences in Stand-Off Height
(SOH), void percentage, misalignment of the electrodes and actual shape
of the joint. These effects will be discussed in Section 4.3.3.
Moreover, the accuracy of the electrical resistance measurement is also
determined in the pre-test. As an example: the electrical resistance of
Joint 4 is plotted against the temperature in Figure 8.
A linear regression trend line is added to the plot. A noise band defined
as the 3 times standard deviation of the fitted intercepts, is also indicated
in Figure 8. The uncertainty of the resistance measurement is
approximately ±81 nΩ. This accuracy level is at least 4 orders of
magnitude higher than that in a normal industrial test with daisy chain
electrical resistance monitoring setup with a mΩ level resolution [25-27].
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Figure 8: Electrical resistance measurement accuracy.
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4.3.2 Results of fatigue test
The test was stopped at 5677 cycles, when all joints had failed. As pretest
be expected from the pre-testing, the p quality of Joint 6 and 7 led to an
early failure at the very beginning of the DLS test, which is clearly
demonstrated in Figure 9.
In addition, it also shows that the early failure of Joint 6 and 7 has a
tremendous impact on the failure behavior of neighbouring Joint 8,
which resulted in a fast catastrophic failure of Joint 8 as well. However,
since the focus of this study is on identifying the crack initiation point in
a normal fatigue damage evolution process where a long energy
accumulation phase is expected, these solder joints seems less interesting
due to their very early catastrophic failure. Therefore, only results of the
other joints (Joints 1-5) will be discussed in more detail.
The resistance increase rate (ΔR/R0) of Joint 1-5 during the DLS test is
plotted versus progressive test cycles in Figure 10, where R0 is the initial
electrical resistance at 20 degree Celsius. It appears that the electrical
resistance of Joint 5 starts to increase at about 3500 cycles, whereas Joint
1-4 have this increasing phase at the very end of the test. In addition,
Joint 1, 2, and 5 show a relatively fast resistance increase rate, whereas
the resistance of Joint 3 and 4 are slow to increase until the very end of
the test.
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Figure 9: Fast failure of Joint 6-8 in very early stage of DLS test.

Figure 10: Measured resistance increasing rate of Joint 1-5 plotted
against progressive number of DLS test cycles.
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Figure 11 shows

the results from early phase of the test. The

discontinuities at Cycle No. 173 cycle and cycle No. 2527 are due to an
unexpected DLS test stop the interruption for the tomographic check
respectively. In the first case the sample was not removed from the
tensile tester and the test was resumed after 5 minutes. In the case of the
tomographic test the entire assemble was removed from the tensile tester
and refitted after 7 days.

The figure shows that dismounting and

remounting of the fixture had a variable effect on the resistance curves.
For solder joint 4 no change in the resistance curve was observed. For
solders 1, 2 and 5 the repositioning of the test assembly leads to a marked
change in the rate of the resistance curve. This is attributed to
uncontrolled (minor) changes in the actual local loading conditions of
these joints.
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Pause for CT scan

Figure 11: Resistance-NoC signal patterns of Joint 1-5.
It appears that an electrical resistance decay phase always occurs prior to
the fast increase stage for all solder joints that are listed in Figure 11. As
for Joint 1-3, the decay phase is substantially shorter than that of Joint 3
and 4. Besides, it also shows that at the CT check point, Joint 1, 2 and 5
are all in the fast increasing phase, Joint 3 in the transition phase and
Joint 4 on the other hand is still in the decay phase.
Furthermore, zig-zag fluctuation patterns were observed in all solder
joints

after

a

certain

period

of

electrical

resistance

increase.

Representative plots of this type of zig-zag signal patterns of Joint 2 and
5 are shown in Figure 12 (a).
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a

b

Figure 12: Zig-zag signals in the fast resistance increase phase.
As earlier mentioned in Section 4.2.2, electrical resistance measurements
was made each cycle during the DLS test with one that measured at low
stress level and the other at the high stress level. This is translated to the
data plot such that data point obtained at high stress level is correlated to
its corresponding number of cycles (NoC), whereas data point obtained at
low stress level is correlated to its corresponding NoC-0.5. In that case, it
is found that the high end of the zig-zag patterns is always corresponding
to the high stress level measurement, and hence the low end of the zig-
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zag pattern is only corresponding to the low stress level measurement.
This phenomenon is shown in Figure 12 (b).

4.3.3 Discussion
To discuss the possible reasons for the signal patterns observed, it is
logical to determine all the potential causes for the resistance fluctuation.
The compensated resistance deviation during this DLS test can be
attributed to microstructural changes, IMC layer growth, solder
viscoplastic deformation, crack initiation and propagation, and crack
open and closure. It has been demonstrated in the several publications
that the solder electrical resistance changes due to microstructural
change is marginal compared to the change due to a crack initiation
inside the joint [28-30]. Furthermore, since the test is performed in room
temperature and the testing time is only 3 days, resistance due to IMC
layer growth is assumed to be negligible. In that case, it can be assumed
that the solder electrical resistance change during the DLS test in this
study can be mainly attributed to the two reasons: viscoplastic
deformation of the joint and crack related processes.
Once the causes of the resistance fluctuation have been determined, it is
important to figure out how these parameters influence the resistance of
solder joint during the DLS test. Thurs, electrical FEM simulations were
conducted to investigate the effects of shear deformation and crack on
solder electrical resistance in different solder SOHs. Figure 13
demonstrates the effect of shear displacement on electrical resistance
increasing rate (ΔR/R0) at 3 different SOHs (100 µm, 150 µm, and 200
µm). The definition of positive and negative sign of the displacement is
already defined in Section 4.2.4.
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Figure 13: Solder shear strain effects on solder electrical resistance
increasing rate.
It is clearly shown that negative shear displacement, which imposed in all
the solder joints during the entire DLS test, can diminish measured
solder electrical resistance. On the contrary, crack initiation and its
propagation on the other hand are found to increase the resistance
dramatically according to the FEM simulation results, which is shown in
Figure 14.
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Figure 14: Resistance increasing rate as function of crack area percentage.
According to the well adopted energy based fatigue model, the whole
fatigue process of solder joint will consist of two stages: viscoplastic
deformation accumulation and its consequential fatigue crack initiation
and propagation phase. Given the fact that deformation only leads to
resistance decrease and crack related matter increase the resistance, it is
very rational to rise the core hypothesis of this study that the early decay
phase is corresponding to the deformation accumulation stage, and the
followed resistance increasing phase is due to fatigue crack initiation and
propagation. Additionally, considering the very steep shape near the end
of the Resistance-Crack area curve, the booming of the resistance should
be related to the final catastrophic failure in the solder joint.
The hypothesis is also supported by the results of tomographic
examination, which is conducted in the middle of the DLS test at No.
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2527 cycles. A representative illustration of the tomographic picture of
each joint is shown in Figure 15, where the brighter part in the picture
represents solder materials, and the darker part is the copper trace.

Figure 15: Tomographic pictures of all solder joints at No. 2527 cycles.
The tomographic examination results shows that as for Joint 1, 2, and 5,
which have already exhibited a fast resistance increasing phase before the
tomographic checking point, a major crack can be observed for each joint.
However, as to Joint 4, which is still in the decay phase before the
checking point, no crack is found in the joint according to the
tomographic pictures. Furthermore, a very small crack is seen in the
Joint 3, which is in the transition phase from decaying to increasing.
Moreover, it is important to notice that this phenomenon has been
observed in many other dummy joints that were tested. Therefore, these
experimental findings confirm the hypothesis that the resistance decay
phase is due to viscoplastic deformation accumulation, and the resistance
increase in this study is due to crack related matters.
In addition, it can be seen that Joint 6 and 7 were not successfully made,
since unfused solder particles are observed from the paste retained after
the reflow process. It explains the substantially higher electrical
resistance that were measured in the pretest of both joints.
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Moreover, the zig-zag patterns can be recognized as side evidence to
prove the hypothesis. As already discussed in Section 4.3.2, zig-zag
patterns can be observed for all solder joints after a certain period of
resistance increasing. As been discussed and indicated in the previous
paragraphs, the causes of the compensated resistance fluctuation are
narrowed down to only three reasons: 1. Viscoplastic deformation, 2.
Crack initiation and propagation, 3. Crack open and closure. Since the
crack propagation will continuously increase the resistance of the solder
joint, it is not possible to form a zig-zag patterns purely due to crack
propagation. Furthermore, viscoplastic deformation difference in high
and low stress level only can result in zig-zag patterns with high end at
low stress level and low end at high stress level. However, the real
situation in the test results is on contrary. Thus, it leads to the only
possibility that the zig-zag signal patterns is mainly due to the crack open
and closure at the high stress low stress level. Thereby, it is confirmed
again that the fast increasing phase reflects the crack propagation in the
solder joint, which is a side evidence to the core hypothesis. Additionally,
the capability of capture crack open and closure during the test using
high precision electrical resistance measurement is also demonstrated.
Once the core hypothesis has been proved, the potential of determining
the crack initiation point on the use of in-situ high precision electrical
resistance monitoring during fatigue test is also well demonstrated. The
crack initiation point is very likely to lay around the transition phase
from decaying to increasing of the R-N signal pattern. This approach can
be a very attractive tool to shorten the reliability testing time, and
additionally provide possibility of online prognostic for very critical
solder joint in the system. More details regarding to how to derive the
exact initiation number of cycles and its accuracy will be further
presented in Chapter 5.
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4.4 Conclusions
A series of individual solder joints were tested in a double lap shear
(DLS) test with in-situ high precision electrical resistance monitoring for
each solder joint. It is found that with the specially aligned electrodes,
signal patterns with an early decay phase and a sequenced increasing
phase in a resistance-test cycle curve are observed. No crack is proven to
exist in the joints that are still in the early decay phase, whereas evidence
of crack is found in the every joints that exhibited an increasing phase. It
suggests that viscoplastic deformation and crack related matters are the
causes of the decay and increasing phase respectively. Therefore, it
indicates that the crack initiation point is in the transition zone of the
resistance-test cycle curve. This finding is agreed with results from FEA
simulation and semi-online tomographic analysis, which offers great
potential to reduce testing time and facilitate online prognostic for solder
interconnect.
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5.1 Introduction
As solder reliability in electronic packages becomes increasingly critical,
there is an urgent demand for a fast and reliable test protocol for solder
reliability assessment [1]. Accelerated life test (ALT) is often considered
as the most accurate and appropriate approach to evaluate the reliability
of solder interconnect [2-5]. The purpose of the ALT is to conduct
reliability qualification in a short time period by increasing the load level
and frequency. However, in order to provoke the same failure mode in a
product as in real life conditions, there are always limits of the load level
and frequency that can be applied during testing. Therefore, there are
still many challenges related to the testing of packages with long term
reliability requirements in a time and cost effective manner [6], [7].
As discussed in the previous chapters, one way to shorten the testing time
is to carefully monitor the damage evolution during accelerated tests by
means of high precision electrical resistance measurements. Since the
most common failure mechanism in solder joints with a long-term
reliability issue is fatigue, the damage formation often consists of two
components: accumulation of viscoplastic deformation and resulting
crack initiation and propagation [7-9]. The potential of monitoring
viscoplastic deformation prior to fatigue crack formation and identifying
the crack initiation point has been demonstrated in Chapter 4.
The accurate determination of the viscoplastic deformation is important
when the crack initiation phase dominates the whole failure process.
Such a determination would, in theory, enable the derivation of an energy
based fatigue model and enable the possibilities of early termination of
the test. In contrast, the crack propagation needs to be carefully
monitored in case a slow crack growth rate determines the life time. In
such a case, in order to be able to establish an additional corresponding
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model of crack propagation and to accurately predict the failure, a test
approach that is sensitive to crack propagation is essential. Additionally,
a monitoring technique that is sensitive to crack opening and closing is
also favorable, since it allows early crack recognition and may yield direct
information on the crack size and growth rate.
In this study, a monitoring approach using high precision electrical
measurement method that is sensitive to different types of solder fatigue
damage is presented. A series of individual SAC 305 (96.5%Sn-3%Ag0.5%Cu) solder joints were tested in a double lap shear (DLS) test.
Electrical resistance of all solder joints is monitored for different
electrode designs and arrangements using a conventional 4-point
resistance measurement structure. It is found that the effects of
viscoplastic deformation, crack propagation and crack opening and
closing on the virtual electrical resistance of a solder joint can be
separated by arranging the 4 electrodes of the resistance measurement
structure in an optimal way during testing. Such an ability of separating
damage modes by changing the electrode arrangements has not been
demonstrated before. Thus, the intention of this paper is to show that
with proper arrangement of the four electrodes in a high precision
electrical resistance set-up , the most relevant solder fatigue damage
modes can be revealed indisputably either during accelerated tests or in
real life service.
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5.2 Experimental design and FEM modeling
details
5.2.1 Fatigue test details
In this study, the specially designed DLS test assembly is made from 3
pieces of FR-4 print circuit board joined together by 8 small solder joints
(1 mm×1 mm×0.1 mm) which failure behavior is to be determined as well
as an additional 8 large structural solder joints (1.8 mm×1.8
mm×0.1mm). The dimensions of the structural solder joints were
determined according to FEM simulation simulations aimed to make
sure the test assembly retained intact even if one or more small joints are
failed. These solder joints are equally distributed in 2 rows in the test
sample such that, under tensile and compressive load of the assembly,
pure shear loading are induced in the solder joints to be tested. A picture
illustrated the test assembly is shown in Figure 1.

