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Abstract

Abstract

The aim of this research is to understand the failure modes and mechanisms of 

adhesive materials used to flip-chip bond a silicon die onto a polyimide substrate. The 

bonding material investigated in this research is called Anisotropic Conductive Film 

(ACF). This is a promising interconnection material and has gained extensive interest 

in the electronics packaging industry.

Both experimental and finite element analysis (FEA) methods were used in order to 

investigate the behaviour of the ACF materials when subjected to certain 

manufacturing and environmental testing conditions. The manufacturing condition 

investigated was a subsequent solder reflow process on an ACF flip-chip bonded 

device. The environmental testing condition investigated was the moisture test.

For the manufacturing condition, both experimental and modelling results 

demonstrate the impact of a subsequent reflow process on the behaviour of the ACF 

joint. Typical failures observed after this process were cracks at the pad/particle 

interface. This failure mode was more severe with a higher peak reflow temperature. 

This was also found using FEA where high tensile stresses were predicted in these 

regions. FEA modelling was also used to help identify the mechanisms leading to these 

failures. This is primarily due to the Coefficient of Thermal Expansion (CTE) miss- 

match in the materials and the elastic/plastic deformation behaviour of the conductive 

particle. Important design variables that can minimise these failures are the Young's 

Modulus and CTE of the adhesive and the height of the bump on the die.

For the environmental testing condition, an autoclave test at 121°C, 100%RH and 

pressure of 2atm was used. More than 85% of the ACF joints failed during the first 24 

hours of testing. The failure mode observed was cracking along the interface between 

the adhesive and substrate and pad. A macro-micro modelling approach was used to 

help identify the mechanisms leading to these failures. It was found that most of the 

damage is caused by moisture diffusion and associated swelling. Important design 

variables that will help minimise this mode of failure are: Coefficient of Moisture 

Expansion (CME) and Young's Modulus of the adhesive and the height of the bump 

on the die.
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Chapter 1 Introduction

Chapter 1

Introduction

This Chapter describes the background to the research undertaken and the aims. 

Also discussed are the layout of this thesis and a summary of the achievements made 

from this research.

1.1 Background

Major trends for today's electronic products are to make them smaller, lighter and 

cheaper, while at the same time more friendly, functional, and reliable. These demands 

have induced the rapid development of high-density, multi-function electronic 

components with increasing functionality packaged into smaller and smaller spaces. 

For example, in 1992 the typical video camera consisted of over 1800 components, 

with a density of 12 components per cm2 , and occupied 2380mm3 . In 1998 the video 

camera consisted of only 848 components, with a density of 21 components per cm2 

and occupied only 1598mm3 . The size of the video camera was expected to be further 

reduced by 50 percent by year 2002 [1].

Electronics packaging is a key technology that must be addressed in making robust, 

miniaturized and integrated products. Packaging is defined as the bridge that connects 

the Integrated Circuit (1C) and other components into a system-level board to form the 

product [1][3], Figure 1.1 shows a schematic representation of the packaging
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hierarchy. The first interconnection occurs at the level where the input/output (I/O) 

pads on the 1C are bonded to a substrate to form the first level of the packaging. This 

stage of packaging is referred to as an 1C assembly. The second interconnection is 

achieved between the lead frame of the first-level package and the electrically 

conductive pads on the printed circuit board (PCB). This is referred to as a board 

assembly. The system-level board, with components assembled on either or both sides, 

typically completes the system.

CSP

Wafer

Electronic Package 
Hierarchy

I Pint level package 
(Single chip Module)

First level package 
(Multichip Module)

Second level

(PCB or Card)

Third level package 
(Mother board)

Figure 1.1: The first three levels in the electronics packaging [1]

Different packaging technologies and materials are required for different 1C 

devices and applications. High density, high reliability, high yield and low cost as well 

as green packaging (lead-free) are currently the main issues in designing and 

developing electronic packaging technologies. One material that is a central theme to 

this research is anisotropic conductive adhesive (ACA). This material has the
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capability to produce high density I/O using low temperature assembly which is very 

attractive for many applications which cannot withstand the high temperatures 

associated with metallic solder connections. Liquid Crystal Displays (LCDs) are one 

application where anisotropic conductive materials have made a major impact.

ACAs consist of electrically conductive particles within a polymer matrix. This 

material can be placed between an 1C and a substrate to form the electrical 

interconnection. This connection is anisotropic as the current can only travel in the 

vertical direction.

The earliest concept of ACAs occurred in the 1950s and since then extensive 

research and development within the community has taken place [4]. In the early 

1980s, several companies, such as Sheldahl in the United States and Sony in Japan, 

were facing problems connecting low temperature materials. At this time Sheldahl and 

other flexible circuit manufacturers focused many resources to the problem of 

connecting ICs to low temperature circuit boards. In Japan there was a concerted effort 

in solving the connection problem for substrates used for liquid crystal displays.

The Japanese company Sony first introduced samples of an interconnect film that 

contained carbon fibres which were oriented in parallel and acted as the electrical 

conductors. At this time companies in the United States suggested that the conductors 

within the polymer matrix should be spherically-shaped metals and both Sheldahl and 

Amp produced ACAs using silver particles in 1985. Since then, considerable research 

has been undertaken around the world to develop new AC A materials. Today, ACAs 

are available in just every form and type ranging from liquid pastes to dry films, using 

thermosets and thermoplastics.

Anisotropic Conductive Films (ACFs) are now popular interconnect materials 

especially in the flat-panel display, disk drive and smart card industries, where the 

traditional solder alloys are becoming very difficult to achieve both fine pitch and low 

temperature assembly requirements. For example, the requirements for better 

resolution and colour quality of LCD panels induce higher numbers of pixels and more
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I/Os to be interconnected, thus the pitch size (i.e. the distance between the I/O pads) is 

becoming much finer. Using ACFs allows fine pitch connections of less than lOOum 

which is generally impossible to be connected using traditional solder alloys [5]. 

Lower processing temperature is another strength of ACFs compared to solder alloys 

since many components are sensitive to heat and cannot survive the solder reflow 

process where the peak temperatures can be as high as 250°C. For many electronic 

products and materials this temperature is far too high.

Adopting ACFs provides significant advantages of fine pitch connections and low 

temperature assembly. The material is also lead-free and hence satisfies many of the 

current environmental legislation restrictions stated in the European directives. The 

major concern with ACF materials is their reliability performance. Compared with the 

traditional metallic solder materials, especially the tin-lead solders, ACFs are very new 

with little documented reliability data.

1.2 Aims and Objectives of This Research

This research is motivated by the desire to improve the reliability performance of 

ACF materials and interconnections. The methodology used to undertake this research 

is based around both experimental work and finite element modelling.

The majority of published research for ACFs has focused on the bonding 

parameters (i.e. bonding temperature, pressure and time) and the behaviour of the 

material during accelerated life testing under thermal, vibration and moisture induced 

conditions. Although much work has been done, there are still some areas which are 

not fully understood and some questions still remain.

The electronic manufacturing industry is very interested in combining ACFs and 

solders onto the same board. This is for applications which require the fine pitch 

advantage©! 4GIs and the high reliability advantage of solders. The concern of this
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combining process is the behaviour of the ACFs when subjected to the high reflow 

temperatures required for solders.

Humidity and moisture diffusion into the ACF material results in stresses and is 

probably the major cause of failures with these materials [7][8][9][10][11][12][13]. 

Currently the failure mechanisms are still not well understood. One of the limitations 

of previous modelling research is mostly using the two dimensional (2D) models due 

to the difficulties caused by the multi-length nature of the problem, and thus the global 

effect was ignored. In some cases, three dimensional (3D) models of ACF flip chips 

were built, but the structure of each ACF joint was simplified [48][49][61].

The overall aims of this research project is to use both computer modelling and 

experimental failure analysis to investigate:

a) The ability to use both ACFs and solders on the same board. Can the ACF 

material withstand the high solder reflow temperatures?

b) The failure mechanisms of ACF materials when subjected to high humidity 

environments.

These aims will be achieved through:

1) Investigate on Flip-chip assembled 1C devices with ACF materials using 

different bonding conditions. Subject these devices to solder reflow 

temperatures and undertake a failure analysis study.

2) Building finite element models of the above assembly and predicting the 

locations of high stress throughout the package and ACF materials when 

subjected to a solder reflow temperature.

3) Using Flip-chip assembly of ICs onto flex substrates with ACFs and subjecting 

these to high humidity environments. Undertaking a failure analysis study.
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4) Building finite element models using a macro-micro approach to predict the 

behaviour of the ACF materials when subjected to a humidity environment.

These aims and objectives will provide an insight into the stress magnitudes and 

locations for ACF joints when subjected to a solder re flow profile and to investigate 

important design parameters that can minimise these stresses. With regards to the 

performance of ACF joints when subjected to high humidity test environments the 

study will provide an insight into the failure mechanisms and how specific changes to 

the geometry/material properties can increase the reliability of these materials. The 

study will also show how novel modelling technology can be used with experiments to 

help characterize the performance of electronical packaging materials.

1.3 Layout of This Thesis

There are 7 chapters in this thesis. The research background is presented in Chapter 

1, which outlines the challenges in the electronics industry at present and explains why 

the research on ACFs is important.

In Chapter 2, a literature review of the recent activities about AC A assemblies is 

presented. More than 50 papers are referred and classified into two main areas: 

experiments and computational modelling.

An introduction of flip chip technology is given in Chapter 3, the most common 

connection materials used in flip chips ranging from solder alloys to electronically 

conductive adhesives (ECAs) are described. The concepts of reliability and failure 

analysis of electronic products are discussed and the applications of ACFs in LCDs 

and disc drives are presented.

Chapter 4 details the whole process of the experimental work from sample 

preparation to reliability testing. The effects of bonding parameters, solder reflow 

temperature and moisture absorption on the electrical/reliability performance of ACF
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joints are studied and the results are presented in joint resistance, curing degree, and 

Scanning Electronic Micrographs (SEM).

In Chapter 5, modelling analysis on the performance of ACF joints during solder 

reflow process is conducted. The parametric study considers the effect of the 

coefficient of thermal expansion (CTE), Young's modulus of adhesive and bump 

height on the interfacial stresses in an ACF joint. The failure mechanism of ACF joints 

during solder reflow is discussed based on both modelling and experimental results.

The moisture effects on the reliability performance of an ACF flip chip assembly 

are discussed in Chapter 6. The wetness fraction technique is introduced and the 

moisture diffusion in an ACF flip chip under autoclave test conditions is predicted. 

The moisture induced stress is analyzed and the effects of the coefficient of moisture 

expansion (CME) and Young's modulus of adhesive, and bump height, on the 

interfacial stresses are presented. The failure mechanism of the ACF joints in 

autoclave test is discussed based on both modelling and experimental results.

Finally, a summary of the achievements from this research and the possible further 

work are discussed in Chapter 7.

1.4 Original Techniques and Findings

Findings and developments from this research can be categorised as follows:

1. Conditions for the compatibility of ACF with traditional soldering technology 

have been demonstrated. Both reliability testing and computational modelling 

have been used to identify the impact of geometry and material properties on 

the performance of the ACFs after being subjected to the high reflow 

temperatures associated with soldering.
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2. A moisture diffusion model was implemented into the finite element software: 

PHYSICA. This enabled the prediction of temperature, moisture and 

thermal/hygro stresses for the packaging components investigated.

3. A macro-micro modelling technique was developed to model phenomena 

taking place at the package (macro) and joint (micro) levels. 3D models of ACF 

flip chip assembly at both the macro and micro levels were developed.

4. In the solder reflow, the tensile stress along the interface between the 

conductive particle and metal pad tends to lift the bump from the pad causing 

the loss of the contact area and the increase in the contact resistance, this 

interfacial stress is much affected by the CTE value of the adhesive and the 

reflow peak temperature.

5. During the autoclave test, moisture diffuses mostly through the flexible 

substrate into the ACF layer; most ACF joints failed in the first 24 hours upon 

the moisture absorption. The moisture induced swelling effect contributes to 

the joint opening rather than the temperature effect.

This research work was involved in a collaboration research programme between 

the University of Greenwich and City University of Hong Kong. The computer 

modelling part of the work was undertaken at the University of Greenwich, and the 

experimental part of the work was undertaken at City University of Hong Kong. So 

far, this research work has resulted in 3 journal papers [126][127][128], 8 international 

conference papers [129][130][131][133][134][135][136][137] and 1 article for a trade 

magazine [138].

8
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Chapter 2

Literature Review

This Chapter reviews the public domain literature on research for AC A materials. 

More than 50 publications are referred in order to provide a concise, structured 

overview in this research area. Most of the recent research is summarized and 

classified into two main areas, experiments and computer modelling. The research 

work undertaken by using experimental technique is presented first, and followed by 

computer modelling.

2.1 Experimental Studies

There is plenty of research can be found using experimental techniques in the 

academic literature. The topics can be classified into three main areas: AC A materials, 

curing method and bonding process, and environmental testing.

2.1.1 ACA Materials

AC A consists of an adhesive matrix and randomly distributed conductive particles. 

During the bonding process, some of the conductive particles are captured between the 

chip bumps and substrate pads, deformed to achieve the electrical path between the 

chip and substrate. The cured adhesive helps maintain the deformation of the 

conductive particles after the bonding process is finished. A typical ACA connection 

system is shown in Figure 2.1.
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Bump

Pad Substrate

Adhesive

Conductive 
particle

Figure 2.1: A typical AC A connection system

ACAs are available in two different forms, film and paste, which are called as ACF 

and anisotropic conductive paste (ACP) respectively. Also there are two types of 

adhesive matrix available: thermoplastics and thermosets. Thermoplastic adhesives are 

thermally reversible and therefore have the good rework ability since they melt if 

heated to high temperature. The cross-linked thermoset adhesives, however, are not 

thermally reversible and are more mechanically stable in service temperature. 

Generally, the thermosets form stronger bonds that are more durable than the 

thermoplastics.

Metal coated polymer particles are commonly used in fine pitch interconnection 

because the distribution of the diameter of the particles is fairly uniform, hence they 

can be dispersed uniformly into adhesive resin [91]. This kind of particle can be easily 

deformed and the high connection reliability can be expected based on the elastic 

deformation of the particles. Besides the metal coated polymer particles, metal 

particles are also available such as nickel for connecting the metal electrodes which 

can easily be oxidized.

ACAs can be used on several kinds of substrates, such as flex substrate, organic 

and ceramic substrates, Indium-Tin-Oxide (ITO) coated glass. The flex substrate is a 

flexible material that is widely used for the connection between the LCD to LCD drive 

ICs. Such assembly needs a dedicated machine to align the components and cure the

10
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ACAs accurately. Much experiment research using flex substrates are found in the 

literature from the Department of Electronic Engineering, City University of Hong 

Kong [15][16][17][18][33][34][36][37]. Ceramic and organic substrates were studied 

by Ogunjimi et al. [19], it was concluded that the uniform conductivity and high yield 

were more readily obtained with ceramic substrates than the organics; however, 

improvements to the organic substrate pad geometries may increase substrate 

performance. A review of using chip on glass (COG) technologies in LCD applications 

has been undertaken [14]. The main advantages of using COG are the reduction in the 

cost and the size of the display module, since COG allows the chip drive to be bonded 

directly to the ITO traces on the glass. However, COG technology does cause 

difficulties, for example, the bonding pressure imposed on the backside of the 1C must 

be controlled precisely, since an excessive pressure on bumps can cause glass 

breakage.

Due to the cost of the chip bumping process, bumpless dies are under investigation 

for the possibilities to be used in ACA assemblies. Without bumps, the bonding 

surface of a bumpless die is flat and normally made of Aluminium (Al) surrounded by 

a SiN insulation layer as shown in Figure 2.2.

SiN Alpad
Au bump 

UBM

Siliconc

(a) Bumpless

Passivation

(b) Au bump

Figure 2.2: Structure of bumpless and Au bump dies

The main concern of using bumpless dies is the oxidation of the Al after exposure 

to the high temperature and humidity environment which may cause an increase in the 

joint resistance [91]. The adhesion strength between the aluminium surface and the

11
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cured adhesive was studied by Zhang et al [18]. Good performance was observed after 

considering the influence of bonding pressure, bonding temperature and moisture 

absorption. Strength between the ACFs and the aluminium was not affected seriously 

by bonding pressure but it increased with bonding temperature. It was suggested that 

the oxidation reaction could provide a fresh rough surface that may enhance adhesion 

strength. Tan et al. [9] reported the reliability performance of ACF flip chip assemblies 

using bumpless dies during the pressure cook testing, the joint resistance increased 

during the test and some micro cracks were observed along the interface between the 

copper trace and the adhesive. The formation of the oxidation layer on the top surface 
of the aluminium metallization was concluded as one of the main reasons for stress- 

corrosion cracking.

The reliability performance of the ACF filled with nickel particles or metal coated 

polymer particles during the thermal cycling test was compared by Frisk et al. [21]. 

The ACF filled with metal coated polymer particles showed less delamination after 

reliability testing, the nickel particles were more rigid than polymer particles and had 

less potential to compensate the expansion of the adhesive matrix when the 

temperature increased. Paik et al. [22] studied the effect of the non-conducting silica 

fillers on the thermo-mechanical performance of the modified ACA materials. The 

results suggested that the content of non-conducting fillers was a key factor which 

controlled the basic material properties of ACA composition. As the content increased, 

the storage modulus increased and the CTE below the glass transition temperature (Tg) 

decreased. The changes in these material properties induced better reliability 

performance of ACA packaging when using higher content of non-conducting fillers. 

Yim et al. [23] proved the effect of the CTE of the ACA on the thermal strain 

distribution in an ACA assembly, the thermal strain decreased proportional to the CTE 

of ACA. In another paper [24], the same group studied how to improve the thermal 

conductivity by incorporating silicon carbide (SiC) fillers into the ACA formulation.

Besides the filler types, the structure of ACF was also studied. The structure of a 

double layer ACF is shown in Figure 2.3. Compared to the single layer ACF, double

12
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layer ACF consists of a layer filled by conductive particles and an additional non-filled 

layer. It has been demonstrated that the number of conducting particles trapped 

between metal pads in a double layer ACF assembly was much higher than those in a 

single layer ACF. In this case, the risk of short circuits occurring in the double layer 

ACFs was expected to be lower than that in the single layer ACFs. Chiu et al [95] 

studied the possibility of short-circuiting between adjacent joints in fine pitch ACF 

interconnections under the effects of electric field using both kinds of ACFs. The 

double layer ACFs consisting of nickel/gold (Ni/Au) coated particles showed the 

similar performance as the single layer ACFs which contains Ni/Au coated particles 

with insulation layer. For both kinds of ACFs, the possibility of short circuiting 

occurring is highly dependent on the curing degree of the adhesive. Curing degree 

above 80% was suggested to achieve stable conductive adhesive joints without short- 

circuiting under the effects of electric field.

Non-filled adhesive layer

Conductive particle 
filled adhesive layer

Flow direction of 
adhesive resin

Bump

Pad

Figure 2.3: Structure of a double layer ACF and its assembly
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2.1.2 Curing Methods and Bonding Parameters

The demand for lighter, faster, and smaller microelectronic devices has created a 

need for new materials and new material processing methods. One of the biggest 

contributions to the processing time for advanced, high performance ICs and for 

packages is the time required to cure polymer dielectrics. A number of papers have 

focused on finding alternatives to thermal processing techniques for curing polymer 

dielectrics [24]. There are three kinds of curing methods that can be used for AC A 

assemblies, thermal curing, ultraviolet (UV) curing and microwave curing. Currently, 

most of ACA assemblies are finished by thermal curing and there is plenty of research 

that has been focused on the reliability performance of thermal curing joints.

ACAs cured by UV radiation offers several advantages over the conventional 

thermal curing process, these include rapid cure, little to no emission of volatile 

organic compounds and without affecting other components in the assembly [25]. 

Recent developed UV type ACAs have been suggested for use in heat sensitive 

electronics packages. In order to optimize the bonding conditions for the fabrication of 

UV curable ACA, research on smart card packaging has been carried out [15][16][17]. 

By comparing the experimental results in curing degree, shear strength of the ACA 

joint and the reading distance of the smart card samples, a set of parameters which 

gave better performance of the chip on flex (COF) bonding were determined. The 

higher UV light intensity, the longer exposure time led to a higher curing degree of the 

ACAs. The longer the post-curing time and the higher pre-bonding light activation 

intensity, the greater the shear load required to detach the test chip and the flexible 

substrate. These reliability studies have contributed to a better understanding of the 

failure mechanism of the UV cured ACA joints in smart card applications.

Microwave heating can significantly speed up the curing process of polymer and 

polymer-based composites. It also offers other advantages over conventional thermal 

processing techniques, such as selective heating of materials through differential 

absorption, penetrating radiation, controllable electric field distribution, and self- 

limiting reactions [26] [27]. Therefore, a number of researchers have recently

14
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investigated the use of microwave radiation to cure adhesive joints [28][29][30], and 

single mode microwave cured adhesives for electronics packaging applications have 
been developed [31]. Recent theoretical work has studied the microwave transmission 

through the electrically conductive adhesive (EGA), heat generation and transfer inside 

the EGA and subsequently the microwave heating rate of the EGA. It showed that the 

penetration depth of the skin effect in the metal filler was significantly smaller than the 

one of a bulk metal material. The heat generation e.g. microwave power absorption 

was negligible in the metal filler due to its high electric conductivity [28]. Islam et al. 
[29] have studied the microwave preheating mechanism in order to decrease the 

bonding temperature of ACA assemblies and suggested if the microwave preheating 

was used for 2-3 seconds prior to the final bonding, the maximum curing temperature 

could be reduced by 10 to 170°C. Wang et al [30] introduced a new technology called 

Variable Frequency Microwave (VFMW) and demonstrated it's capability in curing 

metal-filled EGAs.

With regards to the thermal curing joint, there are plenty of papers about the effects 

of the bonding parameters on the electrical and reliability performance of ACF joints 
[32] [3 3] [34] [3 5] [92]. It was proved that the performance of ACF interconnects was 

much affected by the curing level of the adhesive and the transformation degree of 

conductive particles which were mainly determined by the bonding parameters such as 
bonding pressure, bonding temperature and bonding time. The curing degree also 

affected the adhesion strength between the adhesive and the flex substrate. Hence the 

adhesion strength increased with the curing degree [36]. Tan et al. studied the thermal 

stability of ACF joints bonded at different bonding temperature ranging from 160°C to 

225°C. ACF cured at a higher bonding temperature was thermally less stable, 

especially at 225°C as compared to at a lower bonding temperature. According to the 

Fourier Transform Infrared Spectrophotometer (FTIR) test results, high bonding 

temperature would promote a thermal oxidation reaction, this would later affect the 

reliability performance of the ACF [37],
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2.1.3 Environmental Testing

Reliability of ACA assembles has presented a big challenge to the replacement of 

traditional soldering. The moisture effect on ACA packaging has been acknowledged 

as a key reliability issue and was studied experimentally [8][9][10][38]. Cao et al [38] 

studied the interfacial adhesion of ACA assemblies under different environment 

conditions and found that the interfacial fracture toughness decreased by 25% after 48 

hours exposure at 85°C/85%RH condition. The fracture usually occurred at the 

adhesive/polyimide substrate interface. It was also found that the moisture uptake was 

directly proportional to temperature and time as shown in Figure 2.4, where the higher 

the temperature, the higher the saturated moisture content was.
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Figure 2.4: Water absorption at five temperature levels (100%RH, latm)
(courtesy of Cao et al. [38])

The effect of moisture and temperature on the interfacial toughness of a 

polymer/metal interface was studied by Ferguson et al [8], the results proved that the 

interfacial toughness was severely affected by the presence of moisture rather than 

temperature and the dominant failure mechanism for the reliability of the interface was 

attributed to moisture being directly present at the underfill/copper interface. Moisture
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was believed to be the most important factor in the degradation of an 1C flip chip 

bonded on flexible substrates, especially cyclic exposure of adhesives to humidity and 

temperature was much more harmful to the quality of the flip chip on foil adhesive 

interconnects than continuous loading [44]. Lam et al [40] developed a chemical 

kinetic model for describing the stress-assisted hydration of adhesion bonds; the model 

revealed that time to failure was dependent on the saturation water content, the stress 

gradient, and the water concentration gradient and was exponentially dependent on the 

peak stress. It was concluded that the bond degradation was governed by time- 

dependent stress-assisted hydration rather than governed by the water concentration 

alone.

Both the thermal cycling test (-40°C to 85°C) and humidity test (85°C/85%RH) 

were carried out by Frisk et al. [21] using ACF flip chip on Liquid crystal polymer 

(LCP) flexible substrate, delaminations were found within the ACF samples after 500 

hours thermal cycling test, however, no delamination was found in the test samples 

after the humidity test. The thermal cycling reliability of ACF flip chips on organic 

substrates was studied by Kwon et al. [41]. The thermal induced deformation and 

warpages were investigated using in situ high sensitivity moire interferometry and the 

effects of ACF materials on the thermal strain and susceptibility to delamination were 

studied. It suggested that the ACF properties had a significant role in overall reliability 

during thermal cycling testing, low CTE and high modulus can reduce the thermally 

induced shear strain in ACF layer and increased the overall thermal cycling lifetime. 

Ali et al. [42] also reported that the glass transition temperature of ACF had a 

significant effect on the reliability during the thermal cycling test. The test samples 

showed more increase in contact resistance when the thermal cycling profile exceeded 

the Tg of the ACF. Especially, the reliability of small pitch size flip chip on flex 

interconnections (pitch size < 80um) was tested in 85°C/85%RH environment and -40 

to 125°C thermal shock trials. It was suggested that reliable joints could be achieved 

by using suitable adhesive and optimum pad design [43].
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The SMT-compatibility of adhesive flip chip on foil interconnections with 40um 

pitch was studied by Vries et al. [45]. The samples were subjected to a certain well- 

defined humid environment (168 hours at 30°C/60%RH with an accelerated soak 

requirement of 40 hours at 60°C/60%RH) and then pass three times through a reflow 

oven. The gradual degradation in the subsequent humidity stress tests was observed 

and suggested due to the progressive decline of the initially present compressive force. 

The 40um pitch assemblies have a failure distribution that is very much comparable to 

the lOOum type. The study has shown the feasibility in the moisure and reflow 

soldering test of such assemblies with a first level pitch down to 40um.

The effect of solder reflow on the reliability performance of ACF assemblies was 

also studied by Chiang et al. [20] using bumpless dies. The ACF joint behaved 

differently under different reflow soldering profiles. The lower reflow temperature 

resulted in more reliable ACF joints by maintaining low contact resistance. By 

contrast, higher contact resistance was measured from the assemblies treated with 

higher reflow temperature. Under humidity aging (85°C/85%RH), bumpless chips 

proved to be unreliable due to a corrosion mechanism. Moreover, the ACFs showed 

degradation in chemical and physical properties, including modulus reduction, Tg 

depression, polymer hydrolysis, and surface swelling after exposing to humidity aging.

Other reliability tests results on ACFs include the impact test reported by Wu et al. 

[46], mechanical loading test reported by Tan et al. [47], the 3-points bending test 

reported by Rizvi et al. [48], and thermal aging test reported by Tan et al. [37] etc. All 

of this experimental research has generated much reliability data which is very useful 

for the electronics packaging industry.

2.2 Computer Modelling

Component package design and assembly process in electronics manufacturing 

require careful observation and pre-planning to achieve the ultimate goal of 

manufacturing low cost and reliable products. Use of simulation to help validate and

18



Chapter 2 Literature Review
sssssssss^ssssssssss

understand reliability is required to assure that technologies are deployed with 

reasonable risk. Computer modelling method to predict reliability are needed to speed 

development processes [50].

Computer modelling analysis, in particular the finite element analysis (FEA), is 
being used as a powerful tool to predict the behaviour and responses of ACA 

assemblies during bonding process and reliability testing. The ACA bonding process is 
quite complicated and there are a number of key steps including pre-assembly, 
component placements, heating, assembly pressure applications, resin flow and 

particle compression, resin cure, assembly pressure release, and cooling [51]. So far, 
computer modelling work has been mainly focused on three aspects including flow 

analysis, thermal mechanical analysis and hygro-mechanical analysis.

2.2.1 Flow Analysis of Bonding Process

The success of the ACA bonding technology is sensitive to the number and 
distribution of the conductive particles trapped between chip bumps and substrate 

pads. The final position reached by a particle is determined by the flow of the adhesive 
during the bonding process. Therefore, to understand the adhesive flow behaviour 
during the bonding process is important for improving the ACA technology.

During the ACA bonding process, the compression/flow of the adhesive resin is 

divided into two distinct types [51]. These are: Type I flow, where the bumps on the 
substrate of components penetrate into the adhesive and the adhesive flows into the 
gaps between the pads; and Type II flow, where all of the space between the pads has 

been filled and the adhesive must then flow out from under the component. A typical 
situation of the particle flow is given in Figure 2.5.

The ACA bonding process is ideally expected to be finished when the type I flow is 

fully completed and the type II flow just starts. If the type I flow is not finished, voids 
could remain under the components, and thus reduce the bonding strength and the 
reliability of ACA assemblies. In the potential type II flow process, when the free
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space beneath the chip is filled, the adhesive will be squeezed over the whole chip 

area. Large pressure differences arise from the centre to the edge of the chip and this 

pressure gradient can lead to substantial distortion of the component and substrate 

[51]. Therefore, this part of the flow process is not desired and mainly eliminated by 

choosing the appropriate film thickness, bond pad size and height. However, 

limitations on the choice of these parameters always result in significant Type II flow. 

Thus, previous studies have modelled both of these two types of flow by using 

analytical or finite element models.

R

Bump

Figure 2.5: Schematic drawing of an ACA flow during the bonding [51]

Ogunjimi et al [52] approximated the component as being circular, with a purely 

radial adhesive flow, and used the Scott equation to model the rate of compression of 

the adhesive dhldt during the type II flow. The flow rate was dependent on the 

adhesive properties as well as the applied process assembly force, F, and the geometry, 

i.e.:

dh_ 
dt

n 2n+\

>«+3 (2.1)
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where R is an effective component radius and defined as R = L/VTT , L is the 

component length/width. // 0 is the consistency of the adhesive and n is the power law 

index of viscosity and the viscosity, A/, is given by:

'/ = '/„<;»" ' (2.2)

Equation 2.1 assumes that R»h, however the comparison of the prediction from 

Equation 2.1 with computational fluid dynamics (CFD) models showed that this 

equation was applicable with only small errors down to Rlh ~ 3 [53]. For «=1, i.e. for a 

Newtonian fluid, Equation 2.1 is simplified to:

(23)
dt

Dudek et til. [54] also modelled the adhesive compression process analytically 

using a 2D representation rather than the rotationally symmetric approximation used 

by Ogunjimi:

(2.4)
dt rjbL*

where L is the pad/component length and b is the pad width. The 2D approximation of 

Equation 2.4 is likely to be more appropriate for assemblies where the pads have high 

length to width ratio, such as LCD to flex connections. Equation 2.4 neglects the 

effects of shear thinning of the adhesive, which significantly affects the resin flow and 

can not be safely used for type II flow if the adhesive resin flow is non-Newtonian.

Dudek et al. [54] also analyzed the type I flow process using numerical analysis 

with a single bump. The conductive particles were treated as dimensionless points 

embedded in a viscous matrix during the bonding. It demonstrated that the temperature 

gradients in the thickness of the foil can cause the viscosity gradients over the gap
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height which can slow down the process of particle emigration from the bumps 

remarkably.

Mannan et al. [53] modelled the initial stages of ACA joints assembly process and 

predicted the time required to squeeze out the adhesive from beneath the chip with the 

ignoring of the presence of the conducting particles in the adhesive. In the later report, 

Mannan et al [55] studied the ACA squeezing process using a CFD software package: 

Fidap 7.52. This CFD modelling successfully took into account the detailed geometry 

of the assembly and showed the paths taken by infmitesimally small conducting 

particles.

Whalley et al. [56] successfully coupled the thermal conduction with flow process 

during the ACA bonding process using PHYSICA software with simplicity of the 

domain geometry. As the adhesive viscosity was highly temperature dependent and a 

temperature gradient through the adhesive film thickness was expected to create an 

asymmetrical flow distribution, this flow model was improved by allowing simulation 

of non-Newtonian behaviour with both shear rate and temperature dependent viscosity.

Based on the force versus displacement relationship measurement of a kind of 

particle, Whalley et al. took into account the stiffness of the particles and extended 

Equation 2.1 as below:

dh = n ( (n + 3)(F-NK(D-h)2 )h2n+l ^ 
dt 2n + l n+3 (2.5)

Where F is the total force carried by the particles, TV is the total number of particles 

under compression and D is the particle diameter, K is a constant which, for the 

particles tested, was 0.20^10'9, the predicted results showed that once the particles 

begin to compress they did slow down further flow out of the resin, but the flow did 

still continue and over compression of particles would still occur, although somewhat 

later than predicted by Equation 2.1.
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2.2.2 Mechanical and Electrical Behaviour of Conductive Particles

The electrical performance of the AC A joint is dependent on the contact status 

between the conductive particles and pad metallization. During the bonding process, 

the conductive particles are deformed and locked in a compressive state which is 
maintained by the shrinkage force in the adhesive matrix. The stress created in the 

bonding process and reliability test process was studied in some reports by using 
modelling technique [54] [5 8] [59] [60] [61] [62]. However, due to the phase change of 
the polymer foil from viscous to solid, the effect of the adhesive matrix on the stress 

generation of conductive particles during the bonding process was usually ignored.

Buratynski et al [58] modelled the transient heat flow occurring during the curing 

process and the resulting residual stress. These models provided some extremely 
valuable insights, but assumed that the adhesive flow had completely finished and that 
all of the assembly force is therefore carried by the conductive particles before resin 

curing commences.

Wu et al. [59] simulated the stress generation during the bonding process using 
FEM, it was reported that both for rigid and deformable particles, significant stress 
was built up at the interface between the two contacts, as shown in Figure 2.6. This 

offered a useful insight into the stress distribution around the conductive particle 
during the bonding process, but only a very simplified finite element analysis of a 
particle embedded in a bonding system was used, and the effect of the adhesive matrix 
on the mechanical response was neglected in this research.

Pinardi et al. [60] and Wu et al. [61] made a complete analysis of the effect of 
bump height on the stress and strain distribution in the AC A joints during the 
compression, cooling process and thermal cycling test. The results showed that the 

residual stress was larger on rigid substrates than on the flexible substrate after 
bonding. The thermal stress increased with the thickness of the bump, also large strains 
were found with thicker bump. In these two papers, the particle was considered as 
infinitely small and ignored in the research.
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Figure 2.6: Deformation distribution of different particle systems, (a) rigid particle 
system, (b) deformable particle system and (c) fully deformable system (courtesy of

Wu et al. [59])

The transient analysis of the temperature field during the bonding process was 

studied by Dudek et al. [54]. The result showed that the heat immediately spread over 

the whole chip, when an initial temperature jump was assumed as shown in Figure 2.7. 

The temperature at the bottom of the chip reached almost the upper chuck temperature 

within a few milliseconds. After 50ms, the temperature at the bottom of the adhesive 

layer was about 90% of its stationary value, while the solution became almost 

stationary after 0.5s.

30 i ( )

1=0 04s t=131$ t=1048«

Figure 2.7: Temperature iso-surfaces during bonding at different times of the process
(courtesy of Dudek et al. [54])
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Dudek et al [54] also studied the stress development and stress relaxation process 

in the AC A joints during the bonding process and the following cooling down process 
using a 2D model including two conductive particles. In this study, the mechanical 
influence of the polymer foil on the particle deformation was neglected during the 

particle deformation process in order to simplify the analysis. After the bonding 
process, the free stress polymer foil was added into the model to study the thermal 
induced stress during the cooling down process. The tensile stress distribution after the 

bonding and subsequent cooling down process is shown in Figure 2.8.

EH**
Figure 2.8: Stress ayy and particle deformation caused by bonding at 190 °C and 

subsequent cooling to room temperature (courtesy of Dudek et al. [54])

The effect of bonding force on the conducting particles with different sizes was 
studied by Yeung et al [62]. FEM analysis was used to model the transient heat 
transfer problem and the mechanical influence of the conducting particle in the ACA 
assembly. The result showed that a larger bonding force and a smaller particle size 
would lead to a larger stress concentration, this would be a preferential site for crack
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initiation and propagation. Moreover, the stress concentration was located at the edge 

area especially for the gold coating layer.

Some theoretical analysis was focused on the relationship between compression 

and the electrical conduction of ACAs. Williams et al [63] analyzed the contact area 

and resulting contact resistance for a solid metal sphere on a yielding substrate and 

explored the effect of the conductor particles on the post assembly elastic properties of 

the adhesive. Williams et al. [64] then used this analysis to explore the effect of 

assembly pressure and contact particle size and density on conductivity. Yim et al. 

[65] presented analytical and FE based models of the contact resistance for both solid 

and polymer cored spheres and reported an increase in contact resistance due to over 

compression, particularly for polymer cored conductor particles. All of these studies 

assumed uniform compression of the adhesive, although Shi et al. [66] extended the 

analytical models of conductivity to include the size distribution of the particles, single 

particle conduction and multi particles conduction were both studied. Chin et al. [67] 

reviewed the existing approaches to predict the contact resistance of ACA assembly 

and the discrepancies among these models between the model prediction and 

experiments were highlighted. Maattanen et al. [68] calculated the particle resistance 

as a function of particle deformation degree using a conduction model for the metal 

coating polymer particle. It was found that the resistance was independent of the 

particle size, but depended on the resistivity of the particle, the thickness of metal layer 

and the degree of deformation as shown in Figure 2.9.

Dou et al. [69] further concluded that the greater the level of particle 

transformation, the thicker the metal coating layer and the greater the resin diameter, 

the lower the particle resistance was, according to the numerical analysis of the Ni/Au 

coated polymer particles. It showed that the ACF particle resistance was determined by 

the particle transformation and the particle geometries; however it was more sensitive 

to the transformation and the nickel layer thickness than the resin diameter and the 

gold layer thickness.
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Figure 2.9: Predicted particle resistance for different degree of deformation, (a) for 
Au/Ni-polymer with various metal thicknesses, (b) for solid metal particles (courtesy

of Maattamn et al. [68])

The most stable values of the transformation degree were reported as 40% for 

metal coated particles [70][71]. Research using mathematical models of ACF particle 

assumed that the transformation degree in a safety region (30%-60%) had successfully 

predicated the characteristics of ACF particle conduction [69] [72].

2.2.3 Moisture Absorption and Induced stresses

Moisture induced failure is one of the most important issues with ACF materials. 

The adhesive can easily absorb moisture from the environment and moisture 

absorption can cause adhesive swelling, particle oxidation, and even metal corrosion 

etc. A significant amount of experimental work has been done based on the thermal- 

humidity test environment and autoclave test [7] [8] [9] [10]. But few papers have been 

published using the computer modelling technique.

The moisture diffusion into an ACF package can be described by Pick's Law of 

diffusion [11][12]. That is, the process is governed by the following differential 

equation:
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dC = D
dt dx dy dz

(2.6)

Where D is the coefficient of moisture diffusion, C is the moisture concentration.

When the temperature changes in an assembly which is made of more than one 

material, stresses build up due to the CTE mismatches in the materials. Similarly, 

when moisture absorption takes place in an ACF assembly, stresses also build up due 

to the mismatches in coefficient of moisture expansion (CME) or variations in 

moisture content. These are called hygroscopic stresses. Assuming that the mechanical, 

thermal, and moisture induced strains are independent of each other, then the 

mechanical strain is calculated as the total strain less the thermal strain and the hygro 

strain [12]. The calculation can be expressed as:

mechanical _ total _ thermal _ hygro
& — ' Cf o &

According to the constitutive relations between the strain components and the 

corresponding stress components, for the thermal-hygro-elastic analysis, the stresses 

can be calculated as:

<r =lt (ftC) 8jk (2.8)

Where ju and E are the Poisson's ratio and the Young's modulus respectively, /? is

the CME, a is the CTE, AT is the temperature change (thermal load), and C is the 

moisture concentration. 1 and G are known as the Lame constant and shear modulus 

which are directly related to the Young's modulus and Poisson's ratio:

, G =

Wei et al. [11] studied the moisture diffusion and moisture induced stress inside an 

ACF assembly under 121°C, 100%RH, 2atm condition. A 3D transit moisture
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diffusion model was built up and the moisture gain versus the time was drawn. The 

moisture induced stress due to the moisture absorption was studied using a 2D model. 

Caers et al [10] studied the moisture induced failures under 85°C/85%RH testing 

condition using experimental and modelling methods. The 2D model of the moisture 

ingress was illustrated and showed that the adhesive layer can be fully saturated with 

moisture after 1.5 hours of the test.

Moisture induced ACF swelling and interfacial delamination was reported as the 

major cause of ACF failures by Mercado et al. [12]. The test condition was the 

autoclave test at 121 °C, 100%RH and 2atm. Both thermal induced compressive stress 

and the moisture induced tensile stress were studied using the 2D model as illustrated 

in Figure 2.10. With moisture absorption, due to the swelling effect of adhesive, the 

loading condition at the interface was found tensile dominant, which corresponded to 

lower interface toughness (or fracture resistance). This condition was concluded to be 

more prone to interface delamination. Kim et al. [13] processed the moisture diffusion 

analysis using 3D finite element method and calculated the vapour pressure in a flip 

chip package which was used to evaluate the delamination strength during the solder 

reflow.

(a)

(b)

Figure 2.10: Finite element model (a) structure of the global and local area (b) mesh
information (courtesy of Mercado et al [12])
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2.3 Summary

A literature review has been presented in this Chapter. The recent research 
achievements in this area are summarized into two areas, computer modelling and 

experiments, in order to give a clear summary of state of the art. There are plenty of 
papers published in this research area so far and most of them are related to the 

reliability performance of AC A assemblies.

Although much work has been done, there are still some areas which are not fully 

understood and some questions still remain. One of the limitations of previous 
modelling research is mostly using the 2D models due to the difficulties caused by the 
multi-scale nature of the ACF package. In some cases, 3D models were built, but the 
structure of ACF joint was simplified. In this PhD research, a 3D macro-micro 
modelling technique is developed which enables a more detailed 3D modelling 
analysis of an ACF package than previously. By using this technique, the failure 

mechanism of an ACF flip chip on flex substrate in an autoclave test environment is 

studied.

The issue of SMT-compatibility is attracting more and more attention in the 
electronic industry. Having the mixed board technologies containing both ACFs and 

solders on the same substrate has a number of advantages. The challenge and concern 
for industry is the ability for the ACF materials to survive the high solder reflow 

temperatures. By using both computer modelling and experimental techniques, the 
effect of solder reflow temperature on the reliability performance of ACF assemblies 
are analyzed in this research and in particular, the impact of moving from tin-lead 
soldering to lead free soldering on this combined technology is demonstrated.
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Chapter 3

Flip Chip Technology

In this Chapter, the flip chip technology used for 1C packaging is introduced and 
compared with other traditional technologies such as wire bonding and tape automated 
bonding (TAB). The materials used for the flip chip interconnection, ranging from 
metal alloys to conductive adhesives are introduced and compared with each other. 
Finally, The concepts of reliability and failure analysis of electronic products are 
discussed and the applications of ACFs in LCDs and disc drives are presented.

3.1 Introduction

Microelectronics devices are the basis of all modern electronic products. Since the 
invention of the transistor in 1947, electronic products began shifting from vacuum 
tubes to transistors in the 1950s, and to ICs in the 1960s. The first 1C which 
incorporated two transistors and a resistor was developed by Jack Kilby in 1959. 
Driven by the functional and performance requirements of modern and future 
electronics, continuous developments in reducing the size of the transistors are 
allowing the progressive integration of many transistors in a single semiconductor 
chip. Figure 3.1 illustrates the famous Moore's Law which predicts that every 18 
months chip makers will double the number of transistors that can be crammed into a 
unit area of a silicon wafer. To date, developments in the semiconductor industry have 
been accurately predicted by this Law [1][2].
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Figure 3.1: Moore's Law predicts the 1C integration to double every 18 months

The 1C die has to be packaged before it can be used in an electronics device. The 
purpose of an 1C package is to protect, power and cool the microelectronic device and 
to provide electrical and mechanical connections between the 1C and the circuit board. 
Typical parameters which are important for 1C packaging include I/Os, power and size 
of the chip.

Generally, 1C packaging includes three steps: firstly, the I/O connection pads on 
the 1C are connected to corresponding terminal pads on the package once the 1C is 
ready to be packaged. Secondly, the entire structure is sealed or moulded with a plastic 
or metal material with only the package terminals or pins being visible. Finally, the 
package is marked with the manufacturer's name, model name and other identification 
information. The side view of a typical 1C package, flip chip Ball Grid Array (EGA), 
is shown in Figure 3.2 .
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Figure 3.2: Example of an 1C package

3.2 1C Assembly Technologies

1C assembly is the first processing step after wafer fabrication which enables 1C to 

be packaged for system use. 1C assembly is defined as the process of electrically 

connecting I/O bond pads on the 1C to the corresponding bond pads on the package. 

This chip to package process can be accomplished using three primary interconnection 

technologies as illustrated in Figure 3.3. They are wirebonding, TAB and flip chip 

respectively.

3.2.1 Wirebonding

Wirebonding is a chip to package interconnection technique where a fine metal 

wire is attached between each of the I/O pads on the chip and its associated package 

pin, one at a time. This technology originated with AT&T's beam lead bonding in the 

1950's [73]. Thermosonic and ultrasonic weldings are the most commonly used 

methods for wirebonding. The most common wire materials are gold for ball bonding 

and aluminium for wedge bonding.
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Figure 3.3: Chip on substrate interconnection technologies

The flexibility derived from this point to point process is one of the major 

advantages with wire bonding technology. Other advantages include the low defect 

rates, high reliability structure etc. The disadvantage is the low yield due to the point 

to point processing of each wire.

3.2.2 Tape Automated Bonding (TAB)

TAB is an 1C assembly technique that mounts and interconnects ICs on metallized 

flexible polymer tapes. It is a fully automated bonding of one end of an etched copper 

beam lead to an 1C, and the other end of the lead to a conventional package. TAB was 

invented by Frances Hugle in Silicon Valley and commercialized in 1966 by General 

Electric Research Laboratories (New York), who used it with small scale integration 

devices [73]. This technology was developed as a lower cost replacement of 

wirebonding technology by providing a highly automated reel-to-reel technology for 
packaging high-volume, and low I/O devices.

Compared to the wire bonding technology, the large wire loops in TABs are 

eliminated, therefore the heat conduction and electrical performance can be improved 

and the weight can be reduced. However, the disadvantages of using TAB technologies
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are that additional wafer processing steps are required for bumping and the packages 
size tends to increase with larger I/O counts.

3.2.3 Flip Chip

One of the significant developments to improve cost, reliability and productivity in 
the electronics packaging industry have been the advancement of flip chip technology 
which was firstly introduced for ceramic substrates by IBM in 1962 [73].

Flip chip interconnection is the connection of an 1C to a carrier or substrate with 
the active face of the chip facing toward the substrate. Electrical connection is 
achieved through conductive bumps built on the surface of the chips and substrate 
pads. During the mounting, the chip is flipped onto the substrate or carrier with the 
bumps being precisely positioned on their target locations. In flip chip technology, the 
whole area of the chip can be used for connecting rather than just the periphery, so that 
more connections can be achieved on the same size chip compared with wire bonding 
and TAB.

The flip chip process using solders consists of four steps: forming the solder 
bumps, placement of the chip onto the substrate, reflow process to attach the bumped 
die to substrate, and completing the assembly with an adhesive underfill as illustrated 
in Figure 3.4. In the flip chip assembly process, underfill materials are applied to help 
meet the reliability requirements. They protect the bumps from moisture or other 
environmental chemicals, and provide additional mechanical strength to the assembly. 
Furthermore, the most important purpose to use underfill, particularly with solder 
bumps connections on large die onto organic substrates is to compensate for the 
thermal expansion differences between the chip and the substrate [74]. Since most of 
the low-cost substrates are plastics which have a large CTE (20-30 ppm/°C) compared 
to Silicon (about 3 ppm/°C). Such a CTE mismatch can generate a large shear strain in 
the solder balls. The underfill serves as a compliant buffer reducing the shear strain of 
the solder balls by coupling the thermal mismatch into bending of the substrate, 
resulting in a significant improvement of the fatigue life of the solder balls [76].
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Figure 3.4: Flip chip process using solder alloy

Flip chip technology offers several advantages especially for high dense 
interconnects because the whole chip surface can be used for a large number of I/O 

pads in an area array configuration. Shortest interconnection lengths result in excellent 
electrical performance of interconnects as well [75]. Although wire bonding is still the 
dominant method used today, particularly for chips with a moderate number of I/Os, 

flip chip and TAB technologies are gaining popularity as a method for bonding chips 
with higher I/Os requirements. For very high I/Os, very high electrical performance, 

and very high reliability, flip chip becomes virtually the only viable 1C assembly

[IIP]-

3.3 Materials Used for Interconnections

A typical flip chip assembly consists of three parts: an 1C chip, a substrate and 

joints connecting the chip bumps with the substrate pads. 1C chips are normally made
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from a crystalline silicon wafer, the substrate materials can be flex, glass, ceramic, or 

organics such as FR4 etc. With the development of 1C packaging technology, the 

materials to form the joints become versatile ranging from solder alloys to conductive 

adhesives.

3.3.1 Solder Alloys

There are two main kinds of metal alloys used in 1C packaging including traditional 

tin-lead solder, and recently developed lead-free solder. The latter material is attracting 

more and more attention in the electronics packaging community due to the 

environmental concerns of using lead.

3.3.1.1 Tin-Lead Solder

Tin-lead solder (mostly Sn63/Pb37 or Sn60/Pb40) has been used as the 

interconnect material in the electronics packaging industry for more than 50 years. Up 

until now, it has been the main material used for the interconnection although a range 

of possible alternatives have been investigated. The function of the solder in the 

interconnection is to join two metal surfaces by alloying with their surfaces to achieve 

electrical conduction and mechanical support. Solder is always used with flux, the 

function of the flux is to remove the oxidized layer of the surfaces to be soldered and 

prohibit the metal from oxidation during the soldering process, and thereby improving 

the wetting ability of the solder alloy on the metal surfaces. There are many types of 

solder and flux, but both must be suited to the metals to be soldered together and to 

each other. One of the most popular tin-lead solders is Sn63/Pb37, which is called 

"eutectic," since it can pass directly from solid to liquid without a pasty stage and 

therefore can flow very easily. Most of the surface mount components are soldered 

with eutectic solders.

3.3.1.2 Lead-Free Solder

It is known that lead is a harmful metal to the environment. Lead and its 

compounds are ranked among the top 10 hazardous materials and it is also the number 

one environmental threat to children [77]. Environmental pressures are forcing
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changes on the world market for electrical and electronic products which will result in 

a dramatic reduction in the use and possible long term elimination of lead based 

solders. In Europe the Restriction of Hazardous Substrates (RoHs) Directive [78] has 

banned the use of lead from most consumer products from 1st July 2006. Recycling 

and reuse legislation such as the Waste from Electrical and Electronic Equipment 

(WEEE) Directive [79] and the End of Life Vehicles (ELY) Directive [80] will make it 

more difficult and expensive to use exempt materials.

The impending ban on lead requires more research on lead-free solders, and 

increasing attention within the semiconductor and electronics industry is focusing on 

lead-free solder manufacturing. Nowadays, the reliability performance of lead-free 

solders has been a major concern to the industry since the lead in the solder can help 

reduce the surface energy of tin-lead solder, increase the wet-ability on the metal, 

improve the ductility of the solder paste and decrease the brittleness. Therefore, once 

the lead is taken out of the solder, several problems arises, such as poor wet-ability, 

higher melting temperature, lack of long-term reliability data and both tin-whisker and 

tin-pest risks due to the higher tin content [81] [82].