Figure 1: Test assembly, side and top view.
The dimensions of the side board and the middle boards are
50 mm×20 mm×1.6 mm

and

110 mm×20 mm×1.6 mm

respectively.
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Once assembled, the dimension of the assembly is 110 mm×30 mm, with
a maximum thickness of 5.1mm. The dimension of the copper pad of the
tested interconnect is 2 mm×2 mm with 3 mm×3 mm of the structural
interconnect, all having a thickness of 50 µm. The solder alloy studied in
this work was SAC305 (96.5 wt% Sn, 3 wt% Ag, 0.5 wt% Cu), which was
introduced into the assembly by solder paste screen printing and melted
by a reflow process. During the reflow process, the boards were firstly
heated up from room temperature to 150 °
C in about 50 seconds,
followed by a preheat stage to slowly heat up the boards to 200 °
C in 120
seconds. The boards were then heated up to the soldering temperature
260 °
C in 20 seconds with 30 seconds as the dwell time. Afterwards, the
boards were cooled down with a ramp down rate of 7 °
C/min.
The assembly is then mounted on specially made sample holder which
was fitted to the tensile tester Zwick Z010 (Zwick GmbH & Co., Ulm,
Germany). The schematic drawing of the holder system with a loaded
sample is illustrated in Figure 2. The length of both upper and lower
holder are designed to be relatively large in order to minimize the effects
of clamp misalignment in vertical direction. Secondly, a knuckle joint was
introduced to prevent an uneven load distribution along the horizontal
direction in the sample while applying the load via displacement of the
crosshead. Thirdly, a T shape joint was employed to avoid uneven loading
in solder joints on different sides of the sample. Finally, since the gap
dimensions between the two smaller PCBs after the assembly vary
slightly from sample to sample, this spacers were used to reduce the risk
of tilting the boards while screwing the sample to the spacer.
Commercially available metal foils with different thickness (10 μm,
25 μm, and 50 μm) were used to this purpose.
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Figure 2: Sample holder to comply with tensile tester
Isothermal fatigue testing was conducted using the special designed DLS
test assembly described above. To capture the solder shear deformation
via electrical resistance measurements, a force controlled cyclic load with
a low and high force dwell of 150 N and 300 N respectively was applied to
the sample assembly. The ramping rate for loading and unloading is 25
N/s, and the dwell time for both high and low load is 80 seconds. The
load profile is selected on the basis of many preliminary tests as well as
FEM simulations and should yields reasonable times to failure while
avoiding unrealistic high strain rates.
The fatigue test was interrupted several times in order to have the sample
examined by X-ray tomography scanner to evaluate the state of fatigue
damage evolution in the sample. The fatigue testing was terminated,
when all the monitored solder joints had failed.
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5.2.2 In-situ DC electrical resistance monitor set-up
During fatigue testing of the sample mounted in the assembly, the DC
electrical resistance of each solder joint of interest was measured twice
per cycle using a dedicated DC electrical resistance monitor set-up. The
first measurement is made at the low load dwell stage, whereas the other
is made at high load dwell stage. In this way, crack opening and closure
effects might be captured. 4-point resistance measurement was employed
to eliminate the effects of contact resistance between the contact and the
solder joint, which is schematically shown in Figure 3.

Solder joint

Copper pad

Figure 3: Schematics of the 4-point measurement connections, top and
side view. The element configuration in the corresponding FE model is
indicated as well.
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The electrodes of each tested solder joint are specially designed to realize
different detection sensitivities to different types of fatigue damage. This
is done by placing copper electrodes in the 4-point resistance
measurement structure on both PCBs with different angles with respect
to the direction of mechanical load. The detailed information of the
alignments is illustrated schematically in
Figure 4.
As the mechanical load is applied to the sample, three different scenarios
are expected:
As for solder joints 1, 3, 6 and 8, for which the symmetry axis of the
electrodes is parallel to the loading direction, the electrodes in the
separate copper traces are pulled towards each other during the fatigue
test. In the following text, this type of electrode alignment is referred to
as EAT1
As for solder joints 4 and 5, for which the symmetry axis of the electrodes
is parallel to the load direction, the electrodes in different copper traces
are pulled away from each other during the fatigue test. In the following
text, this type of electrode alignment is referred to as EAT2
As for solder joint 2 and 7, for which the symmetry axis is perpendicular
to the load direction, the electrodes in different copper traces are pulled
away from each other in the direction that is perpendicular to the
symmetry axis. In the following text, this type of electrode alignment is
referred to as EAT3
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Figure 4: Electrode alignment variants on the sample
For each electrode configuration, the electrical resistance is affected in a
different manner by the various forms of fatigue damage, as well be
discussed later in this chapter.
The electrical set-up basically consists of three parts: a switch unit
module, a resistance and temperature measurement module, and a
synchronization module. A schematic diagram of the set-up is illustrated
in Figure 5. Firstly, all leads for the resistance measurement were
connected to a switch unit (Agilent 34970A Data acquisition/switch unit
equipped with Agilent 34901 multiplexer modules) with multiple
channels using well-shielded and twisted copper electrical wires. In
addition, a 4-wired resistance thermal detector (RTD, PT100, Class A
tolerance) was also connected to the switch unit for a relatively high
precision temperature measurement. In order to conduct the resistance
measurement according to the actual load status, a signal was wired out
to the switch unit as well. This switch unit together with the resistance &
temperature measurement module and synchronization module were
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then connected to a computer to control the channel switching, data
measurement and final acquisition.

Figure 5: Schematic diagram of the online resistance monitoring set-up
The measuring strategy is also partially illustrated in Figure 5. When a
signal representing a load status change is received, the computer will
activate the switch unit to switch to the channel for the resistance
measurement of each solder joint in turn. While the channel is on, the
electrical measurement of the corresponding solder joint is then
conducted by forcing 4 different levels of current (0.1, 0.3, 0.5 and 0.7 A)
through the solder joints, and the resulting voltage levels are measured
with an Agilent 34420A nanovoltmeter, which has a resolution as low as 1
nV. A linear regression fit is made to the voltage-current datasets of each
solder joint, and the slope of the fit is taken as the solder electrical
resistance. In this case, the voltage offset is fully eliminated and the
influence of the external noise is also reduced. The temperature value was
recorded for each set of resistance measurement of all the solder joints.
The effect of ambient temperature fluctuation on the solder electrical
resistance was compensated by deriving the relation between the solder
electrical resistance and the measured ambient temperature. It is found
that the relations are linear and the relation slopes were derived. Thus, all
the resistance values were then recalculated as compensated values at
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19°
C, which is more or less in the middle of the temperature range during
testing.

5.2.3 Micro-tomography scans of the solder assembly
To verify the detection of cracks in the solder joint, ex-situ microtomography scans were made at several stages of the cyclic loading
process. The micro-tomography scans of the dismounted assembly were
made using a GE Phoenix Natotom S machine. A general description of
the

principle

of

micro-tomography

using

standard

laboratory

instruments can be found in [10]. In the experiments 30 KeV radiation
from a wolfram-molybdenum target was used. During the tomographic
measurements the sample was rotated over 360 degrees at a rate of 5
degrees per minute. To maximize the resolution for a given total scan
time, two scans were made. This results in a spatial resolution of about 4
µm.

5.2.4 FEM model and simulation details
FEM simulations were done to assist in the interpretation of the
experimental findings, in particular, the relations between the shear
strain and the solder electrical resistance in the pre-cracking stage and
the effect crack opening in the cracked state. The electrical simulations
were done using the FEM software Comsol multiphysics 4.3a. The
meshed structure used has already been shown in Figure 3. The solder
joint

is

assumed

to

10 mm×10 mm×0.15 mm.

be
The

rectangular
size

of

and
the

the

size

is

copper

pad

is

2 mm×2 mm×0.05 mm, and the trace width and length are 5 mm and
10 mm respectively. To mesh the entire geometry of the structure, 26808
elements were generated, where 14134 elements were for the solder joint.
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The resistivity of the SAC305 solder alloy at 25 °
C adopted in this study is
7.4×106 S∙m-1, and that of the copper pad is 6.0×107 S∙m-1 [24]. Electrical
current was forced from electrode A to electrode D and the difference of
electrical potentials between electrode B and electrode C was calculated.
Therefore, assuming that the contact resistance at the interface is
marginal, the electrical resistance of interconnect was then determined
using Eq. 1.