Particularly, the changing from lead to lead-free will have a very significant impact 

on the manufacturers of flexible circuit boards and many manufacturers who assemble 

them. Flexible circuits are a rapidly expanding sector of the electronics market with an 

increasingly wide range of applications. The problem results from the fact that flexible 

circuit boards are relatively sensitive to temperature due to their base material 

(polymers) e.g. continuous service temperature: polyimide about 177°C, polyester 

about 74°C, this make them a particular concern during the change from tin-lead solder 

(e.g. melting point 183°C) to the high melting point lead-free solders (e.g. melting 

point of Sn/Ag/Cu 217°C) with the resultant increase in processing temperature of 

20°C to 50°C.

Although it is now widely agreed that there is no drop-in replacement for the 

standard Sn/Pb solders which are currently used worldwide, a range of possible
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alternatives have been investigated. Some consensus have developed for using one 

family of alloys based on tin, silver, and copper (SAC) alloys. These are mainly tin, 

typically 3%~3.5% silver and a small amount of copper with melting points around 

210°C, which is about 30°C higher than that of traditional lead-containing 

counterparts. Other alloys under consideration are the tin-copper eutectic which has a 

lower material cost but higher melting point of 221°C. Also of interest for flexible 

circuits are lower melting point solders such as tin-silver-indium or tin-zinc, but the 

cost of indium and corrosive nature of zinc needs to be evaluated. A summary of the 

melting points of tin-lead solders and some lead-free solders are listed in Table 3.1. In 

general, the lead-free soldering is technologically possible, but many key issues have 

to be solved, both scientifically and industrially.

Table 3.1: Lead and Lead-free solder alloy under study [83]

Solder Alloys

Composition

62Sn36Pb2Ag (Sn62)

63Sn37Pb (Sn63)

Solidus (°C)

179

183

Liquidus (°C)

Eutectic

Eutectic

Some Proposed Lead-Free Alloys

86.9SnlOIn3.1Ag

91.8Sn3.4Ag4.8Bi

96.2Sn2.5AgO.8CuO.5Sb

95.5Sn3.8AgO.7Cu

95.5Sn3.9AgO.6Cu

204

211

215

217-218

217-218

205

213

217

Eutectic

Eutectic

High Melting-Point Alloys

95Pb5Sn

90PblOSn

308

275

312

302
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3.3.2 Electrically Conductive Adhesives (ECAs)

Different kinds of adhesives have been used in electronics packaging for decades 
such as the hybrid, die-attach and display assembly. Besides traditional sealing, a 

growing interest has been observed within the electronics industry in other kind of 
functions, such as the interconnection material. The main advantages of using 

adhesives as the connection materials compared with traditional tin-lead solders 
include:

• Fine-pitch capability especially when using AC As for flip-chips;

• Low temperature processing capability. The bonding temperature is much 
lower than the reflow peak temperature of the soldering process;

• Flexible and simple processing, and low cost.

Basically, there are two different types of ECAs used in electronic packaging: 

conductive adhesives and non-conductive adhesive. The conductive adhesives include 
anisotropic conductive adhesives, and isotropic conductive adhesives (ICAs) that have 
different electrically conductive functions. Each of these adhesives will be discussed in 

the following sections and in particular the application of these materials in LCD 

assemblies will be introduced.

3.3.2.1 Isotropic Conductive Adhesives (ICAs)

Isotropic conductive adhesives are typically thermosetting polymers filled with 

conductive particles. The most common material system is epoxy filled with silver 
flake particles. They become conductive in all directions upon curing, yielding an 
electrically functional interconnection. ICAs are applied in the same way as 

conventional solder paste, but cured rather than reflowed. There is no self alignment 
effect during the curing since the adhesive does not have the high surface tension as 
solder alloy. Therefore, component placement requires more accuracy than with 
solders. The amount of ICA used should be less than the solder paste to prevent 
bridging effect. A typical structure of an ICA flip chip is shown in Figure 3.5a.
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Figure 3.5: Typical interconnection systems using ICA, ACA and NCA
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1C As have been evaluated as potential replacements for lead-containing solders. 

These adhesives are being used to some extent in LCD applications due to the low 

processing temperature. However, there is not much work reported that tries to 

establish a fine pitch ICA flip chip technology, and up until now the use of ICA for 

flip chip is limited mainly to the assemblies of large contact area components such as 

chip capacitors and resistors [83]. ICAs are normally screen or stencil printed onto the 

circuit pads in order to obtain isolation between the adjacent pads. For fine pitch 

applications, this process is limited for two reasons. Firstly, printing paste at fine 

pitches is difficult without applying so much adhesive that shorts adjacent traces 

during assembly. Secondly, the small amount of adhesive deposited on the contact 

pads, coupled with the very high conductive filler content, lowers the adhesive bond 

strength.

3.3.2.2 Anisotropic Conductive Adhesives (ACAs)

In the last few years, another type of adhesive that is conductive in one direction 

only has attracted more and more attention. These are referred to as anisotropic 

conductive adhesives which can be obtained either in films or pastes. Conventional 

ACA is an adhesive consisting of conductive particles dispersed in an adhesive matrix. 

These particles can be pure metals such as gold, silver, or nickel, or metal-coated 

particles with plastic or glass cores. The volume fraction of particles is well below the 

percolation threshold with the particles typically ranging from 3-15um in diameter. 

ACAs provide electrical as well as mechanical interconnections between conductive 

pads on parts to be assembled. The conductivity of these materials is restricted to the 

vertical direction (perpendicular to the plane of the board) with electrical isolation 

provided in the plane direction. Due to the anisotropic conduction, ACA can be 

deposited over the entire contact region, and thus significantly facilitates the material 

application. The low conductive filler content can also improve the adhesive bond 

strength to help achieve the robust interconnects. The most significant advantages of 

using ACAs are the capability of fine pitch connections and low processing 

temperature; interconnections with pitches of lOOum or less have been demonstrated 

with these materials [84][85]. A typical ACA connection is shown in Figure 3.5 b.
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The use of ACAs in LCD products has stimulated significant interest since the last 

decade. The low processing temperature of ACA is one of the primary reasons for its 

widespread use for LCD drive attachment. In addition, it is supporting a fine pitch 

attachment process due to the lack of solder bridging or smearing of conductive 

adhesive. Using an ACA simplifies the mounting process, as there is no need for 

precise placement of the adhesive, and it is lead-free. However, the danger for 

damaging the ITO contact pads is particular concern when using chips with hard 

electroless nickel/gold (Ni/Au) bumps during the thermo-compression [84].

3.3.2.3 Non Conductive Adhesives (NCAs)

The function of non-conductive adhesives is to provide a mechanical connection 

between the bumps on the chip and corresponding pads on the substrate. This 

mechanical connection provides the needed conductive paths. Instead of introducing 

new conductive particles into the system, the NCA bonding method relies upon direct 

electrical contact between the two conductor surfaces as illustrated in Figure 3.5c. 

With mechanical pressure, a "metal to metal" contact is created and the contact points 

are responsible for the transport of electrical current. The epoxy filled cavities supply 

the adhesive forces which are needed to keep the materials together. Once the 

connections are made, the shrinkage force in the cured adhesive is responsible for the 

compressive force which is needed to maintain the electrical contacts.

Conductive joining with NCAs provides a number of advantages compared with 

1C A or ACA technologies. NCA joints avoid short-circuiting and they are not limited 

by particle size or distributions. Further advantages are cost effectiveness of the 

adhesives and ease of processing. However, the reliability and failure mechanisms of 

NCA joints are still not well understood; when two nominally flat surfaces are forced 

into contact, they meet only in a limited number of small areas, and the co-planarity of 

the metallization will affect the connection quality significantly. There are a few 

papers [88][89][90] that have studied the reliability performance of NCA under 

different testing conditions.
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3.4 Reliability Testing

ACAs are becoming promising interconnection materials in electronics packaging 

and even thought of as one of the best alternatives to the traditional tin-lead solders in 

the future. However, the main challenge with AC A materials is reliability. As a result, 

more and more research activities are involved in this area, dedicated to improving the 

reliability performance of ACA components under variable testing conditions such as 

thermal cycling, and temperature/humidity test.

3.4.1 Reliability and Failure

The term reliability is defined as the ability that an item can perform its intended 

function for a specified interval under stated conditions [92]. In classical reliability, a 

single product, unit or component is generally considered to have two states, 

operational and failed. A failure occurs when an item does not perform a required 

function. The idealized bathtub curve is shown in Figure 3.6, which represents three 

phases of product hazard rates.

1

Infant Mortality Random failures Wear-out

Time

Figure 3.6: Idealize bathtub curve
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The first phase, often called "infant mortality" represents the early life of the 
product when manufacturing imperfections or other initial failure mechanisms may 
appear. The hazard rate decreases during this time as the product becomes less likely 
to experience failure from one of these mechanisms. The second phase, sometimes 
called "useful life" represents the majority of the product operating time. During this 
period, the hazard rate of the product appears to be constant (constant failure rate). The 
third phase, often called "wear-out" occurs near the end of the expected product life 
and often involves failure mechanisms caused by cumulative damage. Electronic 
components are subject to wear-out due to electro-migration, material degradation and 
other mechanisms. Weibull, lognormal or other statistical distributions can be used to 
describe hazard rates during both infant mortality and wear-out.

3.4.2 Reliability Test and Standard

Reliability prediction can be carried out based on test data, stress and damage 
models or reliability handbook. Reliability tests can be divided into non-accelerated 
test and accelerated test which are introduced in the following sections.

3.4.2.1 Non-Accelerated Test

The traditional approach to reliability evaluation involves tests carried out within 
the products 'expected environment' or using actual operational conditions. In these 
tests, there is no attempt to relate the test temperature, humidity, voltage or other 
environmental stimulus to an additional test level that will increase the hazard rate, 
thereby reducing the test time. When analyzing test data, it is important to determine a 
distribution that provides a good fit to the data and is representative of the failure 
mechanism type. A good fit is important so that the distribution parameters can be 
used to extrapolate behaviour, or predict the reliability beyond the period over which 
the data is generated. There are two kinds of non-accelerated tests which are used to 
predict the data for reliability analysis, manufacturing tests and actual tests.
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3.4.2.2 Accelerated Test

The purpose of accelerated testing is to verify the life-cycle reliability of the 
product within a short period. Thus, the goal in accelerated testing is to accelerate the 
damage accumulation rate for relevant wear-out failure mechanisms. There are two 
common forms of accelerated life testing, which are (1) eliminating "dead time" by 
compressing the duty cycle and (2) reducing the time-to-failure by increasing the stress 
levels beyond what is expected in the life-cycle. The latter can be run by enhancing a 
variety of loads such as thermal loads (e.g. temperature, temperature cycling, and rates 
of temperature change), chemical loads (e.g. humidity, corrosive chemicals like acids 
and salt) electrical loads (e.g. steady-state or transient voltage, current, power) and 
mechanical loads (mechanical deformation, vibration and shock/impact).

In the electronic industry, when life cycle reliability testing is the primary purpose, 
test types such as Highly Accelerated Stress Testing (HAST), Highly Accelerated 
Stress Screening (HASS), Highly Accelerated Life Testing (HALT) are specified. The 
test procedures are normally carried out according to the standards of Electronic 
Industries Association (EIA) [93], Joint Electronic Device Engineering Council 
(JEDEC) [94] and various Military Standards test handbook.

HAST also stands for "Highly Accelerated Temperature/Humidity Stress Test". It 
was developed as a shorter alternative to Temperature Humidity Bias (THE) testing in 
which 85°C/85%RH condition is always used. If THE testing takes 1000 hours to 
complete, HAST results are available within 96-100 hours. Because of this, the 
popularity of HAST has continuously increased in recent years. HAST test which is 
also known as the autoclave or pressure cooker test (PCT) uses a high temperature 
over 100°C, high relative humidity (RH) about 85%, under high atmospheric pressure 
conditions (up to 4atm).
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3.4.3 Failure Models

In many cases, the stress and damage models are combined to form a single model 
which is referred to as a failure model. Examples of conditions that are known to 

induce failures include, but are not limited to, a temperature cycle, a sustained 
temperature exposure, a repetitive dynamic mechanical load, a sustained electrical 

bias, a sustained humidity exposure, and an exposure to ionic contamination. Examples 

of damage include exceeding a material strength, reduction in material strength, 
removal of material, change in material properties, and growth of a conductive path or 

separation of joined conductors [92].

Failure models may be classified as overstress and wear-out. Models for overstress 
calculate whether failure occurs based on a single exposure to a defined stress 
condition. For an overstress model, the simplest formulation is comparison of an 
induced stress versus the strength of the material. Die fracture, pop-corning, seal 

fracture, and electrical overstress are examples of overstress failures. Models for wear- 
out failures calculate an exposure time required to induce failure based on a defined 

stress condition. Fatigue, crack growth, creep rupture, metallization corrosion and 
electro-migration are examples of wear-out mechanisms. In the case of wear-out 
failures, damage is accumulated over a period until the item is no longer able to 
withstand the applied load. Therefore, an approximate method combining multiple 
conditions must be determined for assessing the time to failure.

3.5 Applications of ACF Flip Chips

Typically, flip chip on flex (FCOF) using ACF is being used in the flat display, 
smart card and disk drive etc. As examples, the applications of ACF flip chips in LCDs 
and disk drives are introduced in the following sections.
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3.5.1 Liquid Crystal Display

The importance of display devices as the most common user-machine interface has 

increased during the current progress of our information oriented society. LCDs are the 

most common type of flat panel displays and have been widely used since the early 

1970's. Compared to the traditional cathode ray tubes (CRT's) they combine a compact 

and flat shape with low power consumption. In addition, LCDs are low in weight and 

are compatible with large scale integrated chips. In the field of flat panel displays, 

packaging technology has a significant influence on display performance. The 

electrical interconnect between a LCD and a LCD drive circuit is an area that needs 

improvement to achieve finer pitch, easier assembly and greater connection reliability. 

For LCD drive packaging, the ideal assembly process would possess the following 

characteristics: high density, low processing cost, fine pitch capability and low product 

profile etc.

A typical LCD assembly using ACF is shown in Figure 3.7, in which the ACF 

connects the drive chip with the polyimide film and also connects the polyimide film 

with ITO glass. The main advantages of using ACF compared with the traditional 

solder material are the low assembly temperature and high potential in fine pitch 

interconnections.

1C chip

LCD Cover layer

Stiffener

Solder

_ .~c 1C chip Resistor or capacitor 
ACF. Cover layer ACF ^^ /

Plating

Figure 3.7: A typical LCD assembly [96]
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3.5.2 Disk Drive

Current market conditions demand that hard disk drive (HDD) manufacturers adopt 

advanced technology in every area of drive design to improve drive capacity and 

performance and simultaneously reduce unit cost. Head stack suppliers in HDD 

industry are currently working on high density interconnect technologies to provide 

faster and higher capacity and cheaper head stack components for disk drives.

The ultrasonic TAB bonding and hot bar soldering process are currently widely 

used in HDD manufacturing. However, both methods are limited by the drawbacks of 

high cost and low productivity. Therefore, a low cost method to manufacture HDD 

head using ACF bonding is being developed. Figure 3.8 shows the basic structure of a 

typical HDD head for hard disk drive. The head gimbal assembly (HGA) is a 

transducer where the read/write exchange process takes place. The electrical 

connections with the pre-amplifier ICs, passive components, connector etc. are 

connected via the flexible printed circuit (FPC) assembly. The feasibility of applying 

ACF bonding method to the flex-to-flex interconnection between the HGA and FPC 

bond pads was studied [97].

1C Actuator

__ __ coil
HGA

Figure 3.8: The disk drive using ACF technology [97]
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3.5.3 Limitations for Further Applications

Currently, the devices assembled using ACAs are widely used in applications 

where the fine pitch connection or low processing temperature are required which can 

not be fulfilled by the traditional soldering. However, the application of ACAs is still 

limited in some specific areas. The limitations for the further applications are 

summarized below.

(1) Lack of reliability data: AC A is a new material compared to the traditional tin- 

lead solders, the reliability data is not well known and the failure mechanisms 

not well understood, especially in high humidity environments.

(2) Today, tin-lead solders are still the main connection materials used in the 

electronic industry; the facilities used for tin-lead soldering can also be used 

for lead free soldering. However, these facilities can not be used to assemble 

ACA components since the procedures of the two technologies, ACAs and 

soldering, are completely different.

(3) During the bonding process, the adhesive does not have the self-alignment 

capability as solders. Therefore, there is higher requirement for alignment 

accuracy when working with ACAs than working with solders. Also, ACA 

joints are formed under mechanical forces, the connections between the 

particles and metal pads are not as strong as the solder joints which are formed 

under physical, chemical reactions.

(4) The compatibility of the ACA assembly process with traditional soldering 

technology. The bonding temperature of ACAs is much lower than the peak 

reflow temperature. Therefore, there is a reliability issue when the ACA 

assemblies pass through the solder reflow process.

Any research that generates the reliability data or helps understand the above issues 
is deeply welcomed by the electronics packaging industry. It is also the main 
motivation for this research.
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Currently, ACA is gaining wide acceptance among Asian end-users and 

semiconductor packaging houses. Its relatively slower acceptance in the United States 

and Europe may reflect Asia's 30 years of favourable experience with ACA in displays 
[98]. However, the packaging and cost advantages of ACA cannot be long ignored. 

Particularly in the hypercompetitive semiconductor arena, where cost, functionality, 

and reliability are being driven to new levels, ACA represents a bright future for 

middle and high-end manufacturing. As I/O counts become higher, more and more 1C 

designers and users may find that fine-pitch, small-package, high-reliability ACA is 
their best choice.

3,6 Summary

In this Chapter, flip chip technology which is now popular within the electronics 

packaging is introduced and compared with traditional wire bonding and TAB 
technologies. The connection materials used in flip chips ranging from the solder 

alloys to conductive adhesives are presented.

To date, tin-lead solders are still the main connection materials used in flip chips 

due to the available long term reliability data and facilities. However, the harmful 

effect of the lead on the environment is becoming a serious concern for the industry 
and customer. The lead-free solders and electrically conductive adhesives are being 

investigated as the possible alternatives to traditional tin-lead solders. The study on the 
lead-free solders is extensive since the facility for the tin-lead solders can also be used 

for lead-free solders and the soldering technology is so mature. However, the wide 
application of lead-free soldering is still limited due to some difficulties which are 

caused by taking the lead out of the solder alloy that includes the poor wetting 
performance and high reflow temperature.

Conductive adhesives are being popularly used in the electronic industry especially 

in fine pitch and low temperature applications where the tin-lead solders are limited to 

fulfil the requirements. Among them, AC As are the most popular ones used in flip
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chips currently since they have potential for fine pitch connections due to the 

anisotropy in electrical conduction. However, the reliability performance and the 

compatibility with soldering technologies are the major concerns with AC A assemblies 

which will be addressed in the following Chapters 4, 5 and 6.

52



Chapter 4 Reliability of ACFs for Flip Chip on Flex Applications: An Experimental Study

Chapter 4

Reliability of ACFs for Flip Chip on Flex 
Applications: An Experimental Study

This Chapter details the experimental work undertaken to complement the 

modelling efforts. Data was gathered on both the assembly process and reliability 
testing for ACF materials. The effect of bonding parameters on the electrical 
performance of ACF assemblies was studied. ACF components were also subjected to 
a solder reflow profile, this is important to characterise the behaviour of these ACF 
bonds to subsequent surface mount assembly for other solder joint components on the 

same board.

For reliability testing, the assembled ACF components were subjected to humidity 
and temperature environments. An autoclave test at 121°C, 100%RH and 2atm 

condition was used. Two sets of samples, with and without reflow treatment, were 

tested in order to examine the effect of solder reflow on the reliability performance of 

ACF assemblies.

4.1 Introduction

Soldering as a mature joining method has been used for many years in electronics 
packaging. It is the lowest temperature metallurgical joining method used with metals 

and plastic materials [6]. For many years, the reliability of solder joints has been
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studied and a huge amount of data exists especially for the tin-lead eutectic solders. 

However, green legislation is demanding the removal of lead from solders and this 

means that the industry has to investigate reliable replacements. At present other 

metallic solders are being investigated with the favourite being the tin-silver-copper 

(SAC) Alloy, but also being investigated are conductive adhesives with or without 

metal solder on the same board.

A prototype product which was manufactured using both metal soldering and ACF 

technologies is shown in Figure 4.1, where the chip drive was connected onto the flex 

substrate using ACF material first. This was then followed by a metal soldering 

process where other surface mount components were connected to the same substrate.

Soldered components

Display

ACF boned flip chip Flex substrate

Figure 4.1: A typical display using ACF and solder together

Having mixed board technologies containing both ACFs and solders on the same 

substrate has a number of advantages. The challenge and concern for industry is the
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ability of the ACF materials to survive the high solder reflow temperatures which are 

much higher than the temperature required to bond and cure the ACF material 
[20] [45].

Although the ability of ACF to withstand multiple solder reflows is considered as 

the major milestone in its acceptance within the semiconductor packaging industry 

[98], there has been very little research undertaken in this area. The work presented 

here was one of the first studies in this area.

Compared with the traditional solder assembly process, the ACF assembly process 
is simplified since there is no need to use flux, stencil printing and a reflow oven. 
However, the selection of the bonding parameters is crucial and the following issues 

must be addressed in any ACF bonding process:

(1) Sufficient conductive particles must be trapped between the pads on the 
substrate and the die. This is to guarantee enough electrical contact with both 
conductor surfaces. Care must be taken to ensure that not too many particles 

are present as this can lead to short circuiting between adjacent pads.

(2) For the ACFs made with metal coated polymer particles, the amount that the 
particle deforms is important. The bonding process determines the contact 
area between the conducting particle and the die/substrate pads. This is 

important as a smaller area leads to greater contact resistance.

(3) The curing degree of the adhesive and the residual stress state after assembly 

can significantly influence the reliability of the ACF interconnections under 
hash testing conditions.

Therefore, the combination of the bonding parameters needs to be designed to 
achieve the best performance of the adhesive joints where the optimum deformation of 

the conductive particles and the proper curing degree of the adhesive matrix are 

achieved.
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4.2 Experimental Design

Figure 4.2 illustrates the process undertaken in the experimental work which 
consists of the following four steps:

(1) The chips were first bonded to the substrate using ACFs and after this the 

joint resistance was measured.

(2) Some of the bonded samples were passed through a solder reflow oven and 

the joint resistance was again measured.

(3) Two sets of samples, with and without reflow treatment, were put into a 

pressure cooker for reliability analysis.

(4) Finally failure analysis was conducted to find out the root cause of the failures 

and the measured increases in joint resistance.

Using the above methodology allowed us to investigate the effects of (a) bonding 
parameters, (b) solder reflow temperature and (c) moisture absorption on the reliability 
performance of ACF materials and assemblies.
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Material preparation

Flip chip bonding

Joint resistance measurement

Yes

Pressure cooker test

Failure analysis

Figure 4.2: The flow chart of the experimental procedure

4.2.1 Materials

Three materials were used in these experiments. These are the silicon die, 
polyimide substrate, and a commercial ACF. The specifications of each material are 
available and detailed in the following sections.
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4.2.1.1 Silicon Die

The chips used in the experiment analysis are bare dies with Ni/Au bumps. These 
are non functional chips that were specially designed for reliability test purpose.

The size of the silicon die is 11mm in length, 3mm in width and 1mm in thickness. 
There are a total of 368 square shaped bumps around the periphery, 300 of them make 
up the 60 sets of 5 daisy-chained bump groups which run parallel to the length of the 
chip for electrical connection. The remaining 68 bumps are placed along the width of 
the die and only contribute to mechanical support. The pattern of the die is shown in 
Figure 4.3, where the bump area is 50um x 50um.
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Figure 4.3: Pattern of the silicon die

4.2.1.2 Flexible Substrates

Flexible substrates can be made from polyimide, Liquid crystal polymer (LCP), 
Polyethylene Napthalate (PEN), and Polyethylene Terephthalate (PET) etc. Among 
them, polyimide is the most popular material being used in the electronics packaging 
industry due to its temperature profile.
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Compared with the FR4 printed circuit board, glass or ceramic substrates, flexible 

substrates offer advantages such as reduction in size and weight and shape flexibility. 

Flexible substrates are widely used in LCDs, disc drives and smart cards etc.

The flexible substrate used in this research was made from polyimide and specially 

designed with daisy-chained circuitry which matched the die's bump pattern. The 

substrate has a thickness of 25um and an area of 50mm x 50mm. The metal pad on the 

flexible substrate is made up of three layers consisting of copper (about 12um in 

thickness), electro-plated nickel (4.0(j,m in thickness) and gold (0.5um thick). The 

layout of substrate pattern is shown in Figure 4.4.

Figure 4.4: Pattern of the polyimide substrate

4.2.1.3 Anisotropic Conductive FOm (ACF)

The ACF used in this experiment is a thermosetting epoxy adhesive with a random 

distribution of conductive particles. It is commercially available and believed to have
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the capability for fine pitch interconnections. The detailed specifications provided by 

the manufacturer are summarised in Table 4.1.

Table 4.1: Specification of the ACF used in this experiment

Description

Thickness (um)

Structure

Conductive particle

Insulating layer

Particle diameter (um)

Tg (°C)

Density of conductive particles

35

Single layer with particles

Ni/Au coated resin ball

Yes

3.5

131

3.5 million/mm3

The conductive particles are polymer balls with Ni/Au coating. The structure of the 

ACF material and the particles are shown in Figure 4.5. ACFs are normally stored at 

low temperature, and subjected to ambient temperature several hours prior to the 

bonding process.