𝑅=

(𝑉𝐶 −𝑉𝐵 )
𝐼

(1)

Where R is the calculated solder electrical resistance, VC and VB are the
electrical potentials of port C and port B. I is the current forced from
electrode A to electrical D, which in the simulation was set to a fixed
value of 1 A.
In order to derive the relation between the shear strain and the change in
electrical resistance of the solder joint, a series of shear displacement
(from -100 μm to 100 μm, with 5 μm as interval) was imposed on the
solder joint at the interface with the copper pad. Positive shear
displacement is defined as the displacement that separates electrodes A
and C from electrodes B and D, whereas negative shear displacement is
defined as that make them come towards each other. In separate
simulations, vertical shear displacement (-100 μm to 100 μm, with 5 μm
as interval) were applied to the structure, which yields a displacement
that is perpendicular to the symmetry axis of the electrodes. For each
displacement, the electrical resistance value of the solder joint was
derived.
In addition, the effect of a crack on solder electrical resistance was also
estimated by FEM simulations using a simplified approach and assuming
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the crack to initiate at one of the four corners (in accordance with the
experimentally most frequently encountered crack initiation point). In
the model a thin plate with a thickness of 5 μm was subtracted from the
middle of the solder joint to induce a gap, which can be treated as a crack.
The relation between the crack size and the electrical resistance change
were investigated by stepwise increasing the size of the plate that was
removed. The geometry for the case of a 10% crack area is shown in
Figure 6.

Figure 6: Schematic overview of the model geometry for the 10% crack
area case
Moreover, in order to investigate the effects of crack opening and closure
on the electrical resistance the bottom side of the lower copper trace was
fixed in all directions, and a mechanical load was applied to the upper
side of the top copper trace. The low and high load levels were set at 4.3
N and 8.6 N respectively, in accordance with the experimental settings.
The ramp time and the dwell time is 6 seconds and 80 seconds
respectively, which are also as in the experimental test. Electrical
simulations to calculate the resistance of the solder joint at each
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mechanical load stage were performed. Structures with 5 different crack
sizes (0%, 5%, 25%, 50% and 75%) were investigated, and for each initial
crack size, 40 cycles of the DLS test were simulated. A viscoplastic
deformation model already described in Chapter 2 was adopted. The
secondary creep deformation is modeled with a Garofalo law, which is
given by Eq. 2.
𝑑𝛾𝑐𝑟𝑒𝑒𝑝
𝑑𝑡

𝑄

= 𝑐1 [𝑠𝑖𝑛ℎ(𝑐2 𝜎)]𝑛 𝑒𝑥𝑝 (− 𝑘𝑇)

(2)

Where Υcreep is the secondary creep strain, Q is the activation energy for
secondary creep, k is the Boltzmann constant and T is absolute
temperature. c2 reflects the stress level that the power law breakdown. Q,

c1, c2 and n are material constants, which for SAC 405 have been derived
by Schubert et al. [8], and are listed in
Table 1. More details on the materials properties details can be in an
earlier chapter.

Table 1: Materials constants of solder creep model

SAC405 [8]

c1

c2

n

Q/k

277,984

0.0244

6.41

6496.5
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5.3 Results and discussion
5.3.1 Pretest results and the compensation of temperature effect
As mentioned in Section 5.2.2, prior to the actual fatigue test, a pretest to
investigate the temperature dependence of resistance for each solder
joint was conducted. The results are demonstrated in Figure 7.

Figure 7: Resistance-Temperature relations for all solder joints tested
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Good linear relations between solder electrical resistance and
temperature were observed for all solder joints. The derived temperature
coefficients of resistance (TCRc) for each solder joint are listed in
Table 2.

Table 2: List of TCRc for all tested solder joints and the R2 value of the fit
Joint

Joint

Joint

Joint

Joint

Joint

Joint

Joint

1

2

3

4

5

6

7

8

TCRc

0.136

0.292

0.230

0.253

0.232

0.160

0.266

0.217

R2

0.937

0.980

0.974

0.977

0.973

0.949

0.980

0.973

Relatively large differences in electrical resistance between different
solder joints are observed, which are attributed to the joint effects of
differences in Stand-Off Height (SOH), void percentage, misalignment of
the electrodes and actual shape of the joint (see Chapter 4).
The measured resistance was normalized to the value at the fixed
temperature of 19 °
C using Eq. 3.
𝑅𝑛 = 𝑅𝑚 + 𝛽𝑇 ∙ (𝑇 − 19)

(3)

Where, Rn is the normalized resistance, Rm is the measured resistance at
temperature T (in Celsius), and βT is the TCRc of the corresponding
solder joint derived in the pretest.
Moreover, the uncertainty of the electrical resistance measurement is
also determined in the pre-test as the 3 times of the standard deviation of
Rn, yielding an uncertainty as low as ±85 nΩ. This accuracy level is at
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least 4 orders of magnitude higher than that in a normal industrial test
with a daisy chain electrical resistance monitoring setup for which a mΩ
level resolution is common [7], [11], [12].

5.3.2 Results of fatigue test
The test was stopped at 14329 cycles, when all joints had failed. A very
rapid increase in the resistance of each solder joint is observed in the very
last load cycles, as shown in Figure 8. In order to show the data in a clear
way, the very last resistance value, which is several orders of magnitude
larger than the previous resistance value, is not shown. The fast booming
of the joint electrical resistance started after reassembling the sample to
the tester at 14320 cycles due to an accidental high load (around 600 N)
imposed in the sample assembly, which lasted for about 5 seconds.
The figure shows that the unexpected high mechanical load at 14320
cycles affects the resistance fluctuation of Joint 1, 5, and 6 to a much
greater extent than other joints. A small resistance decay was found for
both Joint 3 and 8 right after the unexpected load peak. Clearly, in the
case of the high overload the intended condition of equal load on each of
the solder joints no longer applies.
The resistance changes in each of the tested joint during the 14319 cycles
prior to the accidental overload are shown in Figure 9. Firstly, 5
discontinue points in the signal patters are found, which can be
attributed to the interruption for the tomographic check at cycles No.
1231, 2341, 3446, 10033 and 14340 (marked with dashed lines). The
signal patterns of joints can be categorized into 3 groups, and each group
corresponds to one type of electrode configuration design presented in
Section 5.2.3.
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Figure 8: Resistance increasing rate plotted against test number of cycle
in the very last 19 cycles

EAT2
EAT3
EAT1

Figure 9: Resistance increasing rate plotted against number of test cycles
before the catastrophic resistance booming phase
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For Joints 1, 3, 6, and 8 each having the EAT1 configuration, the
resistance drops from the very beginning of the fatigue test. In the signal
patterns of Joint 1 and 6, a resistance increasing phase is also found after
the decay phase. No such increasing phase is found for Joints 3 and 8.
Resistance changes of representative Joints 6 and 8 are depicted
individually in Figure 10 (a) and (b) respectively. A ‘bath tub’ shape curve
is clearly observed for Joint 6 with the minimum of the curve located at
around 8000 cycles, whereas a monotonic decreasing curve is recorded
for Joint 8.

a

b

Figure 10: Relative resistance change versus number of cycles for Joint 6
(a) and Joint 8 (b)
As for Joints 4 and 5 having the EAT2 configuration, the resistance starts
to increase right after initiation of the fatigue test and the resistance
keeps increasing until the final catastrophic failure. In addition, Joint 5
exhibits faster resistance growth rate than Joint 4 after the test was
resumed at cycle number 3446, which leads to a significant resistance
difference between Joint 4 and 5 towards the end of the test.
As for Joints 2 and 7 both having the EAT3 configuration, the resistance
only changes marginally during the initial stage followed by a slow
increasing phase starting from cycle NO. 3446 after resuming from the
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tomographic check, but always at a much slower rate than the EAT2
joints.

5.3.3 Discussion
To determine the origins of the observed resistance change patterns and
their relation to the different types of (fatigue) damage, we stepwise
address all potential causes for the resistance changes.
Temperature has a measurable impact on the electrical resistance, but is
already compensated in the analysis. Thus, the compensated resistance
deviation during this DLS test can be attributed to microstructural
changes, IMC layer growth, solder viscoplastic deformation, crack
initiation and propagation, and/or crack opening and closure. It has been
demonstrated in several publications that the electrical resistance change
of a joint due to microstructural change is small in comparison to the
changes due to crack formation [13-15]. Furthermore, since the test is
performed in room temperature and the testing time is only 3 days,
resistance changes due to IMC layer growth is assumed to be negligible.
In that case, it can be assumed that the solder electrical resistance change
during the DLS test in this study can be mainly attributed to two reasons:
viscoplastic deformation of the joint and crack formation in the joint or at
the interface.
As mentioned in Section 5.2.5, the effects of crack size on the electrical
resistance of solder joint were simulated using FEM, and the results are
shown in Figure 11. Irrespective of the electrode configuration a
monotonic increasing trend is observed. Cracks can only enlarge the
electrical resistance of the solder joint during the DLS test, but the
relationship between fractional crack area and the change in relative
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resistance is far from linear. The electrical resistance only doubles for a
crack covering 50% of the original solder area.

400%
350%

300%
ΔR/R0

250%
200%
150%
100%
50%
0%
0%

20%

40%
60%
80%
Crack area fraction

100%

Figure 11: Simulated resistance fluctuation as function of crack area
percentage
The effects of viscoplastic deformation on the resistance of the joint
depends on the electrode configuration as shown in Figure 12. The
simulation results shows that the resistance of joints with EAT1
configuration will decrease continuously with progressive shear
displacement. Therefore, the expected shape of resistance-versus number
of cycles curve for EAT1 joints should have a decreasing phase in the
beginning and followed by an increasing phase once crack initiates. The
expected ‘bath tub’ shaped curve is indeed observed for EAT1 configured
joints such as Joints 1 and 6 shown in Figure 9 and Figure 10 (a).
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Figure 12: Relative electrical resistance as a function of displacement in
different directions for the three electrode configurations tested
Based on the simulation results, a monotonic decrease in relative
resistance is expected, if there is no crack with recognizable size in an
EAT1 joint. This behavior is observed experimentally for Joints 3 and 8 as
shown in Figure 9 and Figure 10 (b).
In contrast, for electrodes configured according to EAT2 design, both
shear displacement induced in the DLS test and progressive crack
formation will increase the electrical resistance. Thus, the resistance
change curves of joints with EAT2 should be a monotonic increasing line
throughout the entire fatigue process, which is confirmed by the
experimental findings of Joints 4 and 5 shown in Figure 9.
Finally, for joints configured according to the EAT3 design, the
simulations also predict a continuous increase in relative electrical
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resistance but the initial increase due to shear deformation will be much
smaller than for EAT2 configurations. The predicted slow initial
increasing phase is confirmed by the resistance curves for Joints 2 and 7.
Out of the electrode configuration explored here, the EAT1 design is most
attractive as it is sensitive to both viscoplastic deformation and crack
formation, but in an opposite manner. For the EAT configuration the
loading cycle causing crack initiation can be approximately identified as
the point of minimal resistance in the resistance-load cycle curve. When
the time for crack propagation time is substantial compared to initiation
time, this electrode configuration offers the potential to shorten the
fatigue testing time by early termination of fatigue test once crack
initiation is detected. One way of making use of this capability to conduct
online crack initiation detection is shown in Figure 13.
Figure 13 shows two resistance curves after averaging over certain
number of cycles (50 cycles in this case) and plotting the triple standard
deviation (3σ) as the error bars of Join 1 and 6 with EAT1 design. Once
the newly acquired resistance value is statistically larger than the
previously measured resistance value (in this case, resistance difference
is larger than 6σ), a conservative estimate of the crack initiation point is
obtained. The crack initiation points for Joints 1 and 6 are indicated in
Figure 13.
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Joint 1