The recommended bonding conditions were provided by the supplier. However, 

bonding conditions differ depending on the chip size and bump pattern. A detailed 

experimental design was therefore established to investigate the best bonding 

conditions for new ACF applications. The parameters investigated were (a) bonding 

pressure, (b) bonding temperature and (c) bonding time. These are listed in Table 4.2.
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Resin Particle 

Ni/Au Coating 

Insulating Layer

Adhesive matrix

Figure 4.5: A typical ACF made by Ni/Au coated polymer particles

Table 4.2: The bonding parameters used in experiments

Pre-bonding

Temperature (°C)

Pressure (MPa)

Time (s)

90

0.18

3

Final bonding

Temperature (°C)

Bonding pressure (MPa)

Time (s)

140, 160,

43.1,86.2

180,200,220

, 129.3, 172.4

5,8,10
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4.2.2 Flip Chip Bonding Process

The assembly process using ACFs consists of three steps: (1) Pre bonding, (2) 

Alignment and (3) Final bonding. The flip chip bonding process using the ACFs made 

with metal coated polymer particles is illustrated in Figure 4.6.

(1) Pre bonding: The transparent layer on the surface of the supplied ACF is 

removed and the ACF is laminated onto the surface of the substrate. Then a 

pressure of O.lSMPa is applied over the bonding area for a few seconds at 

90°C. The separator layer is then removed.

(2) Alignment: The chip is then aligned to the substrate by using the marks on the 

chip and substrate. Since the ACF is mainly used for fine pitch applications, 

there is always significant requirement for alignment accuracy.

(3) Final bonding: Heat and pressure are now applied at the back side of the chip 

which cures the ACF. Before cure takes place the ACF material is soft and 

can flow between the bond pads allowing the conductive particles to move 

and distribute evenly throughout the ACF joints. When the curing process is 

completed, the ACF becomes hard. The deformed particles are then trapped 

between the pads and this creates the anisotropic electrical contact between 

the chip and the substrate.
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Pre bonding
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Pressure and heat

Alignment

Final bonding

Figure 4.6: Flip chip bonding process using the ACF

The top view of the final sample is shown in Figure 4.7. The final bonding process 
was finished with the Semi Automatic Flip Chip Bonder (Toray SA2000) as shown in 
Figure 4.8, this machine is specially designed for fine pitch ACF flip chip bonding and 
the alignment accuracy of this machine is less than 2um.
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Flex

ACF flip chip

Figure 4.7: Top view of the ACF flip chip sample

Figure 4.8: Toray semi-auto flip chip bonder (Toray SA2000)
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In order to study the effect of solder reflow on the electrical performance of the 

ACF assemblies, some of the samples were fixed onto FR4 board and then passed 

through a solder reflow oven. The reflow profiles were defined in advance using 

thermo-couples according to the specification for tin-lead solder paste. The reflow 

peak temperature was 210°C.

4.2.3 Joint Resistance Measurement

Joint resistance is used as the indicator to evaluate the electrical/reliability 

performance of the ACF joints. A popular method used to measure joint resistance is 

the four-point probe (FPP) method. The specially designed circuit for these FPP 

measurements in this experiment is illustrated in Figure 4.9. In this test, 1mA constant 

direct current (DC) was applied to the circuit and the voltage was read from a 

HEWLETT PACKARD multimeter. The joint resistance was obtained by using Ohm's 

Law,R=y/I.

Bump

ACF Joint

Figure 4.9: The four point probe method to test the joint resistance

The joint resistance measured was the total of the resistance of the bonding 

electrodes, the contact resistance between the conductive particles and bonding 

electrodes, and the resistance of the conductive particles. Therefore, for the same
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bonding electrodes and the same kind of ACF, the variation of the joint resistances can 

reflect the changes in contact resistances which are highly dependent on the quality 
and size of the contact area at the interface between the conductive particles and metal 
pads.

For the ACF flip chip using the daisy chained circuit shown in Figure 4.7, sixty 
measurement points can be achieved from each ACF assembly. The facilities used for 
the joint resistances including a mulitmeter, amperemeter and a power supply, as 
shown in Figure 4.10.

Figure 4.10: The facilities used for measuring the joint resistances

4.3 Results and Discussion

The effect of the bonding parameters on the joint resistance is presented for both 
sets of samples, with and without reflow treatment and then followed by Differential 
Scanning Calorimeter (DSC) test results and the autoclave test results.
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4.3.1 Bonding Conditions

Different bonding parameters were used. Twelve sets of ACF assemblies were 

bonded in order to compare the joint resistance. The baseline bonding parameters were 

Bonding Temperature (200°C), Bonding Pressure (86.2MPa) and Bonding Time (10s). 

The subsequent solder reflow profile used for the tin-lead solder had a peak 

temperature of 210°C.

4.3.1.1 Bonding Pressure

Figure 4.11 details the average results from twelve assemblies analysed for joint 
resistance and bonding pressure. The vertical bars showing the standard deviation of 
the results for each bonding pressure value. In these experiments, the bonding 

temperature and bonding time were kept constant at 200°C and 10s respectively.
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Figure 4.11: Variation of joint resistance with bonding pressure

For the samples without the reflow treatment, the mean values of the joint 
resistances decreased as the bonding pressure increased from 43.1 to 86.5MPa. After
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this the joint resistance remained constant around 120m£i. A possible explanation for 

this is that the small bonding pressure could not deform the particle and the contact 

area was too small to achieve a lower contact resistance. Compared to these as-bonded 

samples, the joint resistance of the samples that have passed through a reflow process 

were higher. However, the tendency of the profile of the joint resistance versus 

bonding pressure was similar in each experiment, with or without reflow process.

After the reflow process, the mean values of the joint resistances of Chip on Flex 

(COF) assemblies increased by 20 to 60m£l compared with the corresponding non- 

reflowed ones. The joint resistance was particularly higher for the samples bonded at 

lower or higher pressures.

Deformation of the conducting particles is held by the shrinkage forces in the 

adhesive matrix. Therefore, during the reflow process the expansion of the adhesive 

may cause a reduction of the holding force and thus reduced the contact area between 

the conductive particles and metal pads as the assembly heats up. Contact resistance 

increased the most when the using the lowest bonding pressure, 43.1Mpa. When using 

a high bonding pressure the contact resistance change after the reflow process was not 

as severe. This is probably due to the fact that these over deformed particles were 

firmly held by the cured adhesive. However the worse reliability performance may be 

expected in this case as there is a high probability that some of the particles could be 

crushed during the bonding process.

The big error bars, shown in Figure 4.11, when the ACF is bonded at 43.1Mpa, 

also indicate that the electrical performance of these samples was not as stable as when 

the sample was bonded at higher pressures. It is also noticed that the stability of the 

electrical contact in the reflowed samples was reduced compared to the corresponding 

non-reflowed ones.

In order to prove the effect of the bonding pressure, optical photos were taken on 

samples using transparent glass substrates as the bonding medium. Figure 4.12a shows 

the ACF joints bonded at lower bonding pressure. The particles captured between the
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metallizations were deformed gently and the contact areas were too small to obtain low 
contact resistances.

Bump Metal coated 
polymer particle

Figure 4.12: ACF joints, bonded at (a) lower (b) appropriate and (c) higher pressure

Figure 4.12c shows the ACF joints bonded at higher bonding pressure. Clearly, this 
bonding pressure was too high as most of the captured particles were crushed. Some of 
these particles may still conduct electricity, but they will likely have very poor 
reliability. The ACF joints bonded at the appropriate bonding pressure are presented in 

Figure 4.12b.
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4.3.1.2 Bonding Temperature

The relationship between the joint resistance and bonding temperature is shown in 
Figure 4.13, where the bonding pressure and bonding time were kept constant at 

86.2MPa and 10s respectively. The results are for the mean value of the joint 
resistances, with the error bars indicating one standard deviation variation.
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Figure 4.13: Variation of joint resistances versus bonding temperature

These results indicate that when the bonding temperature was at its lowest (140°C) 
or highest (220°C), the mean joint resistances of the ACF joints were found to be 
higher. The possible reason for this is: when the bonding temperature is lower, the 
ACF may not be cured sufficiently, the elastic deformation of the conductive particles 
maintained by the shrinkage force in the adhesive could recover to some extent; the 
contact resistances are therefore higher due to the unstable contact between the 
particles and the metal pads. However, if the bonding temperature is too high, the ACF 
will be cured quickly; the curing process will complete before the particles deform as 
much as they can providing maximum contact area and spread evenly between the
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bumps and the pads, hence, the contact areas between the particles and the bump/pad 

are not big enough for stable conduction resulting in higher contact resistances.

After the reflow treatment, the joint resistances increased by lOrnH to 60mQ 

compared to the corresponding as-bonded samples. The trends between the joint 

resistances versus the bonding temperature of the COF samples with and without 

reflow process are similar. It is noticed that the increase of the resistances due to the 

reflow treatment was higher for the samples bonded at lower or higher temperature. 

This indicates that by using the proper bonding temperature the effect of subsequent 

high temperature reflow process could be reduced. The error bars, in Figure 4.13, from 

the samples bonded at the 140°C and 220°C temperature are bigger than the other 

bonding temperature. This illustrates that the electrical performance of these samples 

were not as stable as the samples bonded at temperatures of 160°C, 180°C and 200°C.

4.3.1.3 Bonding Time

Figure 4.14 shows the relationship between the joint resistance and bonding time at 

constant bonding temperature (200°C) and bonding pressure (86.2MPa). The results 

show the mean value of the joint resistance, with the error bars indicating one standard 

deviation variation.

When the bonding time was less than 10s, the mean joint resistance of COF 

samples decreased as the bonding time was reduced. For the COF samples with reflow 

treatment, the similar curve was obtained except an averaged increase of 20mQ. to 

30mQ in joint resistance. It is suggested that sufficient bonding time is required to 

achieve the good electrical performance of ACF joints since the adhesive may not be 

cured properly in a short time bonding. The electrical contact in the reflowed ACF 

joints are not as stable as the corresponding non-reflowed ones which is reflected by 

the length of the error bars.

71



Chapter 4 Reliability of ACFs for Flip Chip on Flex Applications: An Experimental Study

200

I 
I

8.
4-1 
C'6

190- 

180- 

170- 

160- 

150- 

140- 

130- 

120- 

110- 

100

With Reflow 
Without Reflow

i 
6 789 

Time (second)

10 11

Figure 4.14: Variation of joint resistance with bonding time

4.3.2 DSC Test Results

For the epoxy based ACFs, when the temperature increases, the ACF melts and 

transforms into a low viscosity liquid. It then cross-links to form the three dimensional 

crystallized structure which contributes to its stable physical properties [48]. The 

density of the cross-linkage can be indicated by the degree of adhesive cure that has 

taken place. This degree of cure plays an important role in determining the reliability 

performance of the final ACA joints. A minimum cure degree is required to provide a 

certain level of mechanical and electrical performance. When the material is not fully 

cured it will be too soft to restrain the conductive particles in place and hence these 

particles may easily loose contact with the metal pads.

The degree of cure in a conductive adhesive can be examined by using a Fourier 
Transform Infrared Spectrophotometer (FTIR) or Differential Scanning Calorimeter 
(DSC) [37][92][95]. In these publications it was shown that the degree of cure in the 
ACA joints was very dependent on bonding temperature.
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In this research, the degree of cure in the ACF was examined using a Modulated 

DSC instrument (by TA Instruments, Model 2910). Both the heat capacity of 

endothermic and the exothermic transitions were measured for a particular test sample. 

This provides quantitative information regarding the enthalpic changes during the cure 

process.

Three kinds of samples were prepared for the DSC test, including:

(1) Raw ACF: In this case the ACF material was not cured or sent through a 

subsequent reflow process

(2) Cured ACF: In this case the ACF material was cured at the bonding 

temperature of 200°C for 10 seconds.

(3) Cured and Reflowed ACF: In this case the ACF was cured at the bonding 

temperature of 200°C for 10 seconds and then subjected to a tin-lead solder 

reflow process.

For the cured samples detailed in (2) and (3) above, these were prepared as follows: 

firstly, the ACF material was placed onto a glass substrate and then the cover film was 

peeled off. After the pre-bonding process (where the assembly ws subjected to 100°C 

temperature), the separator layer was peeled off. Then an aluminium foil was put on 

the surface of the ACF to avoid adhesion of ACF with the flip-chip bonding head. This 

glass/ACF/Aluminium-film assembly is then subjected to the usual cure temperature 

process with the parameters of bonding temperature, pressure and time as detailed 

above. Sample (3) above, was then subjected to a lead-based solder reflow process 

which had a peak temperature of 210°C. Before the DSC test, the aluminium foil was 

taken off the ACF carefully, and then the ACF was peeled off the glass substrate to 

provide the samples for the DSC tests.
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The three samples were then analysed using the DSC test in an inert nitrogen 
environment. The temperature changes in this DSC test were from ambient to 220°C 
with a heating rate set at 10 °C/min.

As shown in Figure 4.15, for the non-reversing heat flow, an exothermic enthalpy 
of 187.3 J/g of heat was released during the curing process for the raw ACF. For the 
second sample where the ACF was cured at bonding temperature, as most of the curing 
reaction had occurred during the final bonding process, only an exothermic enthalpy of 
23.30 J/g of heat was released. Suggesting that most of the reaction had already taken 
place.
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Figure 4.15: Curing profile of (a) Raw ACF (b) Cured ACF and (c) Cured ACF
with reflow treatment

For the cured ACF that was also subjected to the reflow treatment, the curing 
reaction was completed fully as it passed through a long high temperature process. 
Interestingly, the peak direction of the DSC curve indicates that some endothermic
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reaction had taken place. This could be due to over curing of the ACF when subjected 
to the reflow process or due to some other chemical reactions.

4.3.3 Reliability Tests

In this research, the autoclave test was used to evaluate the reliability performance 
of ACF assemblies in a humid environment. According to the JEDEC standard [94], 
test conditions were set to 121°C, 100%RH at 2atm for 24, 48, 96 and 168 hours 
duration. Relative Humidity is defined as the ratio of the water vapour density to the 
saturation vapour density, usually expressed in percent:

~ , . Tr . ,. Actual vapour density .,«,*„, Re lative Humidity = ———————-——————— x 100%
Saturation vapour density

Moisture diffusion in the test samples is highly dependent on the temperature and 
RH of the surrounding environment. The facility for the autoclave test is shown in 
Figure 4.16.

Figure 4.16: The facility used for autoclave test
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After each test, some of the samples were cross sectioned and then examined using 
a Scanning Electron Microscope (SEM) in order to analyse the root cause of any 
measured increase in contact resistance that would be due to delamination type 
failures.

The flip chip on flex samples used in this reliability test were bonded at 200°C, 
86.2MPa for 10 seconds. Both assemblies, with and without a subsequent reflow 
profile, were tested. For the assemblies without a reflow treatment, results were 
obtained at 24, 48, 96 and 168 hours of the reliability test. For the assemblies with a 
reflow treatment, the results were only obtained at 24 hours after the start of the test.

4.3.3.1 Joint Resistances and Failure Rate

The joint resistances of the ACF joints were measured at 0, 24, 48, 96 and 168 
hours during the test. Any joint that exhibited greater than 100% increase in joint 
resistance (over the time zero value) was considered to have failed. As illustrated in 
Figure 4.17 more than 85% of ACF joints were assessed to be failed in the first 24 
hours of the test. This was for the assemblies that had not been subjected to a 
subsequent reflow profile.

However, visualising the joints using SEM showed that there were no open joints 
present after 24 hours of testing. An open joint is seen through clear delamination 
between the particle and the pad. 25% of the ACF joints were found to be open after 

168 hours of testing.

The actual changes to the joint resistance during the autoclave test are plotted in 
Figure 4.18. The joint resistance increased slightly in the first 24 hours, where it 
doubled its value. After this it increased much further, especially over the next 72 
hours. This is probably due to a number of open joints forming during this period.
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Figure 4.17: ACF joint failure rate and open joint rate
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Figure 4.18: Joint resistance of ACF joints during autoclave test

77



Chapter 4 Reliability of ACFs for Flip Chip on Flex Applications: An Experimental Study 

4.3.3.2 Scanning Electron Microscope (SEM) Photos

Conventional optical microscopes use a series of glass lenses to bend light waves 

and create a magnified image, a SEM creates the magnified image by using electrons 

instead of light waves. Therefore, a SEM shows very detailed three dimensional 

images at much higher magnification than what is possible with an optical microscope. 

The SEM used in this research was the Philips Model XL40. The resolution of this 

machine is 2.5nm at 30kV and 5nm at IkV.

Sample preparation for SEM analysis consisted of the following three steps:

(1) Epoxy Moulding: The ACF samples were firstly cut into small size and put 

into a mould which was then filled with epoxy adhesive and then the mould 

was left for several hours until the adhesive solidified.

(2) Grinding and Polishing: The moulded sample was then ground to remove 

material to expose the face of the sample that we wish to visualise. Care needs 

to be taken in this process to ensure that not too much material is removed and 

loose the features of interest. Once the interested surface was captured, the 

surface was then polished using micro powders to remove any rough surface 

characteristics.

(3) Gold Coating: Since SEM illuminates the surface with electrons, the sample 

must be able to conduct electricity. To achieve this, the sample surface was 

coated with a very thin layer of gold using a sputter coating machine. Finally, 

the samples were mounted onto a plug using a conductive tape and ready for 

the SEM analysis.

Figure 4.19 shows the SEM photos of an ACF joint after bonding (without reflow) 

and the ACF joint which had subsequently undergone 48 hours of autoclave test. 

Figure 4.19a, illustrates the state of the conductive particle before being subjected to 

an autoclave test. Clearly the particle was captured between the bump and the pad and 

had deformed showing good contact with the pad. However, after 48 hours pressure

78



Chapter 4 Reliability of ACFs for Flip Chip on Flex Applications: An Experimental Study

Conductive 
particles

(a) ACF joint as bonded

(b) ACF joint after 48 hours Autoclave test

Figure 4.19: SEM photos showing the ACF interconnections
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cooker test, a delamination gap between the conductive particles and the metallization 
was clearly visible as shown in Figure 4.19b. The formation of this gap signalled a loss 
of the contact area and this will lead to an increase in contact resistance. Moreover, the 
cracks can be also seen along the interface between the adhesive and the flex substrate, 
and the interface between the flex and the substrate pad. The propagation of these 
cracks may eventually cause the total failure of the ACF joints.

In general, there are two possible causes for the increase of the contact resistances 
in ACF joints that have undergone the autoclave tests: debonding at AC A joints and 
corrosion of the metallization. Both can reduce the contact areas between the 
conductive particles and the metallization [9].

For the samples used in this study, the metal pads were plated with a gold layer so 
that the effect of electrochemical corrosion was negligible. If corrosion is negligible 
then the dominant mechanisms resulting in an increase in contact resistance is the loss 
of contact area between the particle and the pad. Moisture through hygro-swelling will 
enhance this process. Moreover, it not only diffuses into the adhesive layer, but it can 
also penetrate into the interfaces between the adhesive and the substrate/chip resulting 
in a reduction of the adhesion strength and even the formation of micro-cracks

Epoxy has relatively low surface tension energy compared to Au, SiO2 and many 
other materials, therefore good adhesion is usually expected when it applied to the 
surface of these materials [5]. However, the adhesion strength at the interface between 
the epoxy adhesive and the polyimide substrate is not as strong as others in this 
assembly due to the similar surface tension energy values of these two materials. 
Therefore, the interface between the adhesive and the flex is more vulnerable to water 
molecule attacks, and once the degradation at the adhesive/flex interface has started, 
water can move along the interface. When combined with the stress due to the swelling 
effect of the adhesive, this may cause further degradation of the interfaces.
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Furthermore, high degrees of interfacial degradation in the adhesive joints can result in 
the presence of high water activity.

Computer modelling analysis will help provide a better understanding of the failure 
mechanism of ACF joint in this humid environment, these modelling results will be 
presented in Chapter 6.

4.3.3.3 Effect of Solder Reflow

Four samples subjected to the tin-lead solder reflow were tested for 24 hours at the 
autoclave test conditions stated above. The joint resistance of each ACF joint was then 
measured and the SEM photos were taken to show the failure information, the results 
were also compared with samples without reflow treatment.

The joint resistance results are shown in Table 4.3. These compare both the "as 
bonded" samples, i.e. not subjected to a reflow process with bonded samples that have 
been subjected to a reflow process. It is interesting to note that samples that were 
subjected to a reflow treatment show a large increase in the contact resistance and 
therefore will have poor reliability performance.

Table 4.3: The results to show the reflow effect

As bonded

With reflow treatment

Joint resistance (m£l)

Autoclave test (hour)

0

69.29±20. 1

90.54±30.2

24

128.62±32.1

700.95±67.6

Open joints
Autoclave test 

(hour)
0

0

0

24

0

6%

For the samples without the reflow treatment, there were no open joints visualised 
after the 24 hours autoclave test. Only micro-cracks were detected along the interface 
between the adhesive and the flex as shown in Figure 4. 20a. For the samples with
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solder reflow treatment, delamination along the interface between the adhesive and the 

flex/pad was clearly observed as shown Figure 4. 20b.

(a) Without solder reflow

(b) With solder reflow

Figure 4. 20: SEM photos of the ACF interconnections after 24 hours autoclave test
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According to other studies [99] [100] on the water absorption and diffusion in 

epoxy-resin systems, moisture uptake increases with the cross-linking density (curing 
degree). This is because the cross linked region has a bigger free volume that can 
accommodate more water. This suggests that after the solder reflow process, more 
moisture absorption may take place with the fully (or even over)-cured ACF. 
Furthermore, during the solder reflow the thermal stresses inside the package due to 
the CTE mismatch could reduce the contact area between the conductive particles and 
the metallization. This may explain why the reflowed ACF joints showed worse 
reliability in the autoclave test.

4.4 Conclusions

This Chapter has described the flip chip bonding process using Ni/Au-coated 
polymer-filled ACFs and studied the effects of (1) bonding parameters, (2) solder 
reflow and (3) moisture absorption on the electrical/reliability performance of ACF 
flip chip assemblies.

The results showed that the joint resistances of ACF joints were highly dependent 
on the bonding parameters such as Bonding Temperature, Bonding Pressure and 
Bonding Time. These strongly affected the magnitude of deformation of the 
conductive particles and also the degree of cure in the adhesive. The quality of the 
final joint, as monitored through the joint resistance, was strongly influenced by all 
three variables and care was required to ensure that the correct combination of 

parameters was used.

The subsequent solder reflow treatment always causes an increase in the joint 
resistance. The magnitude of this increase was governed by the parameters used in the 
bonding process and the state of deformation of the particles and the degree of cure in 
the surrounding polymer matrix.
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During the autoclave test, the joint resistance of the ACF joints increased. More 

than 85% of the ACF joints were assessed to have failed within the first 24 hours based 

on the failure criteria being a 100% increase in the joint resistance. However, open 

joints were not observed until after 48 hours of testing. The formation of delamination 

cracks between the conductive particles and the metallization was observed at this 

time. It is believed that this de-bonding process is due to absorption of moisture at the 

interfaces of the materials. This was the major cause of ACF failure.

Samples that had been subjected to a reflow process failed earlier in the autoclave 

test. This could be due to the greater degree of absorption in the reflow samples where 

the degree of cross linking in the polymer material was greater. The work outlined in 

this Chapter has contributed to one journal paper [126], and a number of international 

conference papers [129][133][136].
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Chapter 5 

Modelling of the Effect of Solder Reflow 
on ACF Performance 

Experimental studies in Chapter 4 revealed that the solder reflow process had a 

substantial effect on the electrical and reliability performance of ACF flip chip 

assemblies. The change from tin-lead solder to lead-free solder results in an extra 20-

50°C increase in the reflow peak temperature. This could damage the flip-chip 

assembly and the ACF materials. In this Chapter, the performance of ACF assemblies 

is further studied using computer modelling techniques. A parametric analysis 

investigates the impact of adhesive material properties (CTE and Young's modulus) 

and geometrical height of the bump (or pad on the silicon die). This analysis shows 

that the CTE of the adhesive matrix is proved the most important design variable in 

minimising the damage in the assembly when sUbjected to higher reflow temperatures. 

These modelling results are compared with the experimental findings in Chapter 4. 

5.1 Computational Modelling 

The software package PHYSICA was employed to investigate the primary cause of 

the failures observed in the experiments. This work focused on modelling the 

thermally induced stress in the ACF joints as they passed through the solder reflow 

process. 
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5.1.1 Geometry and Mesh Model

A conductive adhesive particle has a diameter of 3.5urn with a surface coating of 
thickness 200nm. These details need to be captured within a finite element model of 
these particles to accurately predict their deformation. The dimension of the silicon die 
are: length of llmm, width of 3mm and height of 1mm. Between the die and the 
flexible substrate there are over 300 pads with possible 10-15 conductive particles on 
each pad.

The finite element method represents the domain to be modelled as a mesh over 
which the governing stress and thermal equations can be solved. Obviously, to model 
in detail the whole flip-chip assembly and each conductive particle would be infeasible 
due to the excessive mesh and computing resources required. In order to simplify the 
model and reduce the computing time, a single joint located at the centre of an ACF 
flip chip assembly was built. This is illustrated in Figure 5.1.

Symmetry Symmetry

Figure 5.1: Section view of the structure of the ACF joint
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The size of the bump and the pad are kept the same as in the tested sample. The 
thickness of the adhesive matrix is defined as H which will be used to explain the 
bump height effect in a later section. In this model, a single conducting particle is 
assumed to be located in the middle part of the area between the bump and the pad. 
The particle is also assumed to be in its deformed shape as it would be after the 
bonding process. The contact between the particle and the pads is perfect.

Due to the symmetry of an ACF joint, only one quarter of the geometry was 
modelled. The 3D mesh of this quarter model is presented in Figure 5.2, where an 
enlarged section around the particle area is illustrated so that the particle and the 
coating layers are visible. The settings for the boundary conditions are illustrated in 
Figure 5.3. The displacements at Point A are fixed to zero in all directions; 
displacements of the points on Plane A and B are fixed to be zero in the X and Z 
directions respectively.