Joint 6

Figure 13: Methodology to estimate crack initiation point with EAT1
design
This interpretation of the resistance curves was validated by the
tomographic scans. Tomographic images of a side view at a fixed crosssectional location in Joints 1 and 6 at each halting stage are presented in
Figure 14. The central bright part in the tomographic pictures is the
solder joint, and the two darker horizontal layers represents the copper
traces. Within the as-created joints clear signs of internal voids are
present.
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Figure 14: Tomographic analysis to verify crack evolution during test of
Joint 1 (left hand set of images) and Joint 6 (right hand set of images).
No crack is found in the solder joint before the predicted initiation point
for both Joint 1 and 6, whereas a crack is clearly observed after the
determined initiation point. The electrical signal for Joints 3 and 8
suggested that no crack formation took place up to the moment of
accidental overload. The absence of cracks of cracks in these joints was
confirmed by their tomographic images (not shown). Thus, this
demonstrated electrical resistance crack initiation detection method has
great potential to locate the crack initiation point on-line and in a
relatively accurate way. It is clear that the electrical signal as obtained
with electrodes in the EAT1 configuration is more informative and easier
to analyse than those obtained for EAT2 and EAT3 configurations in
order to identify the crack initiation. For packages in which the direction
of deformation is not known a-priori, the use of several electrode
configurations on the package can be very informative.
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Finally, we may use the experimental data sets obtained to see if the setup is sensitive enough to detect crack-opening and closing at the dual
load spectrum imposed. To this aim we conducted new FEM Comsol
calculations for a range of crack sizes and the two applied load levels. The
details of the FE model and the simulation parameters have been
presented in Section 5.2.5. Given the fact that the involvement of a crack
can only diminish the sensitivity of the measurement of EAT 1
configuration, the simulated resistance fluctuation curves of joint only
with EAT 2 and 3 configuration in its crack free state and with a 50%
cracked area are shown in Figure 15.
The zig-zag patterns in the lower part of Figure 15 are purely due to the
displacement difference at high and low load dwell, and the overall
increasing is due to the accumulated viscoplastic deformation. In the
viscoplastic deformation accumulation phase, ΔRHL (102 μΩ for EAT2
joints, and 42 μΩ for EAT3 joints) the signal is rather constant and does
not even reach the noise level (±112 μΩ). The simulation explains why
there is no obvious zig-zag pattern observed in the early phase of the DLS
test. However, when a crack is present, the ΔRHL value clearly exceeds the
measurement noise level and can be detected during the DLS test.
Although crack growth phenomena are ignored in the simulation, and the
crack shape is idealized for computational reasons, this simulated results
demonstrate the possibility to detect crack occurrence and even its
opening and closure by just monitoring the ΔRHL value during the DLS
fatigue test.
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Figure 15: Simulated resistance variation curves for EAT2 and EAT3
joints with 0% crack and 50% crack area. Please note the differences in
scales.
This theoretical feasibility is then verified by the experimental results.
The ΔRHL values of representative joints for each electrode configuration
type are plotted against the number of cycles in Figure 16. Firstly, a noise
band width of about 200 nΩ is found for all joints, which corresponds to
the measurement noise level (±112 nΩ) determined earlier. For joints
with EAT2 design, the mean value of the ΔRHL band is positive and
around 100 nΩ in the early phase, which is in surprising good agreement
with the simulated value (103 nΩ). In addition, since the simulated
resistance fluctuation curve for EAT1 configured joints should be
mirrored to those for EAT1 joints which is indeed observed as the early
mean value is -100 nΩ. Even for joints with EAT3 configuration, the
mean value is close to 0 Ω, which also matches the findings of the
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simulation that the electrical resistance is not sensitive to the shear
displacement.

Figure 16: ΔRHL of representive joints plotted against progressive number
of cycles.
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Finally, for joint 5 a significant rise in ΔRHL is observed in the late phase
of the test. This ΔRHL increase is related to crack initiation and
propagation before the final catastrophic failure. The tomographic
pictures of Joint 5 are depicted in Figure 17. A lateral crack is observed in
the tomographic pictures taken at 10033 cycles and 14430 cycles, while
no cracks could be detected at lower cycle numbers.

Figure 17: Tomographic analysis to verify crack evolution during test of
Joint 5.
In the case of well-developed cracks, (using a different sample, but of the
same type and under the same loading conditions), indeed the saw-teeth
curve (see Figure 18) was recorded at a late stage of sample testing prior
to catastrophic failure
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Figure 18: Saw teeth shaped signal observed closing to the end of test for
Joint 4’.
We will now try and estimate the minimal crack area fraction that can be
determined

from

electrical

resistance

measurements

showing

a

detectable saw-tooth pattern in phase with the load levels.
To this aim FEM simulations were conducted with models containing
different artificial crack size. The results are illustrated in Figure 19.
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Figure 19: Simulated ΔRHL as function of crack area percentage.
The figure shows that a change in resistance value equal to the noise level
corresponds to a crack of about 15% of the joint cross-sectional area for
the EAT2 configuration and to a crack of 20% for the EAT3 configuration.
A slightly higher resistance increase of 1.5 times the noise level already
corresponds to cracks of 20% and 30% of the joint area respectively. The
figure also shows that although joints with EAT3 design intrinsically are
less sensitive to total degree of viscoplastic deformation, the sensitivity to
cracks is almost comparable to joints with EAT2 design. It makes this
electrode alignment design favorable when a zero mean ΔRHL scatter is
crucial in the circuitry design to detect the resistance rising phase as
signal of early crack formation.
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5.4 Conclusions
A series of individual solder joints was tested in a double lap shear (DLS)
test with in-situ high precision electrical resistance monitoring for each
solder joint with three different electrode alignment types (EAT). The
effect of viscoplastic deformation can best be separated from those due to
crack formation in the EAT 1 configuration, which allows a rather precise
yet conservative crack estimation of the crack initiation point. The
EAT 2 and 3 configurations show superior sensitivity to crack opening
and closure during fatigue cycling. The experimental findings agree with
results from FEA simulation and periodic tomographic analyses.
Although the resolution of the electrical resistance measurement is very
high, identification of the very early stages of crack initiation remains not
really feasible.
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6.1 Introduction
Fatigue failures of solder joints are one of the most common failure
mechanisms in electronic packages [1-5]. Accelerated thermo-mechanical
tests have been developed to evaluate solder reliability in terms of solder
fatigue failure for many types of packages, such as small Wafer Level
Chip Scale packages (WLCSP), to large scale Land Grid Array (LGA)
packages [6-10]. However, evaluating the reliability of electronic
packages in real conditions remains a time consuming practice [11-17].
Thus, fast reliability methods based on accelerated thermo-mechanical
test remain highly desirable especially for long term applications (i.e.
solid state lighting), driven by short product-to-market time and low cost
[18].
The testing time is related to the definition of failure indicator, which
determines when to terminate the test. Various criteria, such as complete
electrical circuit opening, a 50% reduction in measured stress amplitude
on a solder joint, a 50% crack propagation across the solder joint, or a 30%
increase in the electrical resistance are often employed [19-25]. However,
these failure indicators focus only on the final catastrophic failure and
have little power to indicate failure well in advance. It is well known that
solder fatigue consists of two consecutive processes: a relatively long
viscoplastic deformation accumulation stage and an often shorter
resultant fatigue crack initiation and propagation stage [26-29]. Thus, if
both types of fatigue damage can be carefully monitored, it seems feasible
to define a more appropriate indicator for terminating the accelerated
test at a relatively early stage, and predict the final failure time based on
the monitoring data to substantially save testing time. However, most of
the current approaches are not capable of in-situ monitoring the fatigue
damage in the viscoplastic deformation accumulation stage of individual
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solder joints in parallel in a real package, not even for typical industrial
reliability test with large temperature variations and complex stress and
strain states in the joints [30-32].
Electrical resistance measurement seems a proper way of monitoring the
damage in situ and in parallel for multiple solder joints. Liu et al succeed
in monitoring the crack propagation of individual solder joint during
accelerated thermo-mechanical testing

using electrical resistance

measurement [33], [34]. However, due to an insufficient measurement
accuracy and a non-optimal electrode configuration, the resistance
evolution during viscoplastic deformation accumulation could not be
captured. The high precision electrical resistance measurement set-up for
monitoring fatigue damage in individual solder joint in a quasiisothermal test environment presented in Chapter 4 and 5 may in
principle be extended to monitor thermal fatigue damage. However,
many challenges still remain to apply this novel technique and to extend
existing knowledge to thermo-mechanical accelerated test. Two of the
biggest challenges are i) to select an appropriate damage indicator and ii)
to identify crack initiation according to the selected damage indicator.
Finally, it should be mentioned that a successful definition of a
measurable fatigue damage indicator of solder joints will be crucial in the
development of more accurate Remaining Useful Life (RUL) prognostic.
As electronics have become vital to provide safer, more reliable, and costeffective systems in applications such as avionic and automotive, the
capability of accurate RUL prognostic will create remarkable added value
to such industries [35-39].
In this chapter, a test approach using periodic high precision electrical
measurement that can monitor the fatigue damage evolution in solder
joints subjected to temperature cycling is presented. A series of
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individual SAC 305 (96.5%Sn-3%Ag-0.5%Cu) solder joints are tested in a
climate chamber for which the temperature is cycled. The electrical
resistance of each solder joint is monitored during test using a
conventional 4-point resistance measurement structure with specially
configured electrodes and a built-in temperature sensor per electrode in
order to derive the Resistance-Temperature relation for each cycle of the
test. It is found that the Temperature Coefficient of Resistance (TCRc) of
a particular solder joint tends to increase continuously with the Number
of Cycles (NoC) due to the development of fatigue damage. This finding
are correlated with the results both from semi-online tomographic
analyses and those from FEA simulations. The crack initiation point was
estimated from the first derivative of the TCRc-NoC curve. It is shown
that in-situ fatigue damage monitoring of many solder joints in parallel
can indeed be achieved by the use of high precision electrical
measurements.
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6.2 Experimental procedures
6.2.1 Geometric details of test sample
A specially designed ceramic print circuit board (PCB) is adopted as a
dummy ceramic chip carrier in the test sample assembly. Pictures of the
ceramic PCB in top and bottom view are shown in Figure 1.