Figure 5.2: FE model of an ACF joint
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Symmetry plane A

Symmetry line

Point A

Symmetry plane B

Figure 5.3: Boundary conditions used in the modelling

5.1.2 Modelling Assumptions

ACF bonding is a complicated process that involves heat transfer, fluid flow and 
solid deformation [101]. In order to simplify this analysis, and focus on the stress 
changes taking place in the reflow process that can give rise to failures, the 
compressive stress created in the bonding process is ignored. Of course there will be 
locked in stresses after this process but it is the change in stress and the likelihood of 
interfacial delamination as the assembly is heated to the peak reflow temperature that 
we are interested in. This means the model is assumed stress free at the reference 
temperature (25°C) after the bonding process.

The material properties are listed in Table 5.1. The die, the substrate, the polymer 

foil and the core of the conducting particles are treated as elastic, all the metals are 
assumed to behave in an elasto-plastic manner. The coating characteristics of the
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particle are accounted for by assuming a lower Young's modulus but a higher initial 

yield strength than that of the bulk material [54]. For example, the yield strength of the 

gold coating layer is assumed to be 190Mpa.

Table 5.1: Material characteristics used for this simulation

Material

Chip

Substrate

Nickel

Copper

Gold

Polymer in particle

Adhesive matrix

Young's modulus 
(MPa)

131700

4000

205519

132400

77000

1600

1600

Poisson's 
ratio

0.3

0.3

0.3

0.34

0.3

0.4

0.4

CTE 
(ppm/K)

2.7

20

13.14

16.7

14.2

70

133

5.1.3 Modelling Results

The deformation and normal stress distribution at the peak reflow temperature of 

210°C is presented in Figure 5.4. The deformation is magnified by 15 times in order to 

provide clear information. It shows that the adhesive matrix, which has a high CTE 

value, expands much more than the tiny conductive particle. Higher stress is also 

identified around the particle where the stress in the coating layer is the highest. Along 

the interface between the conductive particle and metal pad, the highest stress is 

identified along the outer edge of the contact interface. This area could be the weakest 

point and a location for interfacial delamination.

The plastic strain distribution is shown in Figure 5.5, where the coating layers 

undergo plastic deformation and strain which are highest along the coating/adhesive 

matrix interface. These plastic strains are much less at the particle pad interface.
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Figure 5.4: Stress Oyy distribution in the ACF joint

MODEL: ocT2e-
CftSEl: PHYSICS RESULTS 
STEP: 19 TIME: 2BO 
NODAL EVPSTR 
MAX - .22E-1 MIN - 0

Figure 5.5: Plastic strain distribution in the ACF joint

During the bonding/cure process, the bonds produced between the conductive 
particle and its surroundings are strong. There will also exist a state of compression
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after the cure process which results from a temperature drop of 190°C to 25°C. These 
stresses will maintain good contact between the particles and their surroundings. Now 
during the reflow process these bonds can be broken due to materials swelling and this 
will result in loss of electrical contact in the Z-axis direction [110] which can become 
permanent eventually at the end of the reflow process.

Owing to the CTE mismatch between different materials in the ACF joint, the 
contact regions will be subject to tensile stresses at the peak reflow temperature and 
the loss of contact area in the connections may occur if the stresses at the interface 
between the particle and the pad are high. This loss of the contact area will result in an 
increase in the contact resistance. In time this will lead to electrical failures.

5.1.4 Parametric Study

In order to understand how material properties and geometric changes affect the 
stress levels in the ACF flip chip assemblies during a solder reflow, a detailed 
parametric analysis was carried out.

In the experimental work, contact resistance was used to characterise failure of the 
ACF joint. This depends on the contact area between the conductive particle and the 
pad surface. When tensile stresses occur at this interface there is a high probability that 
delamination will occur and contact resistance will increase. In this modelling work, 
the effect of (a) Adhesive CTE, (b) Adhesive Young's modulus and (c) bump height 
on the reliability of the ACF interconnections is discussed based on the stress levels at 
the particle/pad interface.

5.1.4.1 Effect of the CTE of the Adhesive Matrix

The CTE of the adhesive matrix is 133ppm/°C which is much higher than the CTE 
of the conductive particle and other metal materials. During a temperature cycle, this 
large CTE mismatch between different materials can induce high stresses inside the 
ACF flip chip assembly. This may reduce the reliability performance of the ACF 
joints. Previous research work [23] revealed that ACA materials with low CTE could
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significantly enhance thermal cycling reliability of AC A interconnections. To prove 
this, models with different CTE values were analyzed. The values of the normal stress 
(Tyy at the interface between the particle and the pad were recorded at the peak reflow

temperature of 210°C. These results are shown in Figure 5.6. The abscissa represents 
the distance from the centre of the interface to the out edge of the contact area. It is 
found that the CTE of the adhesive matrix has a strong impact on the stress at the 
interface. The interfacial stress increases with an increase in the CTE of the adhesive 
matrix. Therefore the reliability of the ACF assembly will be enhanced when using an 
adhesive with a lower CTE.
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W
2
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163 ppm/K of adhesive

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Distance from the center line of the particle (urn)

Figure 5.6: The relationship between the interfacial stresses and the CTE of the
adhesive matrix

5.1.4.2 Effect of the Young's Modulus of the Adhesive Matrix

The effect of the Young's modulus of the adhesive matrix was also studied. The 
values of the normal stress a^ at the interface between the particle and the pad at peak

reflow temperature are shown in Figure 5.7. Clearly we can see that the interfacial
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stress cfyy decreases firstly and then increases, reaching its highest value at the point

where the particle, adhesive and metal pad meet. This is a potential location of 
initiation of delamination. In general the stress magnitude at this location is lowered 
with an increase in the Young's modulus. Therefore reliability of the ACF assembly 
can be enhanced when using an adhesive with a higher Young's modulus.
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Figure 5.7: The relationship between the interfacial stress and Young's modulus of
adhesive matrix

5.1.4.3 Effect of the Bump Height

Three different bump heights were analyzed to investigate their effect on the stress 
predictions. The distance between the chip and the substrate is dependent on the bump 
height, pad height and the deformed particles. Therefore, with a bigger bump height 
more adhesive will be in place between the chip and the substrate.

The stress values at the interface between the particle and the pad with different 
bump heights is shown in Figure 5.8. It can be seen that the tensile stress at the 
interface between the conductive particle and the pad metallization increases when the
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bump height increases. This conclusion contradicts what has been observed in solder 

based flip chips but corroborates well with experimental results for ACF joints
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Figure 5.8: The relationship between the interfacial stresses and the bump height

In order to prove the modelling results, two sets of ACF assemblies were bonded 

with (a) a chip with Ni/Au bumps and (b) a chip with Au bumps. Both of these were 

subjected to the solder reflow profile. Owing to the different processing technology, 

the chips used have different bump heights, about 17um for Au bump and 4 urn for 

Ni/Au bump. The height of Cu/Ni/Au pad on the substrate is about 17um. The joint 

resistance for both kinds of ACF assemblies was measured before and after a tin-lead 

solder reflow. The results are listed in Table 5.2.

For the assembly with Au bumps, the joint resistance was about 25mQ, this value 

increased by more than 100% after solder reflow. For the assembly bonded with Ni/Au 

bumps, the joint resistance only increased by 18% after the solder reflow process.
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Table 5.2: The results to show the reflow effect

As bonded

After reflow treatment

Percentage of increase

Joint Resistance (mQ) 
Mean Value (Standard deviation)

With Au bump

26(10)

53(15)

110%

With Ni/Au bump

124(24)

147(31)

18%

The SEM micrograph of a cross-section of the ACF interconnection bonded using 

Au bump is shown in Figure 5.9. Normally, ACF joints bonded using Au bumps show

\, ,

Figure 5.9: ACF interconnection with Au bump

a lower contact resistance than the ones bonded using Ni/Au bumps because gold is 

soft and a larger contact area can be achieved between the gold bump and the
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conductive particles. Also gold does not suffer from oxidation as easily as nickel. 

Currently, world wide efforts are focused on the development of Ni/Au bumping 

technologies due to the cost concerns of gold and the complexity of gold bumping 
technology.

As shown in Figure 5.1, if the distance between the chip and the substrate is 

defined as H, and the coefficient of thermal expansion of ACF matrix in the Z 

direction is a , then during the temperature rise of the reflow process, the expansion of 

the adhesive matrix in the Z direction, AH can be approximated by:

AH = Hxax(T2 -Tl ) (5.1)

where Tj is room temperature and 7^ is the peak temperature of the reflow process. In 
this case, the expansion of the adhesive matrix in the Z direction for ACF assemblies 
with Au bump is nearly twice that of ACF assemblies with Ni/Au bump for the same 
reflow profile. Therefore, higher thermal stress in the Z direction was accumulated for 
ACF assemblies with Au bump. This higher stress will try to lift the chip from the 
substrate and result in a high probability of loss of contact areas between the particle 

and pad surfaces.

Clearly from the experiments we can see that the design with the higher bump 
height also has greater change in contact resistance. This matches the results obtained 
from the modelling results above.

5.2 Sensitivity Analysis

This section discusses the results from a sensitivity analysis. This technique allows 
us to fully characterise the sensitivity of the reliability of the ACF assembly to small 
changes in particular design variables.

The design variables under investigation are (a) Adhesive CTE, (b) Adhesive 

Young's modulus and (c) the bump height. In this study, finite element calculations
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were undertaken for different combinations of these design variables and using 

statistical techniques a response surface (RS) was established that related reliability to 

these design variables. This response surface is a polynomial and reliability is 

characterised based on the magnitude of tensile stress at the point where the adhesive, 

particle and metal pad meet which is taken as the design response of interest.

Normally design variables of interest have different units of measurement 

rendering a direct comparison of the parameter variation difficult. The sensitivity 

analysis in such cases requires dealing with the above issue in a certain way. The best 

way is to consider a RS model developed as a polynomial approximation in a 

normalized design space. In the normalized design space the lower limits of the design 

variables correspond to -1, and the upper limits to +1 .

5.2.1 Scaled and Un-scaled Design Points

When dealing with experimental designs, it is often convenient to scale the design 

variables with respect to their upper and lower limits (i.e. the maximum and the 

minimum values). One of the common ways to do this is as follows [102]:

x = zi ~ (max(X ] + minIX ]) / 2 i _ 1 N
(max[zz. ] - min[zf ]) / 2

where z/ is natural (i.e. un-scaled) design variable, *,- is scaled design variable, and N is 

the total number of points (i.e. simulation results) in the experimental design. When 

the maximum and the minimum are taken over all the values of the particular design 

variable (over all the points in the experimental design), each design variable scaled in 

such a way assumes that values are between -1 and 1.

In this study, the chosen polynomial order for the RS approximation is a full 

quadratic with mixed linear terms. The number of design variables is three. The 

construction of such a polynomial approximation requires the estimation of 10
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unknown coefficients. To build the RS model and to find the values of these 

coefficients, at least 10 or more experiment points are required.

Design of experiments (DOE) was performed to identify these sets of design points 
at which the finite element analysis was undertaken to provide the stress predictions 
for the ACF flip chip assemblies at different combinations of design variable values. 
The DOE method exploited here is the "Latin Hypercube" with 15 experiments. The 
15 set of design variables predicted from the DOE analysis are listed in Table 5.3.

Table 5.3: Scaled values of the design variables

1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

Variable 1

1.0

1.0

1.0

1.0

-1.0

-1.0

-1.0

-1.0

1.0

-1.0

0.0

0.0

0.0

0.0

0.0

Variable 2

1.0

1.0

-1.0

-1.0

1.0

1.0

-1.0

-1.0

0.0

0.0

1.0

-1.0

0.0

0.0

0.0

Variable 3

1.0

-1.0

1.0

-1.0

1.0

-1.0

1.0

-1.0

0.0

0.0

0.0

0.0

1.0

-1.0

0.0
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The un-scaled values of these design variables were calculated and listed in Table 

5.4. In total 15 sets of simulations were conducted using these design variables. The 

stress values at each DOE design location were predicted and used to establish the 

response surface and to undertake the required sensitivity analysis.

Table 5.4: Un-scaled values of the design variables and response of interest

1
2

3

4

5

6

7

8

9

10

11

12

13

14

15

Lower bound

Higher bound

Design variables

Young's 
modulus 
(MPa)

2400

2400

2400

2400

800

800

800

800

2400

800

1600

1600

1600

1600

1600

800

2400

CTEof 
adhesive 
(ppm/°C)

163

163

103

103

163

163

103

103

133

133

163

103

133

133

133

103

163

Bump height 
(urn)

12

4

12

4

12

4

12

4

8

8

8

8

12

4

8

4

12

Stress (MPa)

270

243

128

109

419

375

198

162

183

281

307

138

242

213

222

99



______Chapter 5 Modelling of the Effect of Solder Reflow on ACF Performance_______ 

5.2.2 Sensitivity Test Results

Figure 5.10 illustrates the sensitivity of the interfacial stress to the terms in the RS 

approximation generated in the normalized design space. This sensitivity analysis 

shows that the CTE of the adhesive matrix is the most influential linear term in this RS 

model, followed by the Young's modulus of the adhesive and the bump height. 

Generally, the stress is influenced mainly by the linear terms in this model. However, 

there are also important contributions from the design variable interactions and the 

pure quadratic terms. The most influential cross term is the interaction between 

Young's modulus and the CTE of the adhesive matrix (E*a), a positive scaled unit 

increment in both design variables results in a decrease of 19.75MPa. With respect to 
the quadratic terms in this polynomial approximation, the Young's modulus term E**2 

has the highest contribution.

03 
CL

</)

<"
CO COo

Constant term in RS model: 222 MPa
E: Young's Modulus
a: CTE
h: bump height

I E*h a*h E**2 a**2 h**2

RS model term

Figure 5.10: Sensitivity of interfacial stress of design variables and their
interactions
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Figure 5.11 illustrates the quality of this response surface approximation that 
relates the tensile stress at the corner of the pad/particle/adhesive to the design 
variables stated above. Clearly we can see how closely the response surface 
polynomial compares with the actual finite element calculations.

Actual vs. Predicted Responses
425 

400 

373 ] 

8 350

w 300
v>
2 275

2 250

t; 225

u 200

* 175

150

125

100

s

100 125 150 175 200 225 250 275 300 325 350 375 400 425

Actual stress values

Figure 5.11: Response Surface predictions .vs. Finite Element predictions

5.3 Impact of Moving From Lead to Lead Free Soldering

In the solder reflow process the peak temperature is much higher than the glass 
transition temperature of the ACF material. This peak temperature depends on the 
solder alloy used. For example, for the traditional Sn60Pb40 solder, the peak 
temperature is around 215°C, while for a lead free solder, it can be much higher. 
Therefore, the effect of the peak temperature on the reliability performance of ACF 
interconnections was also studied. This is useful as the electronics industry is moving 
away from lead solder to lead-free solder.

Three peak temperatures: 210°C, 230°C and 260°C were analysed. These peak 
temperatures cover the range of reflow temperatures for both eutectic tin-lead and
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lead-free solder materials. The values of the normal stress a^ at the interface between

the particle and the pad at the three peak temperatures are shown in Figure 5.12. The 

abscissa represents the distance from the centre of the interface to the out edge of the 

contact area between the particle and metal pad. It shows that the stress <ryy decreases

firstly and then increases, reaching its highest value at the interface between the 

particle and adhesive matrix.

The stress also increases as the peak temperature increases. In fact, about 50% of 

the stress variation is observed when the peak temperature changes from 210°C to 

260°C. This shows that the peak temperature may have a great influence on the 

reliability of the ACF interconnections, especially for the lead free soldering process in 

which the peak temperature is much higher.
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£
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260°C reflow peak temp.
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Distance from center line of the particle

1.2

Figure 5.12: Relationship between the interfacial stress and the peak reflow
temperature

The effect of the peak temperature on the reliability performance of ACF joint was 

also studied experimentally. The joint resistance was used as the indicator and
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measured using the four-point probe method which is shown in Figure 4.9, Chapter 4. 

Also the SEM photos of the interfacial area between the conductive particle and the 
pad metallization were taken to illustrate the failure information.

The reflow profile conditions and the related joint resistance test results are 
summarized in Table 5.5. Three sets of ACA assemblies with Ni/Au bumps were used 
in this experiment. When the peak temperature was 210°C, no open joints were found 
and the joint resistance increased by 23mQ after the reflow process. When the peak 
temperature was 230°C, 5% of joints were open, and the joint resistance variation 
increased to 29mQ. When the peak temperature was 260°C, nearly 40% joints were 
found open, and the joint resistance increased by 60mQ. In conclusion, the peak reflow 
temperature has a substantial effect on the electrical performance of the ACF samples.

Table 5.5: Joint resistance with different peak temperature of reflow profile

No

1

2

3

Peak 
temperature 

(°Q

210

230

260

Time up 
melting 
point (s)

60

60

60

No. of 
test 

joints

53

36

48

Electrical Resistance (mQ) 
Mean Value (Standard 

deviation)
Before reflow

124 (24)

126 (28)

123 (26)

After reflow

147(31)

155 (41)

183 (55)

No. of 
open 
joints

0

2

16

It is clear that the conductive particles deformed very well and had a good contact 
with conductive metallization surfaces before the reflow process, as shown in Figure 
5.13a. Although it should be noted that no delamination was found after the reflow 
process with peak temperatures of 210°C and 230°C, the contact area between the 
particles and conductive metallization surfaces decreased to some degree and this can 
be attributed as the main reason for the increase of contact resistance after reflow.
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(a) (b)

Ni/Au 
Metallization

vli/Au coated 
polymer ball

AccV SpotMagn Dot WD I——————I 2pm 
20.0KV4.0 lOOOOx BSE88 ACF-intofccnncction

(c)

Figure 5.13: SEM photos showing the ACF interconnection through conductive
particles (a) as-bonded at 200°C, 86.2MPa, 10s, and after reflow with the peak

temperature at (b) 210°C (c) 230°C and (d) 260°C

The formation of a gap between the particle and pad was obvious after the reflow 
process with peak temperature of 260°C. This is illustrated by the arrow in the Figure 
5.13d. According to the CTE values listed in Table 5.1, the CTE mismatch between the 
adhesive matrix and conductive particles is clear. When the COF samples are heated to 
over 200°C during the reflow process, the expansion of adhesive matrix in the Z-axis 
is much more than that of the particles. Inevitably, a gap (conduction gap) will emerge 
between the particle and the bump or pad if the reflow peak temperature is high 
enough. It will cause the contact resistance to increase and, occasionally, lead to 

electrical failure.
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Based on both modelling and experimental results, the solder reflow process shows 

substantial effect on the electrical performance of COF samples, especially when using 
a lead-free solder reflow process which has a high peak temperature. The material 

property of the adhesive matrix and the geometry design of the flip chip can offer 

solutions to decrease this effect and enhance the reliability performance of ACF flip 
chip assembly during the reflow process.

5.4 Conclusions

In this Chapter, the effect of the solder reflow process on the reliability of ACF 
interconnection was studied using computer modelling. Design variables such as (a) 
Adhesive CTE, (b) Adhesive Young's modulus and (c) bump height were investigated 
to see their effect on the stresses formed within the joints. These predictions and trends 

were validated with experimentation.

Due to the CTE mismatch of the materials in the ACF flip chip, the stresses at the 
interface between the particle and its surrounding materials were significant. These 
were at their highest magnitude at the interface between the particle and the adhesive 
matrix. Through a detailed parametric analysis, it was found that the interfacial 
stresses increased when the CTE increased, the bump height increased and finally 
when the Young's modulus decreased. Sensitivity analysis showed that the most 
important design variable was the CTE of the adhesive.

The interfacial stresses also increased with an increase in the peak reflow 

temperature. For the same ACF materials, the expansion of the adhesive matrix in the 
Z-axis direction was related to the original distance between the chip and the pad 
which was proved in the experiments by using different bump chips.

The work in this Chapter has contributed to one journal paper [127] and a number 

of international conference papers [132][133][133].
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Chapter 6

Hygro-Mechanical Analysis of an ACF 
Assembly in Autoclave Test

This Chapter presents modelling results for the autoclave test of flip-chip bonded 
components onto flexible substrates using ACF materials. These models exploit a 
multi-scale modelling approach known as three-dimensional macro-micro or global- 
local modelling technique. In this technique the relevant physics, temperature, 
moisture and stress, are modelled both at the ACF particle level and at the package 
level.

This Chapter starts with a discussion of the macro-micro modelling methodology 
adopted in this study. This is firstly illustrated for a study of a solder joint to 
demonstrate the efficiency and accuracy of the macro-micro modelling technique 
implemented in an in-house code PHYSICA. The moisture diffusion and moisture 
induced stresses within an ACF flip chip assembly when subjected to the autoclave 
test are predicted using these techniques.

The modelling results from this study are then compared with the experimental 
results presented in Chapter 4. Possible failure mechanisms for the ACF assemblies are 
then discussed. Parametric studies detail the sensitivity of package reliability to design 
variables such as the package geometry and properties of the materials used.
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6.1 Introduction 

Moisture is one of the most important factors that can affect the reliability of ACF 

components. Previous studies have revealed that the reliability of ACF components is 

strongly affected by moisture, which is predominantly considered as the most 

important factor of ACF component failures [8][9][10][11][12][13]. 

Previous modelling work [10][11][12] has been mostly limited to the analysis of 

simplified 2D models. Three dimensional models have focused on the micro-domain 

and ignored the global effects at package level, or they have modelled the whole 

package and used gross assumptions at the micro interconnect level [48][49][61][62]. 

The recognised difficulty here is that due to the vast range of length-scales in an ACF 

flip chip assembly, and the large number of conductive particles, an 'exact' model 

which includes all the particles and interconnections is simply not achievable with 

today's computer technology. 

In this study, a 3D macro-micro modelling method is used to overcome the 

difficulty caused by the multi-length-scale nature of this problem and to enable a more 

detailed 3D representation and analysis of an ACF flip chip assembly. Two models: 

the macro and micro models, with different mesh sizes were built. The macro model 

was used to predict the overall behaviour of the whole package under moisture 

conditions. The displacement obtained from this global model was then used to set the 

boundary condition of the micro model so that the detailed stress analysis in the region 

around the conductive particle and between the pads can be undertaken. 

6.2 Computer Modelling Technique 

The experimental work presented in Chapter 4 proved that moisture absorption had 

a large effect on the reliability perfonnance of ACF interconnections. In order to better 

understand the role that moisture plays on the reliability perfonnance of ACF 
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assemblies, a 3D modelling analysis of an ACF flip chip when subjected to an 
autoclave test was conducted.

6.2.1 Challenges in Modelling the ACF Assembly

The ACF flip chip assembly consists of the silicon chip, polyimide substrate and 
ACF bonding material. The diameter of the conductive particles in the ACF material is 
around S.S^m and the thickness of the particle metallization is about 50nm. The die is 
11mm in its length, this means that the ratio of the two is approximately 1:200,000!! In 
addition, there are thousands of conducting particles in a typical ACF material used to 
bond a flip chip component to a substrate. This means that an 'exact' model which 
includes all the particles and interconnections would require millions if not billions of 
mesh elements to be used in a finite element model. This is simply not achievable with 
today's computer technology. Therefore, a 3D macro-micro modelling technique is 
required in order to provide the ability to accurately model the behaviour of the 
conductive particles during the autoclave test. This is the first time that such a 
technique has been used in this context.

6.2.2 Macro-Micro Modelling Technique

The macro-micro modelling analysis, also referred as global-local, or sub- 
modelling analysis, is defined as "a procedure to determine the detailed local stress 
states for specific regions using information obtained from an independent global 
stress analysis" [103].

The global modelling allows us to study the overall effect of the entire structure. 
The global mesh, although relatively coarse, should be fine enough to ensure that the 
critical regions can be identified. These regions are then subjected to a local modelling 
analysis to obtain the detailed local behaviour and stress distribution. Therefore, the 
local model adopts a much finer mesh that can accurately represent finer geometric 
features at this length scale. It should be noted that the local model is independent of 
the global model and its nodes need not coincide with those in the global model.
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The boundary conditions applied to the local model can be obtained from the 

global solution with interpolation. Due to the difference in mesh refinement in the 

local region, there is a violation in equilibrium at the global/local boundary which can 

be eliminated with global/local iteration. However, in engineering practice, the initial 

global solution is often assumed to be accurate enough and no iteration is performed 

[104], therefore the present study assumes such engineering procedure. 

Sub-modelling is based on St. Venant's principle, which states that if a system of 

forces acting on a small region of a body is replaced by a different but statically 

equivalent system of forces acting on the same region, then such a replacement does 

not cause significant changes in the predicted stresses and displacements at points in 

the body remote from the region concerned [l 05][ 106]. It also implies that if the 

boundaries of the sub-model are far enough away from the stress concentration, 

reasonably accurate results can be calculated in the sub-model. This is the case with 

the sub-models used in the following analysis where the stress concentrations are 

located around the conductive particles. 

The procedure for a macro-micro modelling analysis consists of the following four 

steps: 

( I) Create the Global and Local Models: the global mesh refers to the mesh that 

models the entire structure. The local mesh refers to the mesh that models the 

local area of interest and is a more detailed mesh, designed to capture the local 

stress/strain variations. 

(2) Solve the Global Model: the global model is solved and the displacement 

results will be used to set up the boundary conditions for the micro model. 

(3) Interpolation between the Models: Interpolation of displacements from the 

global solution along the boundary of the local area in the global mesh is made 

in this step. The interpolation of data from the global mesh is necessary 
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because there are fewer global nodes in the global model that interface with 

the finer mesh for the local model at their common boundary.

(4) Solve the Local Model: the interpolated displacements are now applied to the 
boundaries of the local model, and the problem is consequently solved.

This modelling technique is thought to be the best approach when large-scale 
structures are analyzed and where the local-scale factors are crucial for the structural 
design of the assembly [107].

6.2.3 Interpolation of the Displacement Fields

In the finite element literature, the functions used to represent the behaviour of a 
field variable within an element are called interpolation functions or shape functions. 
Although it is conceivable that many types of functions could serve as interpolation 
functions, only polynomials have received widespread use since they are relatively 
easy to manipulate mathematically [108].