Figure 1: Bottom and top view of the ceramic PCB dummy.
The alumina ceramic PCB measures 4 mm×4 mm×0.6 mm. The trace
material on the ceramic PCB is silver-palladium. The large silverpalladium pad on the bottom side measures 3 mm×3 mm×0.01 mm with
two extension leads as shown. These leads are designed for the 4-point
electrical resistance measurement set-up. In order to connect to the leads,
2 through-board-vias and corresponding bond pads were made as also
shown in Figure 1. The solder mask defined a soldering area of
2 mm×2 mm in the center of the large Ag-Pd pad. This ceramic dummy
board was mounted on a metal cored printed circuit board (MCPCB) by
one single solder joint made of SAC 305. The MCPCB measures
40 mm×20 mm×1.6 mm, and the corresponding copper pad of MCPCB
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to the large Ag-Pd pad on the bottom side of ceramic board is
3 mm×3 mm×0.05 mm. Additionally, a built-in cross bridge Kelvin
resistor (CBKR) structure consisting of a copper trace in a MCPCB was
present closely to the solder interconnect as an on-board temperature
sensor to be read-out via its sheet resistance. During the final assembly, 2
connectors were soldered onto the sample for electrical resistance
monitoring

of

the

solder

joint

and

the onboard

temperature

measurement. Two columns of holes were drilled at both sides of the
MCPCB to facilitate micro tomographic scanning of the sample. A picture
of the assembled structure is presented in Figure 2.

Figure 2: A picture of the test sample assembly.
Solder interconnects were made using the solder paste screen printing
technology followed by the conventional reflow process. The designed
Stand-Off Height (SOH) of the solder joint was 150 μm, which was
achieved by employing a specially designed stencil in the screen printing
process and using a metal foil spacer in the reflow process. During the
reflow process, the boards were heated from room temperature to 150 °
C
in about 50 seconds, followed by a preheat stage to slowly heat up the
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boards to 200 °
C in 120 seconds. The boards were then heated up to the
soldering temperature 260 °
C in 20 seconds with a 30 second dwell time.
Afterwards, the boards were cooled down with a rate of -7 °
C/min. Once
the ceramic board was attached to the MCPCB, 3 bond wires (Gold wire,
Φ=30 μm) were made to link each Ag-Pa pad to the corresponding
copper pad on the MCPCB. The solder joint is not located in the very
center of the MCPCB, but 20 mm away from one of the edge. A
schematically drawing of the test assembly in side view is depicted in
Figure 3.

Figure 3: Layout of ceramic package tested (side view, not to scale).

6.2.2 Temperature sensor calibration
In order to measure the on-board temperature during the thermomechanical test, the sheet resistance of the copper trace was monitored
because of its good linear temperature dependence given in Eq. 1.

𝑅𝑡ℎ = 𝛽𝑇 ∙ 𝑇 + 𝑅0

(1)

where Rth is the sheet resistance of copper trace (Ohm), βT is the
temperature coefficient of sheet resistance of copper with corresponding
thickness (Ohm/ 0C), T is temperature (0C), and the R0 is the sheet
resistance at 0 ºC (Ohm).
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Since the thickness of the copper traces may vary slightly from sample to
sample, calibrations for each on-board sensor were made to derive
individual resistance-temperature relations for optimal temperature
measurement accuracy. Thus, while heating up the samples from room
temperature to 70 ºC by a hot plate (UC150, Stuart), the sheet resistance
of the copper trace is measured 5 times at each fixed temperature
monitored by a surface resistance temperature detector (SA1-4W-80,
class A, Omega), which was glued on top of the CBKR structure. In order
to have a better control of the on-board temperature, the sample was
covered by a plastic cap. A picture of the calibration set up was shown in
Figure 4.
The derived slopes and intercepts of the R-T relation shown in Eq.1 are
listed in Table 1. The minimum and maximum measurement
uncertainties based on the regression analysis and posing 99.9%
confidence levels are also listed in Table 1.

Chapter 6

141

Sheet resistance
measurement cable

RTD
Sample
Heat isolation cover

Figure 4: On-board sensor calibration set up

Table 1: Detailed information of linear RT relations adopted

β (μΩ/°
C)

R0 (μΩ)

T measurement
uncertainty
(Min. and Max.)

Sample 1

0.538

112.32

±0.5 and ±0.8 º
C

Sample 2

0.544

113.00

±0.4 and ±0.7 º
C

Sample 3

0.538

111.82

±0.5 and ±0.8 º
C

Sample 4

0.540

111.68

±0.5 and ±0.8 º
C
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6.2.3 Thermo-mechanical test
Test samples were attached on a quartz boat by high temperature taps,
put into a climate chamber (TPS TENNEY MODEL: TUJR) and thermally
cycled from 0 º
C to 125 º
C. A picture of the samples in the climate
chamber is shown in Figure 5.

Wires to R
measurement set-up
Crystal boat as
sample holder

Test sample

Figure 5: Test samples in the climate chamber.
The temperature profile imposed in this temperature cycling test is based
on the JEDEC standard: JESD22-A-104-B. The ramp rate is 5 ºC/min,
and the dwell time at high temperature and low temperature were 8
minutes and 2 minutes respectively. Thus, a full cycle should take 1 hour.
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6.2.4 In-situ DC electrical resistance monitor set-up
The test set up to monitor damage evolution in the solder connects
during thermal cycling is depicted in Figure 6.

Test chamber

Laptop for control and data aquasition
Figure 6: Overview of the test set-up.
4-point resistance measurement was employed to eliminate the effects of
contact resistance between the contact and the solder joint, using an
electrode configuration shown schematically in Figure 7 (and presented
in detail in the previous chapter). Considering the complexity of the
deformation in the solder joint during temperature cycling, knowledge
gained in Chapter 5 regarding effects of electrode alignment cannot be
easily applied in the current case. However, in order to enhance the
sensitivity to the thermal displacements in the joint, based on FEM
simulation results that will be shown in Section 6.3 the electrodes were
aligned in such a way that the current direction is along the longer side of
the rectangle MCPCB, wherein the displacement is more pronounced.
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The set-up basically consists of three parts: a switch unit module, a
resistance and temperature measurement module, and a synchronization
module. A schematic diagram of the set-up is illustrated in Figure 8. All
leads for the resistance measurement of both solder joint and
temperature sensor were connected to the switch unit (Agilent 34970A
Data acquisition/switch unit equipped with Agilent 34901 multiplexer
modules) with multiple channels by well twisted high temperature
resistant copper electrical wire. This switch unit together with the
resistance and temperature measurement module were connected to a
computer to conduct the channel switching, data measurement, online
visualization and final data acquisition using Matlab Instrument toolbox.
Samples were monitored every 60 seconds in a fixed sequence
throughout the temperature cycling test. For each sample, firstly the
resistance of the solder joint is measured, while corresponding
temperature is derived 1 second after the resistance measurement by the
on-board sheet resistance measurement. In order to measure both solder
resistance and sheet resistance, 4 different levels of current (0.1, 0.3, 0.5,
and 0.7 A) were forced through the electrode and resulting voltage levels
were sensed by Agilent 34420A nanovoltmeter, which has a resolution
down to 1 nV. A linear regression was made with the corresponding
voltage-current relation, and the slope was derived as the electrical
resistance. Using this method, any voltage offset effect is fully eliminated
and the influence of the external noise can be also reduced. The
temperature value was then calculated based on the linear relations that
had been derived and listed in previous Section 6.2.2. For each thermal
load cycle, the temperature coefficient of resistance of each solder joint
was determined, which is taken as an indicator of the fatigue damage
evolution in the solder joint.
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Figure 7: Schematics of the 4-point measurement connections, top and
side view.

Figure 8 : Schematic diagram of the resistance online monitor set-up.
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6.2.5 Micro-tomography scans of the solder assembly
To verify the detection of cracks in the solder joint, ex-situ microtomography scans were made at several stages of the cyclic loading
process. The micro-tomography scans of the dismounted assembly were
made using a GE Phoenix Natotom S machine. A general description of
the

principle

of

micro-tomography

using

standard

laboratory

instruments can be found in [40]. In the experiments 30 KeV radiation
from a wolfram-molybdenum target was used. During the tomographic
measurements the sample was rotated over 360 degrees at a rate of 5
degrees per minute. To maximize the resolution for a given total scan
time, two scans were made. This results in a spatial resolution of about 4
µm.

6.2.6 Temperature coefficient of resistivity of SAC 305
In order to provide precise input data to the finite element model, the
temperature coefficient of resistivity of SAC 305 was experimentally
derived separately. A thin bar made out of a casted SAC 305 bulk sample
provided by MaTech B.V. was fabricated with great precision by electrical
discharge machining. The dimensions of the bar were 70 mm×1 mm×1
mm. 2 wires were glued on both ends of the bar in order to perform a 4point resistance measurement. A surface RTD sensor (SA1-4W-80, class
A, Omega) to be connected to a reading unit HH804is attached in the
middle of the bar to measure the temperature during the testing. Pictures
regarding to the sample dimensions and the wiring are shown in Figure 9.
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Figure 9: Sample for TCR measurement, dimensions and wiring.
The whole sample was then inserted into an oven to be heated from room
temperature to around 80 º
C, and meanwhile the resistance was
measured by a source meter (Keithley 2400) at 7 different temperature
levels. For each temperature level, 4 measurements were taken. The
resistivity is calculated by Eq. 2 from the resistance measured.

𝜌=

𝑅∙𝐴
𝑙

(2)

Where ρ is the resistivity of SAC materials, R is the measured resistance,

A is the cross-section of area of the bar, which is 1 mm by 1 mm, and l is
the length of the bar measured as 70 mm. The test results are listed in
Figure 10.
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Figure 10: Resistivity as function of temperature for SAC305.

The derived resistivity at 20.8 º
C of the solder joint matches the
resistivity value at room temperature reported in literature for this
material [41]. The temperature coefficient α can be then derived by the
linear regression of the ρ-T relation as 4.41×10-2 º
C-1, a value that is
exported into the finite element model. The definition of α is shown in Eq.
3.
𝜌 (𝑇) = 𝜌0 ∙ (1 + 𝛼 ∙ 𝑇)
Where T is temperature in Celsius, and ρ0 is the resistivity at 0 °
C,

(3)
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6.2.7 Finite element model and simulation details
To assist in the interpretation of the experimental data to be acquired, a
series of FEM simulations was conducted both in ANSYS and Comsol for
thermo-mechanical and electrical-mechanical simulations respectively.
Thermo-mechanical simulations were conducted in ANSYS to reveal the
complex displacement in the joint and to predict the crack initiation
point of this type of package when subjected to the temperature profile
described in 2.3. A meshed structure of the FEM model is shown in
Figure 11. A half model of the assembly was adopted. In the simulations 4
temperature cycles were imposed.

Figure 11: Meshed structure in FEM simulation model: top and right (not
to scale) view.
The position of the ceramic on the MCPCB in the model is the same as in
the real assembly. In the model, silver palladium is treated as copper as
its thermo-mechanical properties were not available. The layers in the
model from top to down are then ceramic dummy (4×2×0.6 mm), upper
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copper layer (3×1.5×0.05 mm), SAC405 solder joint (two cases: 2×1×0.15
mm & 2×1×0.2 mm), lower copper layer (3×1.5×0.05 mm), dielectric
layer in MCPCB (40×10×0.1 mm) and Al substrate of MCPCB (40×10×1.5
mm) respectively. All materials properties values can be found in Chapter
2. A viscoplastic deformation model for SAC405 solder joint that had
been described in Chapter 2 was adopted. Considering the scattered
solder SOHs in different sample assemblies, simulations were made for 2
scenarios with SOH as 150 μm and 200 μm respectively. Additionally,
appropriate mesh sensitivity tests were done. It was found that with mesh
density larger than 3×105 element/mm3 in the critical solder joint, the
influence of the mesh density on the total volume of the most critical
elements and the calculated fatigue indicator ΔWsc were limited and
within 5%.
Moreover, in order to investigate the deformation and crack effect on the
temperature coefficient of resistance (TCRc) of solder joint, electrical
simulations were done to derive TCRc fluctuation as function of
deformation and crack size separately. According to ANSYS simulation
results, the solder joint becomes more terrace shaped due to the
Coefficient of Thermal Expansion (CTE) mismatch of ceramic dummy
and the MCPCB substrate. Besides, the upper copper trace tends to tilt
along the longer side of the MCPCP with progressive test cycles, which is
shown in Figure 12 (demonstrated deformation is not to scale, but with a
scale factor of 100).
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Figure 12: Simulated vector sum displacement of the deformed structure
(scale factor of 100) at high dwell temperature after 3 cycles.

It is seen that the upper copper trace tend to bend towards the
temperature sensor direction and meanwhile the other side of the trace is
departing from the lower trace. Thus, in the electrical simulation, the
complex displacement of solder joint is simply implemented by change
the solder joint shape as explained in Figure 13 together with the meshed
structure of the FEM model with 100 μm expansion on each side.

Figure 13: Explanatory drawing about deformation implementation to
FEM model and a meshed structure of the model with expansion of 100
μm at both sides.
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Assuming the volume of the solder joint remains constant and the
volume reduction by the trace tilt (shadowed area in Figure 13) is
compensated by the terrace slope gain (two triangle area in Figure 13) at
both sides of the solder joint, the quantitative indicator of the
deformation can be simply selected as expansion b as defined and shown
in Figure 13.
Simulations with expansions of 25, 50, 75, and 100 μm were conducted.
In order to determine the effect on TCRc, two simulations were made for
each TCRc at 20 °
C and 80 °
C. TCRc changes as a function of
deformation were determined. It should be noted that the misalignment
of two copper trace is marginal. Therefore, the influence of the copper
traces misalignment resulting from thermo-mechanical load was not
taken into account in the model. The electrical resistivity of copper at
room temperature (20 °
C) adopted in the model is 1.68×10-8 Ω·m and the
temperature coefficient of resistivity is 3.86×10-3 °
C-1 [42]. The electrical
resistivity of SAC405 employed in the FEM model is 1.23×10-7 Ω·m [41]
and temperature coefficient of resistivity adopted is 4.41×10-3 °
C-1 as
derived in previous Section 6.2.6. Silver palladium layer was again
treated as copper in the electrical simulation due to the difficulties of
finding the temperature coefficient of resistivity of the materials.

In addition, simulations with the non-deformed model geometry were also
conducted with different crack sizes as 0%, 10%, 30%, 50%, 70%, and
90%. The way the crack was implemented in the model is the same as
described in previous chapters. A schematic drawing of a model with a 10%
cracked area is shown in Figure 14.

Chapter 6

153

Figure 14: Schematic overview of the model geometry for the 10% crack
area case.
A relation between the solder TCRc and the internal crack size was
determined. More information regarding the electrical simulations can be
found in Chapter 4 and 5.

6.3 Results and discussion
First of all, it should be noted that no complete failure was observed in
any of the samples at the time of writing of this dissertation (at 3481
cycles). In order to demonstrate the damage evolution during these first
3481 cycles, a proper damage indicator should be selected related to the
resistance measurement results. The approach that has been presented in
Chapter 4 and 5 is no long appropriate, as that approach was developed
for isothermal conditions. Instead, (also taking into account that
complete sample failure had not occurred) changes in the temperature
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coefficient of resistance (TCRc) are taken as an indicator for the damage
evolution, as has been done earlier for evaluating material degradation,
such as copper interconnect and composite [43], [44]. However, these
methods only highlights the microstructural effects or the crack effects on
the TCR fluctuation, whereas in current case, it would be crucial to have
the viscoplastic deformation monitored by TCRc

measurement.

Therefore, in this study, the TCRc values were derived by linear
regression of all measured resistance-temperature data sets within a
particular cycle (about 60 pairs in ramp and also in dwell). The TCRc
values of all sample assemblies in the first five cycle are listed in Table 2.

Table 2: TCRc of each joint derived at the first five cycles

TCRc (nΩ/°
C)

Joint 1

Joint 2

Joint 3

Joint 4

495.3

502.6

526.7

400.6

Any TCR value is the product of the (volumetric) material response and a
geometrical factor (SF) defining the net geometrical contact zone covered
by the interconnect (thereby taking into account both viscoplastic shape
changes, as well as interfacial and intra-solder cracks, pores or other
spatial defects).
The normalized TCRc at each sequential cycle is calculated by subtracting
the initial TCRc listed in Table 2 from actual TCRc and then dividing
again by the initial TCRc. These normalized TCRc values are plotted as a
function of number of cycles in Figure 15. For all solder joints the initial
slowly increasing stage is followed by a stage of a more rapid increase in
TCRc with NoC. Most remarkably, for a given joint the normalized TCRc
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value at a particular NoC was always equal or higher than that for the
previous data point. The absence of scatter along a single curve is a clear
indication of the stability of the installation and the measuring devices, as
well as the robustness of the protocol to determine TCRc. Please realize
that the total duration of the measurement is about 3600 hours (or 5
months!). The figure shows a rather similar behaviour for all 4 joints,
with a slightly different behaviour for joint 4, which was slow to enter the
‘fast increase stage”, but once the normalised TCRc increased the rate of
increase was higher than that for the 3 other joints. It should be
mentioned explicitly that unlike the test conditions explored in chapters
4 and 5, in this test set-up there is absolutely no mutual influence
between the different joints.

Joint 1

Joint 2

Joint 3

Joint 4

6
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Figure 15: Normalized TCRc plotted against number of cycles.
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We will now try and interpret the change in normalized TCR. Many
variations of the solder materials during the temperature cycling test can
have an impact on the resistivity fluctuation and further affect the TCR,
such as grain growth, precipitant coarsen, IMC layer growth and
recrystallizations. Firstly, since the temperature difference of the cycling
test is not extreme and the cooling rate is slow (about 5 °
C/min),
recrystallization process is less pronounced and localized only in some
high strain spots, which becomes less influential on joint resistivity and
can be neglected [45-47]. Furthermore, according to the ageing studies
on SAC305 solder by Cook et al. [41], Kang et al. [48] and Guo et al. [49]
IMC layer growth will be a dominating mechanism to influence the
resistivity fluctuation surpassing all changes in the solder matrix, such as
grain growth and precipitants coarsen. Since the IMC Cu6Sn5 which
might form at the interface is a better conductor than the matrix SAC 305,
any IMC layer growth will only result in a resistance decrease. However,
the experimental results show that the resistance at high temperature
(100 ±1 °
C) only increases with number of cycles (see Figure 16), which
demonstrates the marginal effect (if present at all) of IMC layer growth.
Thus, the captured TCRc growth during ALT is most likely due to SF
change rather than changes in the temperature coefficient of resistivity of
the material itself.
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Figure 16: Resistance evolution of each joint at around 100 °
C (±1°
C)
with NoC.

Therefore, it can be assumed that the solder electrical resistance change
during the DLS test can be mainly attributed to the two processes:
viscoplastic deformation of the joint and resultant crack formation. Thus,
it is reasonable to assume viscoplastic deformation is most likely to be the
main cause for the early slow and synchronized TCRc increase stage, and
the crack initiation and propagation can be considered as the major
reason for the fast solder TCRc increase stage.
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We can use the FEM model to see the predicted effect of viscoplastic
deformation on the TCRc. The predicted effect on the change in
normalized TCRc with different expansion displacement is shown in
Figure 17.
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Figure 17: Simulated effects of viscoplastic deformation on TCRc.

A slow increasing trend of normalized TCRc with progressive expansion
displacement is observed, which confirms our hypothesis. It appears that
even the displacement is as large as 100 μm, the resultant TCRc change is
only maximum 40%. Additionally, the increasing trend of TCRc
according to progressive displacement also turns slower when
displacement is accumulated. Therefore, it seems highly unlikely that the
measured large change in normalized TCRc achieved (< 3) in the late
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stage of the test can be exclusively attributed to viscoplastic deformation.
The only possibility left is the crack effect then.
The effects of crack size on TCRc changes derived from FEM simulations
are demonstrated in Figure 18. It appears that TCRc will dramatically
increase with progressive crack size to a level that is comparable to or
even much larger than that has been observed experimentally.
Furthermore, compared to Figure 18, Figure 17 shows a far more
constant rate of increase in TCR with progressive displacement.

Figure 18: Crack size effect on Normalized derived by FEM simulations.
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Since there were already many discussions on “slow” and “fast” TCRc
change related to different root cause for the TCRc increase, it becomes
vital to investigate the onset of the crack formation. Thus, the first
derivative of the TCRc-NoC curves that reflect the increasing speed of
TCRc is plotted against the number of cycles for each joint in Figure 19.
The first derivative was derived as the linear regression slope of every 10
points in the TCRc-NoC curve.

Figure 19: First derivative of the TCRc-NoC curve plotted against number
of cycles and the derivation of the crack initiation cycle.
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The figure shows an increase a steady increase in the slope and in the
scatter with increasing NoC.