The basic ideas to use the interpolation function in the macro-micro modelling 
process can be illustrated by a simple example in two-dimensional space which is 
illustrated in Figure 6.1. Suppose that there is one element in the global mesh and its 
coordinates remain the same in the local mesh, but there are finer elements in the 
corresponding area. The question is how to solve the displacement of the nodes in the 
local mesh based on the known displacement of nodes in the global mesh.

In the global mesh, the displacement is solved and stored at each node in the 
element. In two dimensions, the simplest complete polynomial has four nodal 
quantities of the element. Let's assume that the polynomial for a displacement variable, 

d, is defined as:

g3y + g4xy (7. 

where x and y are Cartesian coordinates in the 2D space.
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Nodes

NL

L
X

(a) In global mesh (b) In local mesh

Figure 6.1: Interpolation from the global to local mesh

Assuming that the displacement values at the four nodes of the global element are 

d{ , d2 , d3 and d4 , the coefficients of gl , g2 , g3 and g4 may now be found by

evaluating this equation at each of the four nodes of the global element, and then 
inverting the resulting set of simultaneous equations. Thus we can get:

=Si + 82*1

= 81 + 82*2 + 8^2 + 84^2
= 8l + 82X3

=8i+ 82*4

where xt and 7, are the coordinates of the z'th node.

Or, in matrix notation:

(7.2)
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where d = [c/, d2 d, d4 ] , g = [ gl g2 g2 g2 ,

and

x2 y2 x2 y2 

x3 y2

From Equation (7.2), we have:

g = (7.3)

Expressing the terms of the interpolation polynomial Equation (7.1) as a product 
of a row vector and a column vector, we can write:

(7.4)

where P = [l x y xy], by submitting Equation (7.3) into Equation (7.4), we have:

(7.5)

where N = PG"1 , which is called the interpolation function or shape function. This 
function is also used in the descritization process of finite element method, which is 
described in the appendices.

Finally, the displacement at the nodes in the local mesh illustrated in Figure 6.1b 
can be easily achieved by using Equation (7.5). In general, Equation (7.5) can also be 

written as:
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where m is the total number of the nodes in one global element.

In the macro-micro modelling procedure, the displacements at the nodes of the 
global mesh are calculated first, then the displacement information from the local area 
in the global mesh is imported into the micro model so that the displacements of all the 
nodes on the boundary surface in the micro model can be calculated using the above 
interpolation technique. These displacements are then used as the fixed displacement 
boundary conditions of the local model for the detailed stress analysis.

6.3 Demonstration of the Macro-Micro Modelling Technique

In order to verify the macro-micro modelling technique implemented in PHYSICA, 
a thermal mechanical analysis of a solder joint was carried out. Three models were 
built: the macro model (coarse mesh), micro model (fine mesh) and a global model 
with refined mesh. The results predicted from these models were compared in order to 
demonstrate the accuracy and efficiency of the macro-micro modelling technique.

6.3.1 Geometry and FE Models

The structure of a greatly simplified solder joint is shown in Figure 6.2. It consists 
of a chip, a PCB board and a solder joint.

In order to reduce the computing time, a slice model was adopted which means that 
one of the plane surfaces of the materials was fixed in the Z direction and another 
plane surface was free to move in the Z direction. The symmetry line was fixed in Y 
direction and the point A on the symmetry line was fixed in the X direction. For 
verification purposes, three models were built as follows:

(1) The macro model with a coarse mesh. As shown in Figure 6.3a, this model has 
all the components of the solder joint and the mesh is coarse. It contains 372 
elements and 2646 degrees of freedom.
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(2) The micro model with a fine mesh. This model contains only the copper pad 
and solder joint as shown in Figure 6.3b. The model contains 1024 elements 
and 6534 degrees of freedom, typically the mesh density is 24 by 32 in the 
solder area.

(3) The global model with a fine mesh. This model consists of all the components 
of the solder joint and was built with a fine mesh as shown in Figure 6.3c, it 
consists of 2664 elements and 17094 degrees of freedom. The mesh density in 
solder area is 24 by 32 which is same as in the micro model.

O.lmm

0.8mm

Symmetry line

Figure 6.2: Structure and geometry of a simplified flip chip solder joint
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(a) Macro

(b) Micro

(c) Global

Figure 6.3: Mesh details of the macro, micro and global model

In the macro-micro modelling analysis, the macro model was only used to provide 

the displacement boundary condition for the micro model; the micro model was the 

one to obtain the final solution. To demonstrate the accuracy of the macro-micro 

method, a "true" solution was required. Since an analytical solution can not be
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achieved for this problem, the FE solution of a well refined mesh (a globally refined 
mesh) was used as the "basis" solution.

6.3.2 Material Properties

The material properties used in this simulation are listed in Table 6.1. The chip, the 
substrate and the copper were considered as linear-elastic materials, solder was 
considered as elastic-plastic material, the yield strength of solder was 30.3 MPa [109].

Table 6.1: Material characteristics used for this simulation

Material

Chip

PCB

Copper

Solder

Young's 
modulus 
(MPa)
131700

4000

205519

132400

Possion's 
ratio

0.3

0.3

0.3

0.34

CTE 
(ppm/K)

2.7

20

13.14

16.7

6.3.3 Modelling Results and Error Analysis

The contour plots of the normal strains (strain xx, strain yy) and the shear strain 
(strain xy) predicted from the macro-micro solution and the basis solution are shown in 
Figure 6.4 a, b, and c respectively. The first column of the results was obtained from 
the macro-micro models and the second column was obtained from the globally 
refined mesh model. It is shown that the results predicted from the macro-micro 
solution are very close to the "basis" solution, the strain distribution is very similar and 
there is only a slight difference in the value.
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(a) Strain xx

I.959E-2 
.829E-2 
.698E-2 
.568E-2 
.437E-2 
.307E-2 
.177E-2 
.462E-3
-.842E-3
-.215E-2

(b) Strain yy

I.124E-1
.111E-1
.976E-2
.842E-2
.707E-2

I.573E-2
I.439E-2
I.304E-2
I.17E-2
I.356E-3

(c) Strain xy

I.525E-3 
'-.104E-2
-.261E-2
-.418E-2 

.575E-2 

.732E-2 

.889E-2 

.105E-1 

.12E-1 

.136E-1

Figure 6.4: Strain distribution predicted by using the macro-micro model (the left
row) and the global model (the right row)
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The relative error of the macro-micro solution at each node can be defined as

macro-micro

r» _ . r»
globall -refined solu macro-micro solu -t s\/\ A/ = ——————————————————————————— XlUU /0 

globall -refined solu

The strains are extracted at each node in the domain of the local mesh and 
compared with the strain value at the corresponding location in the model from the 
globally refined mesh. The strain value and the error at node nearest to the centre of 
the solder joint are listed in Table 6.2. It is evident that the macro-micro model yields 
more accurate results than the global model with coarse mesh and the macro-micro 
model uses much less computer time than the global model with a fine mesh. For strain 
xy, which is most important strain in this model, the error is only 2%.

Table 6.2: Certain values from three models

Model

Macro

Micro

Global

pmacro-micro

At centre of the solder joint

Strain xx

0.44E-2

0.480E-2

0.536E-2

10%

Strain^

0.579E-2

0.535E-2

0.491E-2

9.0%

Strain xy

-0.738E-2

-0.843E-2

-0.827E-2

2.0%

Number 
of nodes

882

2178

5698

Time (s)

10

56

238

In order to further highlight the benefit of using the macro-micro modelling 
technique, the results predicted from the macro model itself were compared with the 
"basis" solution as shown in Figure 6.5. It is obvious that the mesh in the macro model 
was too coarse to capture the deformation details in the solder, so that the results were 
very different from the "basis" solution, both in distribution and in value.
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(a) Strain xx

I

(b) Strain yy

(c) Strain xy

I.959E-2 
.829E-2 
.698E-2 
.568E-2 
.437E-2 
.307E-2 
.177E-2 
.462E-3
-.842E-3
-.215E-2

I.124E-1 
.111E-1 
.976E-2 
.842E-2 
.707E-2

«.573E-2 
.439E-2 
.304E-2 
.17E-2 
.356E-3

Figure 6.5: Strain distribution in solder predicted by using the macro model (left 
row) and the global model with a fine mesh (the right row)

119



Chapter 6 Hygro-Mechanical Analysis of an ACF Assembly in Autoclave Test

When we use the macro-micro modelling technique, two sources of error can be 

identified. One is from the use of effective material properties and the other is from the 

implementation of the numerical scheme [107]. Since the effective material properties 

were not used in our modelling work, the numerical error was left as the only source of 

error. The use of the interpolation function and also the degree of refinement of the 

mesh in the macro model were the key factors in minimising this error. The mesh in 

the macro model must be fine enough to capture the variation of displacements at the 

interface but a fine macro mesh in turn increases the computational effort.

6.4 Moisture Diffusion Prediction

6.4.1 Conservation Equation in PHYSICA

The basic form of the conservation equation of a conserved quantity <j> can be 

expressed mathematically by the following differential equation:

+ </rv(C,«#) = div {D+gradV)} + S, (7.6)

Where 7^ , C^ are the coefficients of the transient and convection term respectively, 

D< is the diffusion coefficient and 5, is the source term.
<t> 9

During the moisture diffusion in solid material considered in this work, the 

convection term and the source term can be omitted so that Equation (7.6) can be 

rewritten as:

d

If the diffusion coefficient D^ is a constant in a material, the above equation can be 

written as:
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dt
(7.7)

By setting 7 = 1 , substituting the moisture concentration C for the scalar

variable ^ , and replacing the general diffusion coefficient D^ with the moisture 

diffusion coefficient D , Equation (7.7) can be used for the moisture diffusion analysis.

However, Equation (7.7) which is available in PHYSICA can not be used directly 
if there is more than one material in the solution domain. This is because that unlike 
the temperature distribution which is continuous in nature. The moisture concentration 

C is discontinuous at material interfaces because the saturated concentration values 

are not the same for different materials. This problem is illustrated in Figure 6.6. Due 
to the discontinuity at the interface between different materials, Equation (7.7) can not 
be used for moisture prediction for multi-material solution domain unless the 
discontinuity is removed.

Clsat

C2

Clsat

C2sat C2\^^*sat

(a) Unsaturated (b) Saturated

Figure 6.6: Moisture concentrations across bi-material interface

6.4.2 Wetness Fraction Approach

A wetness faction approach is introduced to solve the above problem [114]. A new 
field variable named wetness fraction, W, is defined as
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_c_
Csat

where Csat is the maximum moisture concentration that can be absorbed by the

material under certain temperature, the lower limit (W = 0) means the material is fully 
dry, and the upper limit (W = 1) means the material is fully saturated with moisture. 
The wetness fraction W was proved to be continuous across bi-material interface [114]. 
The wetness fraction profile corresponding to Figure 6.6 can be depicted as Figure 6.7.

W=\

(a) Unsaturated

W=\

(b) Saturated

Figure 6.7: Wetness fraction across bi-material interface

Therefore, if we define wetness faction W as the concerned scalar variable ^ , 

Equation (7.7) can be written as:

(7.8)
dt

( dcsatw) d\csatw}
dx2 dy2 dz2

In a domain with only one material, Csat is independent of the location and the 

above Equation (7.8) can be simplified as:

d2W

dt dx2 dy
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When Equation (7.8) is used to predict the wetness fraction distribution in a multi- 
material system, the transient coefficient 7^ is then defined as Csat and D^ is defined

as the product of Csat and D. Once the wetness fraction W is solved, the moisture 
concentration C can be easily obtained by:

This wetness fraction method was firstly introduced by Wong et al. in 1998 [114] 
for predicting the moisture absorption in an 1C package. Due to the improvement in 
simplicity and computational efficiency, this method is becoming widely used for 
predicting the moisture concentration in 1C packages [115][116][117][118][119], Most 
importantly, the wetness fraction method enables the use of commercial thermal 
analysis software to model the transient moisture diffusion phenomenon in a multi- 
materials package. The relationship between them is shown in Table 6.3.

Table 6.3: The relationship of the thermal and moisture simulation [115]

Properties

Field variable

Density

Conductivity

Specific Gravity

Moisture

Wetness(C/Ga,)

1

D Csat

ĉsat

Thermal

Temperature (7)

P

k

CP

Because of the analogy between thermal conduction and moisture diffusion, the 
simulation of moisture diffusion process in a multi-material package can also be done 
using the HEAT Module in PHYSICA package. The implemented moisture prediction 
technique could therefore be tested by solving moisture diffusion as a typical thermal 
problem. In this research, the moisture diffusion analysis was predicted using the 
SCALAR module in PHYSICA and the moisture induced stress was predicted using 
EVP module, so that the thermal conduction and moisture diffusion analysis can be 
coupled when the thermal effect has to be taken into account.
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6.4.3 Test Case: One Dimensional Moisture Diffusion

In order to validate the moisture prediction technique in PHYSICA, a one 
dimensional diffusion problem is analyzed numerically and the results are compared 
with the analytical solution. This one-dimensional problem is an approximation of a 
diffusion process that happens in a thin plate where diffusion flux is mainly 
perpendicular to the plate. If it is assumed that the solution domain has a size of 21, the 
concentration values at the two ends of the domain are kept at a constant concentration 
Ci at all time and at t = 0 the concentration throughout the domain is C0. The 
concentration of diffusion substance within the solution domain can be expressed by 
the following equation [111]:

C-C,

("I)" ^-

21
(7.9)

where D is the diffusion coefficient, t is the diffusion time. The right hand side of 
Equation (7.9) can be evaluated by using MathCAD software and n was set as 1000.

In the numerical analysis, the FEA model employed is illustrated in Figure 6.8. 
The model consists of 50 brick elements. The material properties used in the 
simulation are listed in Table 6.4.

MODEL: HCE 
ANALYSIS: PHYSIC*

Core of plate

Surface of plate

204 nodes
612 degrees of freedom
50 brick elements

Figure 6.8: The mesh of the ID model diffusion model
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Table 6.4: Material properties used for the ID diffusion simulation

D (mm2/s)

1.00

'(s)

20

/(mm)

10

C0(g/mm3)

0

Ci (g/mm3)

1

Both analytical and numerical results of (C-C^)/^ -C0 ) along the x direction are

plotted in Figure 6.9. It shows that the numerical results have a good match with the 

analytical results and the overall difference is less than 2%.

1.1 
1.0-

0.9- 

0.8-

Analytical results 
Numerical results

0.10

0.08

m
o

0.06 -5
(Di

0.04 <Q

0.02

0.00
23456789 10 

Along X direction (mm)

Figure 6.9: The analytical and modelling results

In the numerical analysis, the accuracy of the results was found to be dependent on 

the mesh density and number of time steps as shown in Figure 6.10. Higher mesh 
density and more time steps result in more accurate results.
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d
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0.9- 

0.8- 

0 0.7- 

0.6-

O
(3 0.5-

0.4- 

0.3- 
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0

Analytical results
n=10
n=5
n=2

34567 

Along X direction (mm)

(a) Time step

8 9 10

o
I
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1.0- 

0.9- 

0.8- 

0.7- 

0.6-
oJ
6 0.5- 

0.4- 

0.3- 

0.2-

mesh density: 10 
mesh density: 25 
mesh density: 50

01 23456789 10
Along X axis

(b) Mesh density 

Figure 6.10: Effects of the mesh density and time step on the numerical results
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6.5 Modelling Analysis of an ACF flip chip Assembly

In this section, the hygro-thermal mechanical analysis of an ACF flip chip 
assembly using a 3D macro-micro modelling technique is explained and the results of 
moisture concentration and moisture induced stresses are presented.

6.5.1 Geometry and Mesh Model

In order to compare the computer modelling results with the results from the 
experiments, a typical flip chip on flex (FCOF) assembly with an llmm x 3mm x 
1mm chip and a total of 368 Ni/Au peripheral pads was used throughout this analysis. 
The dimensions of the bumps were 50(j,m x 50um x 20um. The substrate was made of 
polyimide, 25 um in thickness and the metal pads on the substrate were made of nickel- 
gold plated copper. The thicknesses are 12um, 4um and 0.5um for the copper pad, 
nickel layer and gold coatings respectively. The gold layer was neglected in the model 
since it is very fine in thickness. The layout of the chip is shown in Figure 6.11.

50x50|um 75 um

nnnnn

nnnan

a 
a

nnnnn
30 groups

Figure 6.11: The layout of the silicon chip

The macro model of this ACF flip chip assembly is shown in Figure 6.12. In order 
to reduce the size of the FEA model and save the computing time, the modelled
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substrate's size was the same as the chip. Further more, only one quarter of the ACF 

flip chip assembly was simulated due to the symmetry of the package. This model 
consists of a total of 32198 hexahedral elements.

Figure 6.12: The mesh of the macro model

The micro finite element model is shown in Figure 6.13. This model represents the 

ACF joint located at the corner of the ACF flip chip where the stress level is usually 

the highest. A representative conductive particle was included and a finer mesh was 

employed around the particle in order to capture the details of the particle. The 

conductive particle was assumed to be Ni/Au coated polymer particle with a diameter 

of 3.5um. A total of 23376 elements were used in this micro model. It can be seen 

clearly that much finer mesh was used in the micro model than the corresponding area 

in the macro model in order to capture more detailed stress information around the 

conductive particle.
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Ni/Au Bump

Ni/Cu Pad

^—i Adhesive

Ni/Au coated
polymer
particle

Figure 6.13: The mesh information of micro model

6.5.2 Material Properties and Modelling Assumptions

ACF flip chip bonding is a complicated process which involves heat transfer, fluid 

flow and solid deformation. In order to simplify the FEA analysis, the residual stress 

created in the bonding process was assumed to be negligible. This means that the 

model was stress free at the reference temperature. As a further assumption, all 

materials in the model were assumed to be homogenous, isotropic, and the temperature 

dependence of material properties was neglected. All the materials were assumed to be 

elastic. The basic material properties used are as listed in Table 5.1. The moisture 

properties used are listed in Table 6.5 which are based on the work described in Ref.

The diffusion coefficient of moisture in polyimide, Z), was reported to be of the 

order of 10~7mm2/s at room temperature (25°C) [1 12]. At autoclave test conditions, the 

moisture diffusion rate of adhesives can be ten times higher than what it is at the room 

temperature [13], therefore the diffusion coefficient of moisture in the polyimide 

substrate was assumed of the order of 10~6mm2/s at autoclave test conditions.
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Table 6.5: Moisture properties of the ACF and polyimide substrate

ACF

Polyimide

Diffusion 
coefficient 

(mm2/s)
12.3E-6

l.OE-6

Saturated moisture 
Concentration 

(g/mm3)
32.3E-6

16.15E-6

CME
(mnrVg)

1.7E2

1.0E2

6.5.3 Modelling Results

Three groups of modelling results are presented: moisture diffusion, moisture or 
temperature induced stresses, and parametric analysis. The moisture diffusion was 
predicted using the macro model and the detailed stress analysis was carried out using 
the micro model. In the parametric analysis, the effects of the CME, the Young's 
modulus of the adhesive matrix, and the bump height of the chip on the moisture 
induced interfacial stresses were studied.

6.5.3.1 Moisture Diffusion

The moisture diffusion analysis was coupled with the stress analysis so that the 
displacement field and the moisture concentration were solved simultaneously. Figure 
6.14 shows the wetness fraction at the centre of the package versus the time, it is noted 
that the time it took for the adhesive to be fully saturated is very much dependent on 
the moisture properties of the polyimide substrate. The package is not saturated in the 
first 50 hours of the autoclave test if we assume that the substrate does not absorb any 
moisture. However, the polyimide substrate does absorb moisture and the ACF 
package can be fully saturated within the first 12 hours of the autoclave test and the 
duration can be even shorter when higher moisture diffusion rate of the polyimide is 
used. This result implies that the moisture property of the polyimide substrate is a 
crucial factor in the reliability performance of the flip chip on flex in a humid 
environment.
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Substrate, D=0
D=1.0E-6mm 2/s
D=5.0E-6mm 2/s

4.0x104 8.0x104 1.2x105 

Test duration (Second)

1.6x10° 2.0x1 0*

Figure 6.14: Wetness fractions at the centre of the ACF layer

The wetness faction distribution in the ACF layer in the first 12 hours' test is 

shown in Figure 6.15. It is noticed that there is no obvious wetness fraction gradient in 

the ACF layer, since the polyimide substrate is 25 um in thickness and the width of the 

ACF is 3mm, moisture can quickly diffuse into the adhesive from the polyimide 

substrate, rather than the perimeter sides of the ACF layer.
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3 hour

Figure 6.15: The wetness fraction distribution in ACF layer

The effective stress distribution and the warpage of the package due to the moisture 
absorption are shown in Figure 6.16. The deformation is magnified by 400 times in 
order to give clear information. The package bends upwards since the flex substrate 
absorbs water and expands, while the chip absorbs virtually no water at all and 
therefore does not expand.

The displacement, temperature and moisture concentration resulting from the 
macro model are then used as the boundary conditions of the local model. In this work, 
the boundary mesh of the micro model is finer than in the corresponding parts of the 
macro model so that the nodes of the two models do not coincide at the boundaries. As 
mentioned in Section 6.2.3, interpolation techniques can be used to transfer the 
displacement values from the macro model to the micro model's boundary nodes.
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ASSEHBLY: CLBAL 
DEFORMATION * 400
CftSEI: PHYSICA RESULTS
STEP: i TIME: .i«<E6
NODAL ESTRES

««X • 78 «IN • . 159

CL—fc»

lee. 2 
lsi.4 
(54.6
47.8
41

J34.2 
127.1
126.6 
Il3.8 
16.97

Figure 6.16: The deformation and stress distribution of the whole package

6.5.3.2 Moisture Induced Stress

The conductive particles play an important role in the ACF interconnections. They 
work as the electrical conductors providing current paths in the fine pitch electronics 
packaging as well as physical parts connecting chip bumps and substrate pads through 
the mechanical deformation interfaces [69]. Therefore, it is very important to 
understand the local stress distribution in an ACF joint, especially the area around the 
conductive particle.

The Von-Mises stress distribution in this ACF joint due to the moisture absorption 
is shown in Figure 6.17. Stress concentration is found at the interfaces between the 
adhesive and the bump/pad. The stress level is highest around the spot where the pad, 
the flex substrate and adhesive meet. In the experiments, this was usually the location 
where the micro cracks were found. The normal stress distribution around the 
conductive particle in the ACF joint is shown in Figure 6.18 . The highest normal 
stresses are identified in the coating layer of the conductive particles. Along the 
interface between the adhesive and metal pad, higher stress are identified around the
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conductive particle, especially at the outer edge of the particle/pad contact region. This 
area could be the location where interfacial delamination occurs.

MODEL: AA
CASEl: PHYSIC* RESULTS
STEP: i line: .86<E5
NOOAL ESTRES 
MAX   .127E4 
HIM - 8.8

-L,

Il93
(174
159
143
126

J112
196.7
181.1
IBS.E
Iso

Figure 6.17: Pattern of the Von-Mises stress distribution

HOOEL: AA
CASEI: PHYSICA RESULTS 
STEP: 1 TIME: .864E5 
NODAL STRESS ZZ 
NAX/HIN ON MODEL SET: 
BAX = 698 HIN ' -3. 19

MODEL: An
CASEI: PHYSICA RESUL 
STEP: 1 TIME: .864E5 
NODAL STRESS ZZ 
MAX/MIN ON HOOEL SET:

Figure 6.18: Pattern of the tensile stress distribution
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Both normal stresses and shear stresses along the interface between the conductive 
particle and metal pad are shown in Figure 6.19. The shear stress is not significant

200

Normal stress 
Shear stress

0.00 0.01 0.02 0.03 0.04 

Position along the pad (mm)

0.05

Figure 6.19: The interfacial stresses due to moisture absorption

compared with the normal stress even though the modelled ACF joint is located at the 
corner of the flip chip assembly where shear stress is the greatest in the package. The 
loading condition around the conductive particle is mostly tensile. This indicates that 
due to the moisture absorption of the adhesive, the ACF swelling effect tends to lift the 
bump from the pad and decreases the contact areas of the electrical paths. The tensile 
dominant stress also corresponds to the lower interface toughness and it is more prone 
to the interface delamination [12]. The interconnections between the conductive 
particles and the metallization are constructed by the elastic/plastic deformation of 
conductive particles with contact pressure, which is maintained by the shrinkage force 
in the cured adhesive. Once the adhesive expands in the vertical direction due to the 
moisture absorption, the shrinkage force in the adhesive could be released and 
deformed particles may recover their original shape due to the loss of the contact
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pressure. As the consequence the contact area decreases and the contact resistance 
increases. In the worst case, joint opening occurs when the contact area is completely 
lost.

6.5.3.3 Temperature Induced Stresses

Apart from the moisture-induced stresses in the autoclave test, the temperature- 
induced stresses due to the CTE mismatch in the assembly were also simulated and 
analyzed. In this analysis the glass transition temperature Tg of 131°C was used as the 
stress-free reference temperature. Figure 6.20 shows the normal stress distribution in 
the ACF joint. The result suggests that the interfaces between the conductive particle 
and the metallization are under compression, i.e. the stress values are negative, so that 
the interface cracks are not open and the compressive forces maintain the good 
contacts between the conductive particles and the metallization.

MODEL: ftrt
CrtSEl: PHYSICft RESULTS 
STEP: 1 TIME: .864E5 
NOOftL STRESS ZZnnx/MiN ON MODEL SET:
RAX = 12.3 
MIN - -127

MODEL: rtft
CrtSEl: PHYSICS RESULTS
STEP: 1 TIME: .864E5
NODAL STRESS ZZ
MAX/MIN ON MODEL SET:
MAX ' 12.3
MIN * -127

Figure 6.20: The pattern of the normal stress distribution due to temperature change

Along the interface between the conductive adhesive and the metal pad, the normal 
stresses due to the moisture absorption or temperature changes are both shown in 
Figure 6.21. The magnitudes of the moisture induced tensile stresses are much higher
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than the thermal induced compressive stresses and therefore the coupled normal 
stresses along the interface are tensile dominant. Therefore, in autoclave test, the 
moisture induced tensile stresses play a more important role in the joint opening rather 
than the thermal stresses.