The scatter increase becomes more

noticeable in the steeper part of the curve. This change in scatter in the
slope can be attributed to the fact that viscoplastic deformation
accumulation in solder joint is a very stable process during temperature
cycling test (i.e. causing little scatter when using good equipment and
protocols), whereas, the later fatigue crack propagation and crack
opening and closure are a more stochastic process [3], [50-53]

(i.e.

causing more scatter). The crack initiation point now can be identified as
the particular test cycle at which a significant variance increase of the
TCRc-NoC curve occurs. This has been done by zeroing down the curve
average according to high order polynomial fitting, and deriving the
variance changing point according to mathematic tool in Matlab 2014a.
Details of the method are described in [54]. The predicted crack initiation
cycle is shown as N0 and marked in dashed line in Figure 19.
These predicted crack initiation cycle is verified by tomographic scan
results, which were obtained at cycle No. 1425. Considering the high risk
of breaking the bond wires, scans were only conducted on Joint 1 and 4
for just one time. The TC test was stopped at cycle No.1425, and these
two samples were taken out from the chamber to the CT scanner for 3
days. Test was then resumed. The tomographic pictures of Joint 1 and 4
are shown in Figure 20. According to the crack initiation cycle
predictions, a clear crack should be observable in Joint 1, whereas no
crack should be found in Joint 4 at 1425 cycles, which is in full
accordance with the tomographic results. In Figure 20 (a) a crack
initiated in the upper corner can be easily observed. However, no crack
can be found in Joint 4. Additionally, a relatively large difference in SOH
between Joint 1 and 4 was observed. As discussed in Chapter 3, variations
in SOH can be one of the principal reasons for scatter in the crack
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initiation point. The observed crack initiation points for solders 1 and 4
are in accordance with the predictions from the FEM model when taking
into account this difference in SOH.

a

Ceramic

Crack

b

PCB

170 μm

Ceramic

PCB

190 μm

Figure 20: Tomographic pictures of Joint 1 (a) and 4 (b).

The tomographic pictures also confirm simulated shape change of solder
joint due to viscoplastic deformation accumulation. A clear terraced
shape of joint 1 and 4 can be observed and also the tilt of the copper trace
is also presented. Moreover, another verification from tomographic
results is that the simulated normalized TCRc with different cracked area
size is quite comparable to the experimental findings for Joint 1 at the CT
scan cycle. It was revealed by the CT scan that the cracked area in the
solder joint at Cycle 1425 was about 10%, while the change in normalized
TCRc at that stage was 14%. The normalized TCRc in this case derived
from FEM simulation is 12%, which shows good agreement with the
experimental results. Additionally, considering the fact that viscoplastic
deformation was not taken into account in the simulation, a slightly
smaller normalized TCRc derived from simulation result is reasonable.
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6.4 Conclusions
Accelerated temperature cycling test was done to four LED like board
level ceramic packages with in-situ periodic high precision electrical
resistance monitoring for each solder joint inside. TCRc fluctuation
during the test of the solder joint was correlated to fatigue damage
evolution in the joint. A method to identify the crack initiation point
based on in-situ TCRc monitoring of solder joint is demonstrated and
verified by micro-tomographic results and FEM simulation predictions,
which can be quite attractive technique for solder accelerated test and
RUL prognostic.
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In this thesis, efforts were made to develop fast, reliable and cost effective
reliability qualification procedures for solder joints in SSL packages.
High precision electrical resistance measurements were found to be an
ideal method to monitor in-situ the fatigue damage in individual solder
joints during reliability testing. The low detection limit of the resistance
measurement enables the possibility to capture viscoplastic deformation
accumulation, crack initiation and crack propagation in solder joints
during isothermal fatigue testing or thermo-mechanical testing. In
addition, the feasibility of adopting this approach to develop Remain
Useful Lifetime prognostics has been demonstrated. Moreover, a lifetime
prediction approach combining both experimental results and theoretical
calculations is proposed and applied to investigate the effects of solder
geometry on the reliability of LGA assemblies. The main conclusions of
this thesis are as follows:


The widely accepted fatigue model for predicting the lifetime of
BGA solder joints is proven to be no longer valid for assessing
reliability of solder joints in a LGA assembly due to its
inappropriate critical element selection method. Therefore, a new
approach is proposed based on a statistical analysis of the creep
energy density distribution in the vicinity of the likely point of
crack initiation. Adopting this new critical element selection
method, a new energy based fatigue model for predicting LGA
solder life times has been established by combining lifetime
measurements with corresponding FEM simulations for different
material combinations and different LED package configurations.
The model shows a good prediction accuracy for lifetimes ranging
from of 1000 to 15000 cycles.



Based on a Response Surface Method analysis, it seems that in
general a smaller carrier size and a larger solder standoff height
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will result in better solder reliability. Additionally, solder
reliability decreases rapidly with solder coverage ratio. The ratio
between thermal solder area and electrical solder area AR has a
significant influence on solder joint reliability in a SSL system.
The optimal AR value is found to be related to carrier size and
solder coverage. In general, the optimal AR value increases with
increasing carrier size, and this phenomenon is more pronounced
in packages with smaller solder coverage. When the chip carrier
size is relative small, it is advisable to make the thermal pad and
electrical pad comparable. The proposed methodology in this
work, a combination of energy based fatigue modeling and FEM
modeling, proves to be very valuable for solder reliability
optimization for LED packages. The methodology can also be
applied to optimize the package configuration in terms of thermal
performance, electrical performance, cost and combinations
thereof.


A series of individual solder joints were tested in a double lap
shear (DLS) test with in-situ high precision electrical resistance
monitoring for each solder joint. The resistance measurement
accuracy during the test is derived as around ±80 nΩ. It is found
that with the specially aligned electrodes, the resistance curves as
a function of number of cycles first show a phase in which the
resistance decreases followed by a phase in which the resistance
increase. It is proven that in the decay phase no crack is present
in the joint, whereas evidence of crack presence is found in the
every joint that was in the resistance increasing phase..
Additionally, at larger number of cycles closer to final
catastrophic failure a saw teeth shaped signal was captured, which
is found to be related to crack opening and closure. The results
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indicate that viscoplastic deformation and crack related matters
are the causes of the decay and increasing phase respectively. As a
result, the crack initiation point must be in the transition zone of
the resistance-test cycle curve. The conclusions based on the
electrical resistance data

agree well with results from FEA

simulation, semi-online tomographic analysis and fracture
topographic analysis. The change in slope of the resistance versus
number of cycles curve at the point of crack initiation (obtainable
only for optimally configured electrodes offers great potential to
reduce testing time and enable online prognostic for solder
interconnect.


A series of individual solder joints was tested in a double lap shear
(DLS) test with in-situ high precision electrical resistance
monitoring for each solder joint with three different Electrode
Alignment Types (EAT). The effect of viscoplastic deformation
can best be separated from those due to crack formation in the
EAT 1 configuration, which allows a rather precise yet
conservative crack estimation of the crack initiation point. The
EAT 2 and 3 configurations show superior sensitivity to crack
opening and closure during fatigue cycling. The experimental
findings agree with results from FEA simulation and periodic
tomographic analyses. However, even for a very high resolution of
the electrical resistance measurement identification of the very
early stages of crack initiation (crack size less than 5% of the
solder contact area) remains not really feasible.



Accelerated temperature cycling test was done to four individual
LED like board level ceramic packages with in-situ periodic high
precision electrical resistance monitoring for each solder joint.
TCRc fluctuation during the test was correlated to fatigue damage
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evolution in the joint. A method to identify the crack initiation
point based on in-situ TCRc monitoring of the electrical
resistance of an individual solder joint is demonstrated and
verified by micro-tomographic results and FEM simulation
predictions. Also this method can be a quite attractive technique
for solder accelerated test and RUL prognostic.
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Summary
“Fast reliability qualification of solder joint in SSL lighting system”
Jing Zhang

Solid-state lighting (SSL), which is based 0n semiconductor Lighting
Emitting Diode (LED), is the most promising and reliable energy saving
solution for future lighting applications. Since a bare LED die can hardly
survive without a package, one of the most import function of the LED
package is to facilitate the electrical connection and heat dissipation of
the light engine mounted on a printed circuit board (PCB) by Land Grid
Array (LGA) solder joints. These joints have been proven to be one of the
most vulnerable link in the system. Therefore, evaluating the reliability of
solder joints becomes vital to ensure the long term reliability of this new
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lighting product. A combined theoretical and experimental approach
based on Finite Element (FE) calculations is a fast and commonly
adopted way of estimating the solder reliability in microelectronics
industry. However, there is no fatigue model that is particularly suitable
for Land Grid Array (LGA) solder joints, which are mostly employed in
board level LED packages. . Additionally, it would be desirable to have
cruder engineering guidelines to quickly estimate the effect of the various
geometries and dimensions for new trial LGA configurations. On the
other hand, relatively accurate lifetime predictions still required
Accelerated Life Tests (ALT). However, current reliability testing
methods based on the detection of final catastrophic failure generally
require very long test time (up to 9000 hours or 55 weeks), which does
not meet the industrial target to limit the testing time to 6-12 weeks. A
test method that is capable of carefully separating and in-situ monitoring
the fatigue damages may be able to resolve the issue by offering the
possibility of early termination of the test once enough information is
collected to predict final and catastrophic failure. In addition, this
capability can be attractive to make more accurate Remaining Useful
Lifetime prognostic of solder joint in many critical electronics in other
systems.
In Chapter 2, it was demonstrated that the widely accepted fatigue model
for predicting the lifetime of BGA solder joint no longer valid for
assessing reliability of solder joint in a LGA assembly due to its
inappropriate critical elements selection method. Therefore, a more
suitable critical element selection method for LGA assemblies is proposed
based on statistical analysis of creep energy density distribution for
elements in the vicinity of the likely crack initiation point. By adopting
this new critical element selection method, a new energy based fatigue
model for predicting LGA solder life times has been established by
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combining lifetime measurements with corresponding Finite Element
Method (FEM) simulations for different material combinations and
different LED package configurations. The model has a much better
predictive power than the model based on the BGA approach.
In chapter 3, a phenomenological response surface model is derived for a
fast qualification of the reliability of LED packages with different designs
by conducting a series of FEM simulations. It seems that a smaller carrier
size and larger solder standoff height in general will result in better
solder reliability. This trend is more pronounced in solder with smaller
carrier size and larger stand-off height. Additionally, solder reliability
decreases rapidly with solder coverage decreasing. The ratio between
thermal solder area and electrical solder area AR has a significant
influence on solder joint reliability in a SSL system. The optimal AR value
is also observed to relate to carrier size and solder coverage. In general,
the optimal AR value increases with increasing carrier size, and this
phenomenon is more pronounced in packages with smaller solder
coverage. When the chip carrier size is relative small, it is advisable to
make the thermal pad and electrical pad comparable. The proposed
methodology in this work, a combination of energy based fatigue
modeling and FEM modeling proves to be very valuable for solder
reliability optimization for LED packages. This methodology can also be
applied to optimize the package configuration in terms of thermal
performance, electrical performance, cost and combinations thereof. The
predictive power and the limitations of the approach are also discussed in
Chapter 3.
The advantages of in-situ high precision damage monitor during ALT are
demonstrated, which offers great potential to save testing time. In
Chapter 4, precise fatigue damage monitoring is proven to be achievable
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by conducting in-situ high precision (apx. ±80 nΩ) electrical resistance
measurement of each individual solder joint during testing. The method
was shown to be capable of capturing viscoplastic deformation
accumulation, resulted crack initiation and sequenced crack propagation
in an isothermal fatigue test. Moreover, in Chapter 5, it is demonstrated
that using dedicated electrode configurations, different types of fatigue
damages can be separated from each other or highlighted depending on
the testing purpose. The effect of viscoplastic deformation can best be
separated from those due to crack formation in one electrode
configuration whereby progressive viscoplastic deformation induces
resistance decay, whereas crack initiation and propagation provokes
resistance increasing. It allows a rather precise yet conservative
estimation of the crack initiation point. The other two configurations
studied demonstrated superior sensitivity to crack opening and closure
during fatigue cycling, which gives saw-teeth shaped signal patterns, in
which case the measured resistance increases with both progressive
viscoplastic deformation and propagating crack. The experimental
findings agree with results from FEA simulation and periodic
tomographic analyses. However, even for very high resolution of the
electrical resistance measurements as in the present work, identification
of the very early stages of crack initiation (less than 5% of the joint
contact zone) remains not really feasible.
In Chapter 6, the knowledge gained for monitoring failure under
isothermal conditions is transferred to the testing of solder joints
subjected to thermo-mechanical loading, employing a different crack
initiation identification method. Accelerated temperature cycling test was
done to four LED like board level ceramic packages with in-situ periodic
high precision electrical resistance monitoring for each solder joint inside.
Not the actual electrical resistance values but the change in Temperature
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Coefficient of Resistance (TCRc) of the solder joint was correlated to
fatigue damage evolution in the joint. Both viscoplastic deformation
accumulation and crack propagation increase the TCR.
A method to identify the crack initiation point based on the noise analysis
of in-situ TCRc monitoring signal of individual solder joint is presented.
It is observed that once a major crack is present in the joint the noise
level increases significantly, and the rate of TCR increase increases with
further crack growth. The crack initiation point as determined from the
electrical resistance data using a built-in variance analysis tool in Matlab,
was verified by micro-tomographic results and FEM simulation
predictions.

The new method as developed can be a very attractive

technique for both solder accelerated test and RUL prognostics.
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Samenvatting
“Versnelde betrouwbaarheidskwalificatie van soldeerverbindingen in
licht-emitterende diodes
Jing Zhang

Vaste-stof verlichtingstechnologie, gebaseerd op emissie vanuit licht
emitterende diodes (LED) is een veel belovend, betrouwbare en energie
besparende toepassing voor de verlichting van de toekomst. Een open
LED chip kan nauwelijks functioneren zonder omhulling en een van de
meest belangrijke functies van de LED omhulling is het bevorderen van
de warmte afvoer en de elektrische aansluitingen van het LED system dat
op een printkaart is gemonteerd door middel van veld-raster
soldeerverbindingen. Dergelijke soldeerverbindingen zijn aantoonbaar de
meest kwetsbare verbinding in het systeem. Het is daarom van vitaal
belang om de betrouwbaarheid van deze soldeer verbindingen te
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evalueren om daarmee de lange termijn betrouwbaarheid van deze
nieuwe verlichtingssystem te garanderen.
Een gecombineerde theoretisch-experimentele benadering gebaseerd op
Eindige Elementen (EE) berekeningen is een snelle en algemeen
aanvaarde

methode

in

de

micro

elektronica

industrie om de

betrouwbaarheid van de soldeer verbinding in te schatten. Er is echter
geen geschikt vermoeiingsmodel voor veld-raster soldeer verbindingen
welke het meest worden aangewend in printkaart LED omhullingen.
Daarnaast is het wenselijk om over technische richtlijnen te beschikken
waarmee het effect van verschillende geometrieë
n en afmetingen snel
afgeschat kan worden voor nieuwe configuraties veld-raster verbindingen.
Echter, relatief accurate levensduur prognoses vereisen nog steeds
versnelde levensduurtesten, maar de huidige testmethode gebaseerd op
de meting van compleet falen is in het algemeen langdurig (tot wel 9000
uur of 55 weken). De huidige testmethode voldoet daarmee niet aan de
industrië
le wens om de test tijd te beperken to 6-12 weken. Een test
methode die in staat is om precies en in-situ de verschillende
vermoeidheidsschades waar te nemen en

op grond daarvan de test

vroegtijdig af te breken zou een belangrijke stap vooruit zijn. Een
dergelijke methode kan ook

worden gebruikt om de restlevensduur

voorspellingen te doen voor cruciale elektronica in andere systemen.
In

hoofdstuk

2

is

betoogd

dat

het

algemeen

geaccepteerde

vermoeiiingsmodel voor bal-raster soldeer verbindingen niet kan worden
gebruikt om de levensduur van veld-raster soldeerverbindingen te
bepalen vanwege de ongeschikte methode van selectie van kritische
elementen. Daarom wordt een nieuwe

kritische element selectie

methode voorgesteld welke is gebaseerd op de statistische analyse van
kruip-energie dichtheidsverdeling in de nabijheid van het mogelijke
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initiatiepunt van scheurvorming. Uitgaande van deze nieuwe kritische
elementen selectie is een op energie gebaseerd vermoeiiingsmodel
ontwikkeld ter voorspelling van de levensduur van

veld-raster

soldeerverbindingen. In dit model worden de levensduur metingen
gecombineerd met eindige element simulaties van verschillend materiaal
combinaties en samenstellingen van LED omhullingen. Dit model heeft
een betere voorspellende waarde dan het model dat is gebaseerd op de
“bal-raster” benadering.
In hoofdstuk 3 is een fenomenologisch model afgeleid voor een snellere
kwalificatie

van

de

betrouwbaarheid

van LED

omhullingen

in

verschillende ontwerpen door een serie van EE simulaties. Het lijkt er op
dat kleinere afmetingen van de LED drager en een grotere soldeer dikte
in het algemeen tot betere soldeer betrouwbaarheid leidt. Deze trend is
duidelijker in soldeerverbindingen op een kleinere LED drager met een
grotere

soldeerdikte. Daarbij vermindert de soldeerbetrouwbaarheid

sterk met toenemende soldeer bedekking. De verhouding tussen soldeer
oppervlakken voor thermische geleiding en elektrische geleiding (AR)
heeft een substantië
le invloed op de betrouwbaarheid van de soldeer
verbinding in een LED verlichtingssysteem. Een optimale AR waarde is
ook waargenomen in relatie tot de grootte van de LED drager en de
soldeer bedekking. In het algemeen neemt de optimale AR waarde toe
met toenemende grootte van de LED drager en dit effect is sterker
waarneembaar bij LED omhullingen met kleinere soldeer bedekkingen.
Indien de LED drager relatief klein is wordt aanbevolen om het
thermische soldeer vlak en het elektrische soldeer vlak van vergelijkbare
grootte te maken. De voorgestelde methodologie in dit onderzoek: een
combinatie van energie gebaseerd vermoeidheid modellen en EE
methoden blijkt zeer waardevol te zijn om de betrouwbaarheid van LED
omhullingen te optimaliseren. Deze methode kan ook worden toegepast
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ter optimalisatie van LED omhullingen in termen van thermische
werking, elektrische werking, kosten en combinaties hiervan. De
voorspellende

mogelijkheden

evenals

de

beperkingen

van

het

gecombineerde model worden eveneens in dit hoofdstuk genoemd.
De voordelen van zeer precieze in-situ monitoring van schade gedurende
versnelde levensduur testen zijn aangetoond, dergelijke monitoring biedt
uitstekende mogelijkheden om test duur in te korten. Precieze schade
monitoring is haalbaar door middel van zeer nauwkeurige (ongeveer + 80
nΩ) in-situ elektrische weerstandsmetingen van iedere soldeerverbinding
gedurende de test. Het is aangetoond dat de methode geschikt is om
accumulerende viscoplastische vervormingen vast te leggen die leiden tot
initië
le scheur vorming en scheur toename gedurende een isotherme
vermoeiingstest. Tevens is in hoofdstuk 5 aangetoond dat gebruik van
speciale

electrode

configuraties

verschillende

type

van

vermoeiingsschade van elkaar kunnen worden gescheiden of versterkt
kunnen worden afhankelijk van het doel van de test.
Het effect van viscoplastische vervorming kan het best worden
gescheiden van scheurvorming in een electrode configuratie waarbij
toenemende
induceert

viscoplastische
terwijl

vervorming

scheurvorming

en

een

weerstandsreductie

scheurgroei

in

een

weerstandstoename resulteert. Hiermee is een redelijk precieze en toch
conservatieve schatting van het begin van scheurvorming mogelijk. De
twee ander configuraties die zijn bestudeerd vertonen een verhoogde
gevoeligheid voor scheuropening en –sluiting gedurende vermoeiingstest
cycli resulterend in een zaagtand vorming signaalpatroon, waarin de
gemeten weerstand toeneemt met zowel toenemende viscoplastische
vervorming evenals scheurgroei. De experimentele bevindingen zijn in
overeenstemming met de eindige elementen simulaties en periodieke
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tomografische analyses. Ook bij

zeer hoge resolutie elektrische

weerstandsmetingen zoals gebruikt in dit werk, is detectie van het begin
van scheurvorming (minder dan 5% van het verbindingscontact zone)
echter niet haalbaar.
In hoofdstuk 6 is de kennis die is opgedaan met het monitoren van falen
tijdens min of meer isotherme condities ingezet bij het testen van
soldeerverbindingen die zijn onderworpen aan thermo mechanische
belasting. Een versnelde temperatuur cyclus test is uitgevoerd op vier
keramische LED omhullingen met in-situ hoge precisie elektrische
weerstandsmetingen voor elke interne soldeerverbinding. Niet de
elektrische weerstandswaarde maar de verandering in de temperatuur
coë
fficië
nt

van

de

weerstand

van

de

soldeerverbinding

wordt

gecorreleerd aan het vermoeiiingsschade verloop in de verbinding. Zowel
de toenemende viscoplastische vervorming evenals de voortschrijdende
scheur vorming vergroten de temperatuur coë
fficië
nt van de elektrische
weerstand (TCW).
In dit hoofdstuk is een methode ingevoerd om het beginpunt van
scheurvorming te identificeren gebaseerd op de ruisanalyse van het insitu TCW monitor signaal van een individuele soldeerverbinding. Indien
in een soldeerverbinding een grotere scheur is gevormd, dan neemt het
ruisniveau aanmerkelijk toe, en met toenemende scheurgroei wordt ook
de mate waarin de TCW toeneemt versneld. Het beginpunt van
scheurgroei wordt afgeleid door een variantie analyse van elektrische
weerstandsmetingen en is geverifieerd door middel van micro
tomografische

metingen

en

eindige

elementen

simulaties.

De

ontwikkelde nieuwe methode heeft niet alleen een grote toegevoegde
waarde voor het versneld testen van nieuwe soldeerverbindingen, maar
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bij verdere ontwikkeling ook voor levensduurprognostiek van kritische
elektronische componenten.
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