200

Thermal induced 
Moisture and thermal 
induced

0.00 0.01 0.02 0.03 0.04 

Along interface between adhesive and metal pad

0.05

Figure 6.21: Moisture and thermal induced interfacial stresses

6.5.4 Parametric Analysis

The modelling results presented above prove that the reliability of the ACF 
interconnection is strongly affected by moisture during the autoclave test. In order to 
improve the reliability of ACF flip chip assemblies in such circumstances, a detailed 
parametric analysis was carried out, and the effect of the CME, Young's modulus of 
the adhesive matrix and the bump height on the moisture induced stresses along the 
interface between the conductive particle and pad metallization was analyzed.
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6.5.4.1. Effect of the CME of the Adhesive Matrix

According to Equation (2.8), the value of hygroscopic stress is proportional to the 
product of CME and moisture concentration. The CME of the adhesive, /?, was chosen 
as an example to show how the moisture property affects the reliability of the ACF flip 
chip assembly. The values of the normal stress & at the interface between the particle

and the pad with different adhesive CME values were recorded at a fixed moisture 
concentration and the results are shown in Figure 6.22. It shows that the CME of 
adhesive matrix has a large effect on the stress at the interface. The interfacial stress is 
tripled when the adhesive CME changes from 85mm3/g to 340mm3/g. Therefore, high 
adhesive matrix CME value results in an increased possibility of joint opening.

Also according to Equation (2.8), hygroscopic stress is proportional to the moisture 
concentration C. In the autoclave test, moisture saturation occurred quickly so that the 
maximum moisture concentrations in the assembly are dictated by the materials' 
saturated moisture concentration, Csat- Therefore, to reduce the damaging hygroscopic 
stress, both /? and Csat should be minimized.
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Figure 6.22: The interfacial stresses with different CME values of the adhesive
matrix
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6.5.4.2. Effect of the Young's Modulus of the Adhesive Matrix

Previous research work [11] revealed that ACF materials with high Young's 
modulus could significantly reduce the joint opening of ACA interconnections in a 

humid environment. To prove this and to estimate the extent at which the Young's 
modulus has on the reliability of ACF joints, the values of stress oyy along the 
particle/pad interface were predicted as shown in Figure 6.23. It is found that in 
general the interfacial stress increases as the Young's modulus of the adhesive 
increases. Since the point where the adhesive, metal pad and particle meet is regarded 

as the weakest along the contact, the reliability of ACF flip chip assemblies could be 
improved if the ACF with higher Young's modulus is used. However, the effect of the 
Young's modulus on the interfacial stresses is clearly not as significant as the CME 
values of the adhesive matrix. About 30% of the stress variation is observed when the 
Young's modulus changes from SOOMPa to 2400MPa.

250

200- 

150-

u_o

50-

0-

-50-

E = SOOMPa 
E= 1600MPa 
E = 2400MPa
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Along the interface between the particle and metal pad (urn)

Figure 6.23: The interfacial stresses with different Young's modulus value of the
adhesive matrix
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6.5.4.3. Effect of the Bump Height

The bump height was chosen to be an example to show how geometric design 
parameters affected the reliability of ACF flip chip assemblies in a humid environment. 
Models with three different bump heights were used for this analysis. The pad height 
was kept at a fixed value of 17 um in all the models. The values of the stress ayy at the 
interface between the particle and the pad with different bump height are shown in 
Figure 6.24. It shows that the interfacial stress increases modestly as the bump height 
increases. About 20% of the stress variation is observed when the bump height 
changes from 6(im to 20um. This suggests that the influence of this parameter is not as 
significant as the other two parameters discussed earlier. However, if thinner bumps 
are not difficult to achieve, then reducing the bump height is still a useful means of 
enhancing the reliability of the ACF flip chip assemblies in a humid environment.

200

Bump height is 
Bump height is 12(am

0.0 4.0X10"1 8.0x10^ 1.2x10 3 1.6x10 3 2.0x10 3 2.4x10 :

Along the interface between particle and metal pad

Figure 6.24: The interfacial stresses with different bump height
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6.6 Failure Mechanisms

In the past many researchers have suggested a variety of driving forces responsible 
for the ACF joint failures in humid environment. These include polymer expansion 
due to moisture absorption, the loss of the adhesion strength [8] [12], the degradation of 
the polymer [8], and stress corrosion and oxidation of the metal particles [9]. However, 
no definitive conclusion was made and no direct evidence was found to pinpoint the 
major cause of the electrical failures in the ACF assemblies for flip chip on flex 
applications.

According to the modelling results reported in this research, for an ACF flip chip 
on a polyimide substrate, the time to moisture saturation is strongly dependent on the 
moisture properties of the polyimide substrate. Most of the moisture that diffuses into 
the ACF layer is via the polyimide substrate rather than the perimeter of the ACF layer 
since the polyimide substrate is very thin. The full saturation of an ACF flip chip 
assembly can be expected in the first 12 hours of the autoclave test. In the experiments, 
85% of the ACF joints failed in the first 24 hours test when 100% increase in joint 
resistance was observed in these joints. However, most of the open joints were 
observed only after 24 hours' test and therefore a more dramatic increase in joint 
resistance was observed between 24 to 96 hours' test. Based on the modelling and 
experimental results, it can be concluded that moisture absorption rather than the 
temperature change was the major cause of the ACF failures during the autoclave test. 
However, delaminations at the material interfaces can not be seen as a catastrophic 
event governed by a critical water concentration only.

Lam et al. [40] developed a chemical kinetic model of interfacial degradation of 
adhesive joints and concluded that the time to failure of an adhesive joint in a humid 
environment was dependent on the saturation water content, stress gradient, water 
concentration gradient, and exponentially dependent on the peak stress in the adhesive 
joint. Moreover, the loss of adhesive strength was thought to correlate directly to the 
interfacial moisture concentration [8][28]. According to the surface energetics, the
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water layer can form at the interface between the polymer and the metal which 
decreases the adhesive strength of the interface. Small portion of moisture can also 
diffuse through the interfaces between the adhesive and the other materials if there was 
de-adhesion at these interfaces [110][119]. The remaining difficulty is that the rate at 
which moisture is delivered to the interface and the degradation of the mechanical 
properties of the adhesive due to moisture uptake are not well understood. Further 
experimental and modelling work is required to solve this problem.

In summary, the adhesive matrix and polyimide both absorb moisture easily. In the 
autoclave test, moisture absorption in these materials induces tensile stress that 
contributes to the joint opening. The moisture absorption and induced stress plays an 
important role in the ACF failures in the autoclave test.

6.7 Conclusions

The technique of computer modelling of moisture diffusion in multi-material 
assembly has been incorporated into the PHYSICA multi-physics modelling 
framework. A macro-micro modelling technique was applied in the hygro-mechanical 
analysis of an ACF flip chip assembly so that a more detailed analysis could be carried 
out.

It was found that the reliability performance of ACFs in assemblies of flip chip on 
flex substrate was strongly affected by moisture. During the autoclave test, moisture 
diffused mostly through the substrate into the ACF layer and the time to be fully 
saturated with water in the adhesive was strongly dependent on the moisture properties 
of polyimide substrate. Due to the CME mismatch in the system, higher stress was 
identified along the interface between the adhesive and the bump/pad. The 
predominantly tensile stress found at the interface between the conductive particle and 
the metallization reduced the contact area, while the thermal stress had the opposite 
effect. The parametric analysis suggested that the tensile stress at the particle/pad 
interface increased with the CME of the adhesive matrix and decreased with the
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Young's modulus of the adhesive matrix. The interfacial stress showed slight increase 
with bump height. It is believed that higher stresses would cause more loss of contact 
area and therefore a larger increase in the contact resistance.

The work in this Chapter has contributed to one journal paper [128], a number of 
international conference papers [133][135][137] and one paper for a trade magazine 
[138].
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Chapter 7

Conclusions and Further Work

This Chapter presents a summary of the major conclusions resulting from this 
research project and ideas for future work.

7.1 Conclusions

Driven by the desire to protect the environment, the electronics packaging industry 
is eager to replace the traditional Sn/Pb solder materials. Currently, there are several 
alternative materials being investigated which include lead-free solder alloys, 
conductive adhesives and non-conductive adhesives. Anisotropic Conductive Film 
(ACF) is a conductive adhesive which is gaining popularity for use in products such as 
flat panel Liquid Crystal Displays (LCD), Smart Cards and Disk Drives. This material 
is attractive as it is low cost and enables fine pitch connections, low processing 
temperature and satisfies environmental legislations such as RoHS.

However, the reliability performance of ACF, particularly in harsh conditions is a 
concern and it is widely acknowledged that further research is required in this area. 
This has been the focus of this PhD study. In particular, the PhD has investigated the 
effect of (i) solder reflow temperatures and (ii) moisture absorption on the reliability of 
this material. The methodology used in the study was based on both experimental 
techniques and finite element analysis.
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Chapter 4 (Experiments) and Chapter 5 (Modelling) discuss the effect of Sn/Pb 

solder reflow on the stress magnitudes and failure modes in an ACF joint. The 

experimental results demonstrated that a subsequent solder reflow process has a 

substantial effect on the stress magnitudes around the ACF particles. It is clearly 

shown that the adhesive expands during the reflow process and this breaks the contact 

between the conducting particle and the pads on the chip and substrate. This also 

creates high stress levels at the interface between the conductive particle and the metal 

pads. The magnitude of this interfacial stress increases with the reflow peak 

temperature. This means that the reflow effect on the reliability performance is greater 

when moving from a Sn/Pb soldering process to a lead free soldering process.

Key design variables identified during this study are (i) adhesive CTE (ii) adhesive 

Young's modulus and (iii) bump height. The interfacial stress decreases when the CTE 
decreases and when the Young's modulus increases. It also decreases when the bump 

height is lower. Another finding is that ACF components when subjected to a 

subsequent solder reflow profile fail quicker than those that are not subjected to a 
reflow profile. The reliability test used in this case was autoclave test as discussed in 

Chapter 4.

The moisture effect on the reliability performance of ACF joints was discussed in 

Chapter 4 (Experiments) and Chapter 6 (Finite Element Modelling). The experimental 

results showed that moisture had a major effect on the reliability performance of the 
ACF joint. Here the measured joint resistance increased and some cracks were also 

observed around at the pad/adhesive/substrate interfaces using SEM.

A 3D macro-micro finite element modelling technique was adopted in order to 

couple the moisture effects at package and joint levels in much greater details than 

what has been undertaken before. The results show that the ACF assembly is fully 

saturated with moisture after 12 hours of autoclave test. The majority of moisture 

diffused into the ACF layer comes from the substrate side rather than the perimeter of 

the ACF. This is because the polyimide substrate is very thin and hence moisture can
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diffuse quickly through the base of the substrate. This rate of absorption is dependent 
on the moisture properties of the polyimide substrate which are key parameters. As 
expected an increase in the moisture diffusion of the polyimide accelerates the rate at 
which moisture propagates into the ACF significantly.

Moisture induced stress is predicted using the micro model. Here results from the 
macro (package) model are used for setting up the boundary condition for the micro- 
model. Results from the macro model show that higher stress is found at the interface 
between the adhesive/substrate/pad. This is the location where cracks are always 
observed to occur. The stress between the conductive particle and the metallization is 
tensile and this indicates that moisture is swelling the adhesive which tries to move the 
pads away from the conductive particle - hence increasing the contact resistance. The 
parametric analysis shows that this interfacial stress will increase when the saturation 
concentration (Csat) increases and/or when the bump height increases. It will decrease 
when the Young's modulus of the adhesive increases.

In the autoclave test there are two external forces that can result in stress and 
failure. These are Temperature and Moisture. This study has clearly shown that 
Moisture is much more severe than temperature in this test. Although the debonding of 
ACF joints can be caused by many factors, the stresses due to adhesive swelling are 
significant. This was also reported by Lam et al. [40].

7.2 Further Work

Some possible further work is discussed from two aspects: experiment and 
computational modelling. The overall challenges with ACFs are summarized at the end 
of this Chapter.
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7.2.1 Experiments

Further experimental work is required to fully understand the failure mechanisms 
of ACF joints when subjected to variable service conditions. This would be analysed 
using combination tests that combine thermal cycling, with moisture and vibration. 
Like all of the joint types this is a very challenging area.

This study only tested the performance of reflowed ACF joints using the autoclave 
test. Further work should investigate the performance of these joints when subjected to 
other reliability tests based on thermal cycling or vibration to fully characterise the 
impact of subsequent reflow profiles on joint performance and reliability.

7.2.2 Computational Modelling

Good qualitative comparisons have been made between the finite element results 
and the experiments in this research. A number of assumptions have been adopted in 
this study. Future work should aim to address the following:

(1) Characterise the effect of the Bonding Stress on the results presented here. In 
this research, the stress created during the bonding process was neglected for 
simplicity. This should be investigated in future work.

(2) Use Visco-elastic material data for the ACF matrix. In this modelling analysis 
the ACF is assumed to be elastic. This was due to difficulty in obtaining 
suitable materials data. In future as non-linear materials data becomes 
available this should be built into the model.

(3) Extend the Macro-Micro modelling approach to other conductive adhesive 
systems. The modelling technique developed for the moisture diffusion and 
moisture induced stress analysis can be easily applied to study other adhesive 
connections such as Non-Conductive Adhesive and Isotropic Conductive 
Adhesive joints.
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7.2.3 Future Challenges with ACAs

Based on the literature review, more research is required in the future in order to 
achieve wider usage of ACAs. The overall challenges with this material are concluded 
as follows:

• High frequency behaviour. High frequency modelling is necessary to 
understand the high frequency characteristics of flip chip interconnections 
using ACFs [121]. This is especially the case at the frequency range beyond 
20GHz. The maximum current carrying capability at high frequency after 
exposure to various environmental tests needs to be understood.

• The co-planarity effect of the substrate on the ACA joint reliability. Generally, 
there are two kinds of bonding tolerance in ACA packaging. This can be (i) in- 
plane misalignment between the chip and the substrate, which may be 
translational or rotational, and (ii) co-planarity variations between the joint 
planes. Experimental research on the in plane misalignment of components in 
ACA assemblies had been carried out in previous research [123]. However, to 
our knowledge, there has been no previously reported detailed research into the 
effects of co-planarity variations. Bad co-planarity ACA packaging can be 
caused by the rotated chip alignment, distorted components and different height 
pads [124].

• Life time prediction models of ACA joints. Various aspects of the processing, 
manufacturing, thermal, mechanical and electrical performance and reliability 
testing data of the ACA material have been examined. However, there are 
today no methods available that can be used to predict ACA joint life. This is 
because many of the failure mechanisms that are not well understood [125].
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Appendices

These appendices detail both the theory of mass diffusion and solid mechanics. The 
manner in which a material behaves is discussed and the governing mathematical 
equations for elasticity, plasticity and rate dependent material behaviour are outlined. 
The discretisation of these mathematical equations, over a computational mesh using 
the finite element method, is then discussed. Finally, the PHYSICA multi-physics 
software framework is presented and demonstrated through the analysis of a Liquid 
Crystal Display (LCD).

A. Differential Equation of Diffusion

Diffusion is the process by which mass is transported from one part of a system to 
another as a result of random molecular motions. The mathematical theory of diffusion 
in isotropic substances is based on the hypothesis that the rate of transfer of diffusing 
substance through a unit area of a section is proportional to the concentration gradient 
measured normal to the section, i.e.:

F = -D~
OX

Where F is the rate of transfer per unit area of the section, C is the concentration of 
diffusing substance, x is the space co-ordinate measured normal to the section, and D 
is called the diffusion coefficient and can be reasonably taken as constant in most 
cases [111]. The fundamental differential equation of diffusion in an isotropic medium 
which is known as the Pick's second law of diffusion can be derived from Equation 
(A.I) as follows.
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Figure A. 1: Element of volume

Consider an element of volume in the form of a rectangular parallelepiped whose 
sides are parallel to the axes of coordinates as shown in Figure A.I, the contribution to 
the rate of increase of diffusing substance in the element from the face ABCD to

dx

Similarly from the other faces we obtain:

dF r)F-Zdxdydz—- and -Zdxdydz—-
dy dz

Since the rate at which the amount of diffusing substance in the element increases
dCis also given by Sdxdydz——, hence we can get:
dt

dC dF dF dF n— + — + — + — = 0
dt dx dy dz
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If the diffusion coefficient is a constant in a material, the above equation can be 
written as follows which is known as Pick's second law of diffusion:

d£ = (d2 C d2 C d2 C
dt Icbc2 dy2 dz1

(A.2)

The moisture uptake in one material can be predicted by using the above equation 
[11][12][114]. When used for moisture prediction, C (glmm3) is the moisture 
concentration which describes how much moisture is absorbed in the material; D 
(mm2 Is) is the coefficient of moisture diffusion which describes how fast the mass 
diffuses.

The general transport equation for a scalar variable ^ can be expressed as:

(A3)

where 7^ , C^ are the coefficients of the transient and convection term respectively, D^ 

is the diffusion coefficient and 5^ stands for the source term. ^ could stand for any 
physical quantity that obeys the transportation law.

Each of the terms in the general conservation equation represents a different 
phenomenon or aspect of quantity transportation. The first term on the left side of 
Equation is the transient term and the second is the convection term. On the right side 
of the equation, there are the diffusion term and the source term respectively. 
Depending on the nature of analyzing process, all or just some of these terms will exist 
in the equation to govern the corresponding physical phenomenon.

When (f> stands for the temperature in the heat transfer equation, the equation 
governing the heat transfer phenomenon can be written as:
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dt
+ div (pcpuT\ = div(kgrad (71 ) j + (A.4)

where p is the density, cp is the specific heat, k is the thermal conductivity and the

conserved variable is temperature T. If without the convection and source terms, 

Equation (A.4) can be written as:

= div(kgrad(Ty)
dt

or

d2T
a*2 (A.5)

Considering the analogy of the Equation (A.5) with Equation (A.2), the heat 
governing Equation (A.5) can be used for the moisture prediction in one material based 
on the transformation of the transient and diffusion coefficients as listed in Table A.I.

Table A. 1: The relationship of the thermal and moisture simulation

Properties

Field variable

Density

Conductivity

Specific Heat

Moisture

Concentration (Q

1

D

1

Thermal

Temperature (7)

P

k

CP

B. Material Behaviours

The material behaviours in solid mechanics can be classified into three categories, 
material linearity, rate independent material non-linearity and rate dependent material
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non-linearity. Some of the most important cases are described for each category in the 
following sections.

B.I Elasticity

An elastic material returns to its original shape when external forces that deformed 
it have been removed. The material can be classified as both linear and non-linear. 
With a linear elastic material, the strains and displacements produced are all directly 
proportional to the applied forces. The general form of the constitutive equation that 
describes a linear elastic material is:

Stress = E x Strain,

Where E is a constant and called Young's modulus or the modulus of elasticity of 
the material. Most metallic materials, when subjected to sufficiently small strains, 
exhibit linear elasticity [105][139].

Non linear elasticity is defined when the stress is not linearly related to the strain, 
in this case the deformation is still recoverable and the material returns to its original 
shape and no energy is lost from the system.

B.2 Plasticity

When a material deforms plastically its does not return to its original shape when 
the external forces are removed. The material remains permanently deformed and 
energy, generally in terms of heat is lost in the system. The stress at which plastic 
deformation begins is called the yield point. At stresses below this yield point the 
material will deform elastically. When the stress is above this threshold, a combination 
of elastic and plastic deformation occurs. Most engineering materials in solid 
mechanics exhibit elasto-plastic behaviour. Figure B.I a illustrates the stress-strain 
behaviour for an elastic, perfectly plastic material and Figure B.lb for an elastic, linear 
work-hardening material. Work hardening, i.e. strain hardening, is an increase in 
mechanical strength due to plastic deformation.
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0
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Figure B.I: Plastic material behaviour, (a) Elastic, perfectly plastic and (b) elastic,

linear work hardening

B.3 Rate Dependent Material Behaviour

Both of the above descriptions of material behaviour have ignored the effect of 
time or the rate at which a force is applied to a material. This will affect the stress- 
strain behaviour of the material both during elastic and plastic deformation. The 

contribution of time also describes how a material creeps and stress relaxes over time. 
The importance of time is dependent on the material and loading application be 
analysed and sometimes it can be ignored.

Visco-Elastic constitutive laws describe the rate dependency behaviour of linear or 

non-linear elastic materials such as polymers, and rubbers, etc. This behaviour is 
exploited for smart and shape memory materials, which consists of the full history of 

the viscous strain development [140].

Visco-Plastic constitutive laws describe the rate dependency behaviour of linear or 

non-linear plastic materials such as metals. This behaviour always results in permanent 
deformation of the material and possesses the yield criterion as described for rate 
independent plasticity. Materials exhibiting visco-plastic behaviour are assumed to be
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rate independent below the yield point and rate dependent when the yield point is 
exceeded.

C. Finite Element Method (FEM)

The finite element method [141] [142] [143] is a numerical technique for obtaining 
solutions to a wide variety of engineering problems. In more and more engineering 
situations today, it is increasingly necessary to use modelling techniques such as the 
finite element method.

The label 'finite element method' first appeared in the 1960s, when it was used by 
Clough [145] in a paper on plane elasticity problems. However, the ideas behind the 
method date back much further. In the 1940s, Hrennikoff [146] and McHenry [147] 
made the first contribution to the development of finite element method by solving 
stresses in solids using one-dimensional elements. In 1956, Turner et al. [148] 
proposed the numerical procedures of the direct stiffness method and two-dimensional 
finite elements.

After more than 50 years of development, the finite element method now has 
received widespread use in engineering and is applicable to many application areas 
such as structural analysis, heat transfer, fluid flow and electromagnetic etc.

The solution of a continuum problem using FEM always follows an orderly step- 

by-step process [144]. The first step is to discretize the continuum or solution domain 
into a mesh called the finite elements. The more elements that are used to model the 

solution domain, the better the accuracy of the results. However, increasing the 
number of elements leads to high computational expenses.

The second step is to select the interpolation functions to approximate the 

variation of the variables over each element. Often, although not always, polynomials
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are selected as interpolation functions for the variables because they are easy to 
integrate and differentiate.

The third step is to calculate the matrices that represent each element. Once the 
finite element is established, the matrix equations expressing the properties of the 
individual elements are determined. For this task, the weighted residual approach also 
called Galerkin's method is used.

The fourth step is to assemble all of the matrices into a global matrix. To find 
the properties of overall system modelled by the network of elements, the important 
thing is to combine the matrix expressions expressing the behaviour of the elements 
and form the matrix equations expressing the behaviour of the entire solution region. 
The matrix equations for the system have the same form as the equations for an 
individual element except that they contain many more terms because they include all 
the nodes that make up the computational mesh.

The last step is to solve the global system of equations. The assembly process of 
the proceeding step gives a set of simultaneous equations that can be solved to obtain 
unknown nodal values of the field variables. Both direct (i.e. Gaussin Elemination) and 
iterative (i.e. Gauss-Seidel or Conjugate Gradient) solvers can be used to solve this 
global matrix. For non-linear problems where stress is a function of both the stain and 
stress states numerical techniques such as the Newton-Raphson method can be used in 
addition to direct and iterative matrix solvers.

Since the finite element solution technique is a numerical procedure, it is 
necessary to assess the accuracy of the final solution. If the accuracy criteria are not 
met, the numerical solution has to be repeated with refined solution parameters (such 
as finer meshes) until a sufficient accuracy is reached.
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C.I Linear Elasticity

A very important application area for finite element analysis is the elastic analysis 

of solids and structures. This is where the first practical finite element procedures were 

applied and where the finite element method has obtained its primary impetus of 

development. In this section, the procedure of using the finite element method to solve 

the mathematical model of elastic deformation due to both external mechanical forces 

and thermal, hygroscopic loads is explained.

C.I.I Equilibrium Equations

The equilibrium equations govern the conservation of force. For a time 

independent static analysis these equations are:

da da
____ XX I ____ •"V i ____ XZ _ 4

dx dy dz

dx dy dz

I 1

dx dy dz

where cr. and / are the components of stress and the body forces acting in the

direction represented by i. For an isotropic homogeneous material undergoing small 

strains, the stress is related to the elastic strains via the linear elastic constitutive 

equation which in matrix form is

cr = D* (e) (C.2)

where for an isotropic material the stress <j and elastic strain £(e) are represented by 

vectors of six components:

yz

xx yy zz xy yz zx
y g y
f yz f z
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The elastic material matrix D contains the elastic material

dimensions are given by:

D- E

"I-// ju ju 0
ju l-ju ^ 0
ju ju \-ju 0

0 0 0 ^
2 

0000 —

0000

terms

0
0
0

0

2

o 1

which in three

0
0
0

0 

0

-2ju
2

where E and // are the Young's modulus and Poisson's ratio, respectively. This is the

standard matrix form of the constitutive relationship for a linear elastic material as 

described in many standard textbooks.

The total strains are related to the displacement via the following equation:

.(tot) _= Ld (C.3)

where £(tot) is the total strain and d = (u v w)T is the displacement vector 

representing the displacements in the x, y and z directions, respectively. The matrix L 

contains the differential operators and is given by:
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0
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The constitutive equation states that the stresses are dependent on the elastic 

strains. These elastic strains are dependent on the total stain s(tot) , thermal strain s(th\ 

hygroscopic strain £(hy) and plastic strain s(p) , therefore:

£ _ _ £(hy) _ £(p) (C.4)

Generally, the plastic strain is a function of the stress and the temperature. For 

simplicity, the plasticity effect is neglected here, i.e. s (p} = 0 . The thermal strains are 

given by:

s =

where a = (al ,a2 ,a3 ,Q,Q, 0) is the vector of coefficients of thermal expansion and 

AT is the thermal load (the temperature change). The a^ , a2 and a3 represent the

thermal expansion coefficients in x, y and z direction respectively, and the values for 
them are the same for an isotropic material but can be different for an anisotropic 

material.

Similarly, the hygroscopic strains are given by:
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where /? = (ft , J32 , /?3 ,0,0,0) is the vector of coefficients of moisture expansion, and C 

is the moisture concentration. The pl , J32 and J33 represent the moisture expansion

coefficients in x, y and z direction respectively, and the values for them are the same 
for an isotropic material but can be different for an anisotropic material.

C.1.2 Discretization of Solution Domain

In the finite element method, the geometric domain is divided into a number of 
simple sub-regions which are called elements or mesh. The fixed points in the element 
defining their vertices are called nodes. These elements are connected only at the node 
points in the domain and on the element boundaries.

Figure C.I shows a 2D domain meshed with two quadrilateral and four triangle 
elements. Each mesh element can be associated with a different material and 
temperature load and hence will have material properties such as a modulus and 
temperature associated with it. For a solid mechanics problem the finite element 
method firstly solves the displacements of the mesh at the nodal points and then the 
values for stress and strain at points within each mesh element.

Mesh node

Mesh element

Figure C.I: Mesh elements and mesh nodes
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In the FEM, the governing equations of equilibrium are integrated over each mesh 

element. The volume integrals in the three dimensional, or the area integrals in the two 

dimensional space can be approximated by using numerical integration techniques 

such as the Gauss quadrature. The discretized equations are delivered by using the so- 

called reference elements which represent the mesh elements in a local co-ordinate 

system (s,t) as shown in Figure C.2 [149].

Mapping

X

f\

\

(1,1)

Gauss point

(a) Global element (b) Reference element

Figure C.2: Mesh element in global and local coordinates

For example, in Figure C.2, the area integrals in the local coordinate system as 

regards to a variable f(s,t) can be approximately solved using Gauss quadrature 

technique as follows:
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where n is the number of the Gauss points used in the approximation, w, is the weight 

of the point in the sum and (s it t t ) represents the coordinates of each Gauss point.

The corresponding variable f(x,y) in the global system can be calculated using:

/ = \f(x,y)dxdy = I [f(s,t)\J dsdt = Iw,./(M,)K,,,,, (C-5)
/=!

where J\ is the determinant of the Jacobian matrix for the particular mesh element. In

this way, the area integral is calculated in local co-ordinates using Gauss quadrature 
firstly and then transformed back to global coordinates using the Jacobian matrix. The 
weights and coordinates of Gaussian points on a quadrilateral are well defined and 
available in many standard textbooks [108].

Assuming a variable (f> and its derivatives which could represent displacements, 

etc., can be approximated anywhere within a mesh element via:

3 ,/ , \ ... -^r / . \ (V'6)o<p(s,t,u) _ .,de i
where m is the number of nodes making up a mesh element and 7V; (s,/,w) is the shape 

function. For example, for bilinear quadrilaterals, these shape functions are:

,0 = 0.25(1 + 5X1 + 0 N2 (s,t) = 0.25(1 -5X1 + 0 
N3 (s, 0 = 0.25(1 - s)(l - 0 N4 (s, 0 - 0.25(1 + s)(l - 1)

And for eight-node bricks, these shape functions are:
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= 0.125(1 ,w) = 0.125(1-

tf 6 (s, /, w) = 0.1 25(1 -j)(l- 00 + " 
AUs, f, w) = 0.1 25(1 + s)(l- 0(1 -*<

For the eight node brick mesh element, the displacement vector for </> is 

d = (w1 ,v1 ,w1 ,.....w8 ,vg ,H'8 )T . The shape function matrix N for the eight node brick 

element is given by:

N =
0 0 AT 0 0

0 N 0 0 N2 0
0 0 Nt 0 0

0
0

0

0

0
0

For other mesh elements including triangles, wedges and tetrahedrals, different 

shape functions would apply.

The integrated form of the equilibrium equations will contain first-order derivatives 

of displacements which can be approximated in local coordinates by using Equation 

(C.6). To map these derivatives back to global coordinates the following 

transformation is used:

~dN~

dx
dNt
dy 

dN,."&".

dx dy dz
ds ds ds
dx dy dz
dt dt dt
dx dy dz
du du du

-i ~dN~

ds
dNf
dt

dNf
du

where the 3x3 matrix above represents the Jacobian matrix [J] for the mesh element. 

All entries in the Jacobian can be calculated using Equation (C.6). For example, at a 

specific point in the local coordinate system (s, t, u), the derivative of x with respect to

s is:
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ds ft ds '

where Xi are the x co-ordinates of the nodes of the corresponding mesh element in 

the global coordinate. Similar expressions can be obtained for the derivative of y with 

respect to / and the derivative of z to u .

C.1.3 Discretization of Equilibrium Equations

The equilibrium Equations (C.I) can also be expressed in tensor format as:

da,-=f- j i

The finite element method integrates the above equations over the mesh elements 
and uses the approximations detailed above for the space and physical properties to 
transform the above partial differential equations into a set of algebraic equations 
which can be solved using matrix solvers and computers.

The Galerkin weighted residual procedure requires that the overall residual RQ, 
after substituting the approximations into the integral of the equilibrium equations, for 
the whole domain to be zero, i.e.

'da,.
= 0 (C.7)

where W are the weighting functions and H is the volume of the domain. Considering 
the ^-direction equilibrium equation in weighted residual form gives:

Using the product rule of differentiation, the above integral for term a becomes
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Q i^ n

In Equation (C.9), the divergence theorem is used to transform the integral 
equation by replacing the volume integrals with the corresponding integral over the 
boundary of the volume domain. If T devotes the boundary of the control volume H 

and the n = (« Y ,«,.,«,) is the outward normal vector at the boundary surface, then:

Similar expressions are obtained for the <jxv , <JX2 terms. The following integral 

representation for the equilibrium equation in the ^-direction can be reached.

Therefore, the equilibrium Equation (C.7) can be written as:

n} dY = \Wft ctQ
Q Q

which in the matrix form is:

Q

With respect to each mesh, and from Equation (C.2) and Equation (C.4), the stress 
can be expressed as a function of the total, thermal and hygroscopic strains:

(C.ll)
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If Equation (C.3) is used to substitute the total strain into Equation (C.I 1) and also 
take into account the relationship d = Nu between the displacement vector at a point 
( d ) and the nodal displacement vector (u), the following stress-displacement 
relationship in matrix form is derived:

If B = LN and by substituting the stress in Equation (C.10) using the above 
relationship, it can be expressed in terms of the nodal displacement u for each mesh 
element control volume:

n

The Galerkin finite element approach takes the weighting functions W equal to the 
shape functions for the mesh element (W = NT ) and zero elsewhere. For the internal 
adjacent mesh element the surface integral balances and does not contribute explicitly 
in the discretized equation for displacement. The surface integral contributes to the 
mesh element at the boundary of the domain. It is approximated by using the specified 
boundary conditions. The Galerkin finite element method expresses the discretized 
equation for an internal mesh element with volume Fas:

This equation represents the discretized form of equilibrium equations for a single 
element and can be written in the form:

Aeu = be

The above volume integrals are calculated in local coordinates using Gauss 
quadrature and transformed back to global coordinates using the Jacobian matrix. 
Hence for Ac we have:
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- JBTDBC/F = - £ £ £ BTDB \j dsdtdu

where \J\ is the determinant of the Jacobian matrix for this mesh element.

Boundary conditions are incorporated into the finite element procedure by 

reintroducing the surface integral into the formulation for the control volumes whose 

faces lie on the boundary of the domain. The following integral is added to the right 

side of Equation (C.I 2) to include boundary conditions in a general way.

-jNTDBu iu/r
r

where T represents the boundary of domain. The boundary conditions can be in the 

form of prescribed displacement, force or pressure.

C.1.4 Solution Procedure

The contributions from each mesh element to each displacement degree of freedom 

i.e. (u, v, w) at each node are combined to form the following matrix system for the 

whole domain:

Ax = b (C.13)

where A is a banded systems matrix, containing the coefficients relating each degree 

of freedom. x = (i/1 ,v1 ,w1 ,.....,i/;i ,vB ,wB ) T is the vector containing all degrees of 

freedom and b represents the source terms.

In FEM, Equation (C.13) is obtained by assembling contributions from all the 

elements, where:

totele

ele=l

167



Appendices

totele 

ele=\
-jN T DBu

ele r

where toele is the total number of mesh elements and the sum indicates the assembling 
contributions from all elements.

The Equation (C.I3) represents the final sets of discretised equations that results 
from the finite element discretisation of the equilibrium equations. This linear system 
of equations can be solved by matrix solvers. The variables being solved at this stage 
are the components of displacement in the x, y, and z directions. These are solved at 
the nodal locations. After this the equations for strain and stress are solved usually at 
the gauss points within each element.

C.2 Elasto Visco-Plasticity

The finite element method has been used for a number of years to solve plastic 
material behaviour. This section describes the numerical procedure used to solve 
elastic visco-plastic material behaviour. This is a rate dependent material behaviour 
model, which can also recover the rate-independent elasto-plastic model as solution 
time approaches infinity [151].

C.2.1 Elasto-Viscoplasticity Material Model

The basic physical features of the elasto-viscoplastic model can be introduced by 
means of a one dimensional mechanical system as depicted in Figure C.3. The system 
consists of a spring with elastic properties, serially coupled to a friction slider and a 
dashpot, which comprise the viscoplastic contribution. The friction slider is inactive if 
the stress is below the yield point, resulting in no viscoplastic deformation. The 
dashpot reflects the viscous properties of viscoplasticity when the slider is active. The 
total deformation then consists of the elastic displacement in the spring plus the 
displacement of the viscous dashpot.
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dashpot friction slider

spnng

Figure C.3: Sketch of a mechanical model that reflects the basic physics of elasto-
viscoplastic deformation

Equilibrium of any part of the structure implies that the sum of the normal stresses 

is a every where. The onset of viscoplastic deformation occurs when <r = CY , where

CY is the yield stress. For a < CY the deformation is purely elastic, whereas for 

cr > CY , the material is in a combined elasto-viscoplastic state. The friction slider 

develops an internal stress:

crp =
ST "> (~*

yj Y

cr, cr < C

When the friction slider is active ( cr > CY ), the dashpot experiences a

stress <JD = cr - <JP , which is related to the viscoplastic strain rate ep by the 

constitutive relation crD = juep , in analogy with viscous fluid flow, ju is a viscosity 

coefficient.
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The constitutive law for the viscoplastic part of structure can be expressed as:

where F = cr - CY , the notation (<$(F)} =N '

Therefore, the relationship between the total stress and strain in the two cases can 
be developed. In the purely elastic case, a < CY and s p = 0 , we get:

Whereas, sp = — cr + y(<j-CY (£p )\

where y = I/// is the material property fluidity. CY is treated as a function of the total 

viscoplastic strain sp when considering the stain hardening behaviour of the material.

C.2.2 Three Dimensional Elasto- Viscoplastic Model

The fundamental assumption of elasto-viscoplasticity is that the total deformation 
can be separated into elastic and viscoplastic parts. More specifically, one can express 
the total rate of strain s , according to:

where ^is the viscoplastic strain rate, and £E is the elastic strain rate. The strain rate 
is related to the stress through the time-differentiated version of Hook's generalized 
law,

(C.I 6) 

The constitutive law for the viscoplastic strains can be written as:
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^2 (C.I 7) do-

where F = f(ai.-CY), Q is the plastic potential, the common case of associated 
plasticity corresponds to taking Q = F . A widespread choice of the 3>CF) is 

= (F/CY )N for some prescribed constant N.

In elastic case, we have:

5/WQ+ /=(), i = l,...,n (C.I 8) 
n

where fi contains body forces and surface integrals of the tractions. The relation
between the total stain and the displacement field is expressed in the following time 
differentiated and spatially discrete form:

The quantities like Bj , Uj and D can be recalled from the elastic analysis.

In the elasticity problem, the stress and strain quantities can be easily eliminated to 
obtain a vector equation for the displacement field. This is more complicated in the 
present elasto-viscoplastic problem, because of the nonlinearities introduced by the s 
term. By proper discretizations, an iterative procedure can be derived where a linear 
system is solved with respect to the displacement field. In its simplest form, the linear 
system appearing in this numerical method has a coefficient matrix identical to that of 
the elasticity problem.

Combining Equation (C.I5), Equation (C.I6) and Equation (C.I9) yields:

\ 
= 0

j
(C.20)

171



Appendices

Since ep depends nonlinearly on a , making the above equation a nonlinear 
ordinary differential equation for a . Hence, we can not eliminate a and must work 
with essentially two types of spatially discrete equations governing a and Uj , using

Equation (C.I 8) and Equation (C.20).

In Equation (C.20), the time derivatives can be approximated by a #-rule [151]. 
Depending on the value taken we obtain an explicit or implicit formulation.

, At ~ J At
B - + D0sPJ +D(l-0 £PJ-1 = 0

where the notation ACT = a1 - cr'~l , Awy. = uj -uj'1 , .

Utilizing these approximations in Equation (C.I 8) and Equation (C.20) gives the 
following nonlinear discrete problem:

n

ACT - D BjAuj + AtD0sp' 1 + AtD(l - 0)ePJ~* = 0
j

C.2.3 A Newon-Raphson-Based Iteration Method

The above nonlinear problem can be solved using a Newon-Raphson procedure, 
and the nature of the resulting approximations enables us to eliminate ACT and derive a 
linear system for Awy.(y =!,...,«). For example, if we define:

n

Rl = Acr - D^ BjAuj + MMePJ + AtD(l - 9}sp'l~l (C.22)
J
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And then consider ^ = 0 and Rl = 0 as a simultaneous nonlinear system of 

algebraic equations for a1 , and w', / = !,..,«. A Newton-Raphson approach consists in 

making first-order Taylor-series expansions of Tj and R l around an approximation 

al'k: , u l>k in iteration k. Enforcing the linear Taylor-series expansion to vanish results 

in linear equations for the increments Scrl ' k+\ Sul 'k+l :

= 0 (C.23) 
n

y- 1
(C.24)

= 0

with C = \ do-

Equation (C.24) can be solved with respect to the stress increment, resulting in:

jSulf+l - QRl'k (C.25)

where D = (D~l + 0A/C)'1 , Q = (I +

Inserting this So-l>k+l in Equation (C.23) yields a linear system for <5u':k+l

At time t = 0, sp'° = 0, and the stresses correspond to a purely elastic state. That is, 

u° is determined from a standard elasticity problem:

173



Appendices

i VQ

With the associated stresses cr° = D BU* . Suppose u'~ l , a1 ' and spj ' are known.
j

New displacements w'are generally computed by an iteration procedure. As an initial 
guess for the iterations, we set u'f = w'.~' , a'f = <j'.~' , £-yp>/ '° = e p''~ l . For £ = 0, 1 . . ., until

convergence of the Newton-Raphson method, to assemble and solve the linear system 
for the correction Su':k+l of the displacement field. And then calculate the 

displacements and stresses according to:

where Scrl 'k+l can be found from Equation (C.25).

The final step is to calculate the new viscoplastic strain rate from the following 
equation and then proceed with the next iteration.

'dF_Y
do-

lf the iterative procedure converges in m iterations, we can define u'~m as the 
converged solution u l at this time level.

The calculation of the viscoplastic strain increment can be explicit or implicit. If 
the method is implicit then the latest values of stress will change the viscoplastic strain 
increment, and possibly the matrix system, requiring an iterative procedure at each 
increment. If the procedure is explicit, then the viscoplastic strain increment will be 
based on the values of stress at the previous step. For example, the explicit 
approximation at time step /+! is given by:
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where t is the time step and the viscoplastic strain rate is approximated using values of 
stress etc., obtained from the previous step. The use of an explicit will require very 
small time steps [150].

D. PHYSICA - A Simulation Tool

PHYSIC A [152] is a software environment for the modelling and analysis of multi- 
physics phenomena where material may behave as a solid or fluid during its 
processing. This analysis tool is a collection of interacting solution procedures, 
including CFD finite volume (FV) based techniques for heat transfer, fluid flow and 
Finite Element (FE) based elasto-visco-plastic solid mechanics. A numerical modelling 
tool such as PHYSICA is used in three stages, which are:

• Pre-processing

• Solution

• Post-processing

At the pre-processing stage, the geometry to be analysed will be generated in the 
computer using a suitable computer aided design (CAD) package. Boundary conditions 
and suitable properties for the materials in the domain will then be applied to the 
geometry. Finally, the domain will be broken down into a mesh over which the 
governing equations are solved. PHYSICA is linked to a software package called 
FEMGV [153] which is used as the pre-processor and post-processor and this 
environment has been used in this research.

In the solution stage, the design engineer will inform the programme on the 
relevant physics to solve, and then the software will check to ensure that all the
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relevant data including boundary conditions, material properties etc., have bee 
provided and that the quality of the mesh is suitable for the solution to take place 
Matrix solvers will then be used to solve the algebraic equations, resulting from th 
discretisation process, for variables such as fluid velocities, temperature and soli< 
displacements.

In the post-processing stage, FEMVIEW which is integrated with the softwan 
package FEMGV, will be used for post-processing and visualization of the simulatioi 
results. There are some options for presenting the result data including vector plots 
plots of displaced shape of the design, contour plots of the solved quantity etc. Tc 
achieve accurate results from a simulation may require further analysis using a fine 
mesh to ensure that the results are mesh independent.

E. Liquid Crystal Display: A Case Study Using PHYSICA

This section describes the modelling process and results obtained from the analysis 
of the behaviour of a Liquid Crystal Display (LCD) that was packaged for use in harsl 
environments. The packaging processes used adhesive materials and their effect on the 
reliability and performance of the LCD was analysed.

The core of the LCD package is an Active Matrix Liquid Crystal Display 
(AMLCD) which needs to be protected from severe environments. The ruggedisatior 
or packaging process consists of laminating the LCD with cover glasses. This provides 
a more robust structure. The top view of the final LCD package is showed in Figure 
E.I.

A section view of this laminated LCD package is shown in Figure E.2, where the 
structure and materials involved are described. There is a very thin layer of Liquk 
Crystal which is sealed between the two AMLCD glasses. The material in yellov 
represents the silicon resin which is soft and easily to be deformed, and thus it can b( 
used for protecting the LCD package from external forces and also releasing the buil
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stress inside. Outside of the silicon resin, there are two sets of Borosilicate glass which 

are used for protection purpose. The silicon perimeter seals provide the adhesive 
strength to join the materials to the Borosilicate Glass.

Figure E.I: The LCD sample to be modelled

Borosilicate glass

Silicone 
perimeter seal

AMLCD glass

Silicone resin
Borosilicate glass /

CAB
polariser film

AMLCD glass

f_ \

Liquid
\

LCD 
perimeter seal

Figure E.2: A section view of the LCD and material information
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E.I Problem Description

When used in service this ruggedised display will experience extremes of jxtrer 

temperature both hot and cold. When passed through qualification the display design splay 

will have to withstand the stress imposed due to temperature cycling. As the materials he mi 

all have different coefficients of thermal expansion, each material will tend to expand d to < 

by a different amount and this will result in stress.

A certain degree of stress within the LCD structure is of course allowed but too ved t

much stress can affect the structural integrity of the display and its performance. A brma]

concern from the industrial partner on this project was the stresses around the aroui

interfaces and joint materials. Computer modelling was suggested as a means to a me

predict these stresses and to investigate how changes to design variables such as the such

material properties of the filled silicon resin and its thickness could affect these affect 

stresses.

E.2 Geometry and Computational Mesh

The geometry details are summarized in Table E.I. In order to study the effect of he ef

the thickness of the silicone resin, two models were built. Due to the symmetry in the netry

LCD package, only a one-eighth model of the whole domain is used in the analysis, he an

This reduces the amount of computing time required in the analysis. Once the package the pi

geometry and all the model components are parametrically defined, they are , the

automatically meshed. In this model a totally of 22858 elements were generated and nerat<

this resulted in mesh independent results. The mesh details of the model are shown in re she 

Figure E.3.
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Table E.I: The geometry details of the LCD package

Material

Borosilicate glass

AMLCD glass

Silicone resin

Silicone perimeter seal

CAB polarizer film

Liquid Crystal

LCD perimeter seal

Thickness 
(mm)

1.1

0.7

1.0 or 0.1

1.0 or 0.1

0.2

0.006

0.006

Width 
(mm)

170

170/158

165/153

1.5

170/158

152

3.0

Length 
(mm)

170

170/168

165/153

perimeter

170/158

152

perimeter

(a) Top view of the whole LCD (b) FE model: 1/8 of the whole LCD

Figure E.3: The finite element model

Once the meshing process is complete, all the information is saved into a geometry 

file (*. geo), this file is called by an inform file, which describes the physics to be
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solved, and then both of them are submitted to the PHYSICA tool to start the 
simulation.

E.3 Boundary Conditions and Material Properties

Within the inform file the values of the boundary conditions are stated. These 
boundary conditions are important for achieving the correct modelling results. For the 
LCD described above, the boundary conditions were added into the four following 
patches which are illustrated in Figure E.4.

1. Displacements of point A were fixed to be zero in all directions;
2. Displacements of the points on Plane A were fixed to be zero in Y direction;
3. Displacements of the points on Plane B were fixed in the plane of X = Y;
4. Displacements of points on the symmetry line were fixed to be zero in X 

direction.

Symmetry line

Symmetry plane B

Symmetry plane A

Point A

Figure E.4: The boundary condition used in modelling
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A temperature load from 25°C to 100°C was applied to the whole domain. Th 
properties of all the materials are listed in Table E.2. All the material was considers 
as elastic material, isotropic and homogeneous. The temperature dependent materia 
properties were not considered in this analysis due to lack of data.

Table E.2: The basic material information

Borosilicate Glass

AMLCD Glass

Silicone Resin (soft gel)

Silicone Resin (firm gel)

Silicone Perimeter Seal

Liquid Crystal

LCD Perimeter Seal

CAB Polarizer Film

Young's Modulus 
E (GPa)

67.6

67.6

0.001

0.1

0.1

0.001

20

1.0

CTE
(ppm/°C)

4.6

4.6

350

300

300

200

70

140

Poisson's 
Ratio

0.28

0.28

0.3

0.3

0.3

0.3

0.3

0.3

E.4 Solution of the Modelling Analysis

There are two data files need to be edited before doing the modelling analysis ir 
PHYSICA. One is the geometry file (*.geo) which includes all the geometry and mesl: 
information, the index and location of the material and boundary conditions.

Another file needs to be edited is the "Inform" file, in which the values of th( 
material properties and boundary conditions, having the same index number as tfa 
geometry file, are defined. There are several modules that are used for differen 
applications such as the Heat Module, EVP module etc. Different numerical solvers 
based on iterative methods are available in PHYSICA, such as the over relaxed form*
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of the Jacobi method (JOR), Gauss Seidel (SOR), and the Jacobi preconditioned 
conjugate gradient method (JCG) etc.

Finally, the geometry and inform files are submitted to the PHYSICA tool and to 
start running the simulation.

E.5 Results Analysis

The deformation of the package at 100°C is shown in Figure E.5, which is 
magnified by fifty times. It is found that when the soft silicone fill was used, the 
package had the tendency to expand more in the vertical direction and due to the CTE 
mismatch between the silicone fill and the perimeter seal, there was a clear curvature 
effect at the edge of the glasses which could result in delamination.

(a) Soft fill

L

I.6E-4 
I.551E-4 
".502E-4 

.453E-4 

.•104E--1 

.355E-4 

.305E-4 

.256E-4 

.207E-4 

.158E-4 

.109E-4 

.6E-5

(b) Firm fill

Figure E.5: The deformation of the package at 100°C

The shear stress distribution near the end of the package where the 1.0mm 
thickness firm gel is used is shown in Figure E.6. Higher stress was detected at the 
corner of the package and the interface between the glass and seal joint. In order to 
investigate the effect of the thickness/softness of the gel on the interfacial stresses, a 
parametric analysis was conducted and the shear stress values at four locations (Point
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1, 2, 3 and 4) as illustrated in Figure E.7. It was found that the thickness of the gel had 
a substantial effect on the shear stress at the selected locations. When using a thicker 
gel, higher stress was identified. However, the effect of the material properties on the 
shear stress was not as significant as the geometry factor.

CO 
Q^

V)

CO

MODEL: MCE
C«SEU PHYSIC* RESULTS
STEP: i TIME: leeeeeo
NOOHL STRESS XZ
MAX - 2391303
MIN > -2089600

Figure E.6: Shear stress distribution in the package at 100°C

1.2E+06 

8.0E+05 

4.0E+05 

O.OE+00

-4.0E+05

-8.0E+05

-1.2E+06

• soft gel, 1mm
• firm gel, 1mm 
D soft gel, 0.1mm 
Dfirm gel, 0.1mm

Location Point

Figure E.I: Values of shear stress at weak locations
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The tensile stress values at these selected locations are plotted in Figure E.8. Once 
again, the tensile stress increased with the thickness of the silicone fill, the effect of 
material properties was dependent on the thickness of the silicone fill.

When a thinner layer of gel was used, the effect of the material properties was not 
significant, however when the thicker silicone fill was used, the tensile stress increased 
with hardness of the material. This material property effect cannot be ignored when the 
thicker layer was used.

6.0E+05 

5.0E+05

4.0E+05
N
N

w 3.0E+05cu
CO

• soft gel, 1mm
• firm gel, 1mm 
D soft gel, 0.1mm 
Dfirm gel, 0.1mm

1 2 3

Location point

Figure E.8: Tensile stress at the weak locations

Finally, based on the predicted shear stress and normal stress at the interfaces 
between the silicone seal and glasses, it was concluded that the thickness of the gel had 
more influence on the stress level (shear and normal) compared with the hardness of 
the gel. The shear stress increased with the thickness of the gel. Similar trends were 
observed when the temperature decreased from 25 to -65°C.
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