
 Eindhoven University of Technology

MASTER

Multiscale modeling of electrically conductive adhesives: residual stresses during assembly

van Dijk, M.

Award date:
2011

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/a879cd76-a571-411e-abf6-f40bb42f4690


tn . v°"""' ~\c 
J \.Ä_l~'I \ ?_0 \ \ 

Eindhoven University of Technology 
Department of Mechanica! Engineering 

Section, Mechanics of Materials 
Eindhoven, The Netherlands 

June 1, 2011 

Multiscale modeling of electrically conductive 
adhesives: Residual stresses during assembly 

Author: M. van Dijk, 0625286 
Supervisors: dr .ir. V. G. Kouznetsova, TU / e 

dr.ir. M. Erinç, TNO Science & Industry 
Document number: MT 11.18 



Abstract 

Electrically Conductive Adhesives are expected to be the next generation interconnect material, 
replacing lead-free solders in certain application areas. Although Electrically Conductive Adhesives 
exhibit good properties, the majority of companies producing electronics have not switched to 
this new interconnect material yet. This because of the limitations in lifespan and in thermal 
and electrical conductivity. In this study, the residual stresses that develop in the Electrically 
Conductive Adhesives during the assembly process of a flip-chip interconnect are investigated. 
These residual stresses are a key factor influencing the lifespan of such a component. 

The Electrically Conductive Adhesives consist of a mixture of epoxy and nano-silver particles, where 
the epoxy establishes the mechanica! strength of the connection and the particles establishes the 
conductivity. To include details on the particle scale, while keeping computational costs within 
an acceptable range, a multiscale modeling framework is adopted. Within this framework, the 
influence of changing the amount and distribution of particles on the development of residual 
stresses is studied. The results of the simulations show that increasing the amount of conductive 
particles in the mixture lowers the average stresses at the interconnect scale. At the particle scale 
however, local stress peaks increase, which most likely cause damage in the material and thus loss 
of electrical conductivity. 
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Nomenclature 

Symbols: 

t 

T 

R 

E 

V 

G 

K 

f3 

OVM 

q 

p 

s 

ê 

E 

p 

( 

Time 

Temperature 

Universa! gas constant (8.3145 J K- 1 mol- 1 ) 

Cure degree 

Cure degree at point of gelation 

Young's Modulus 

Poisson's ratio 

Shear modulus 

Bulk modulus 

Coefficient of thermal expansion ( CTE) 

Arrhenius reaction rates 

Glass transition temperature 

Macroscopie quantity of tensor A 

Microscopie quantity of tensor A 

Right stretch tensor 

Rotation tensor 

Deformation gradient tensor 

Von Mises stress 

Cauchy stress tensor 

First Piola-Kirchoff stress tensor 

Second Piola-Kirchoff stress tensor 

Strain tensor 

Green-Lagrange strain tensor 

Stiffness matrix 

Consistent tangent stiffness tensor which relates variations of q with e 

Consistent tangent stiffness tensor which relates variations of S with E 

Percolation parameter 

Clustering parameter 
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Operations: 

Scalar and vector operations: 

Multiplication b = aä 

Sum ê= ä + b 

Inner product ä · b = b · ä 

Gradient operator: 

Cartesian coordinate system 

divergence 

Second-order Tensors: 
Second-order tensor 

Unit tensor 

Dot product 

Double dot product 

Transpose 

Trace 

Determinant 

Fourth-order Tensors: 
Fourth-order tensor 

Products 

Total transpose 

Left transpose 

Right transpose 

Fourth-order unit tensor 

Right transposed unit tensor 

Symmetrie unit tensor 

A -p=q 

(A · B ) · v = A · (B · v) 
1 -ä=ä •l=ä 

A -B = C 

A : B =c 

AT= [A;j]T = Aji 

tr(A ) 

det(A) 

B =4 C: A 

4G =4A -B 

4C=4A :4B 

4CT = [Cijklf = Cikji 

4CLT = [Cijki]LT = Cjikl 

4CJRT = [cijkdRT = cijlk 

4/ : A = A : 4/=A 

4JRT : A = A : JRT = AT 

4J S = ½ (4/ + 4JRT) 

N omenclature 



11 

Abbreviat ions: 

ECA Electrically Conductive Adhesive 

ICA Isotropic Conductive Adhesive 

ACA Anisotropic Conductive Adhesive 

RVE Representative Volume Element 

FEM Finite Element Method 

FEA Finite Element Analysis 

FE Finite Element 

FC-pga Flip-Chip Pin Grid Array 

CTE Coefficient of Thermal Expansion 

BVP Boundary Value Problem 

SEM Scanning Electron Microscope 

RT Room Temperature 

IP Integration Point 

PCB Printed Circuit Board 

2D Two Dimensional 

BCs Boundary Conditions 

PBCs Periodic Boundary Conditions 

Material abbreviations: 

Ag Silver 

nAg nano-Silver 

Al Aluminum 

Cu Copper 

Ni Nickel 

Si Silicon 

Pb Lead 

Sn Tin 

Au Gold 

FR4 Printed Circuit Board Material 



Chapter 1 

Introduction 

Ever since the invention of electricity, solders have been used extensively for attaching components 
to circuit boards, creating both a conductive path and mechanica! strength to hold components 
in place. These attachments are also known as interconnects, where the salder is the interconnect 
material. Before 2006 solders were mixtures of lead (Pb) and tin (Sn) which resulted in a low cost 
material characterized by its good conductivity. Besides these advantages, the ease of repair made 
this material very popular. 

Since 2006, the European Union Waste Electrical and Electronic Equipment Directive (WEEE) [1] 
and Restriction of Hazardous Substances Directive (RoHS) [2] prohibit the use of poisonous and 
harmful materials in electronic devices. Lead (Pb) is such a material1 . 

Nowadays, lead-free tin based alloys have increasingly been replacing lead-tin alloys, hut they carne 
with some disadvantages. The biggest disadvantage is the higher melting temperature, which is 
183°C fora common lead based salder and 215°C fora common lead-free salder. In this report an 
alternative for replacing conventional tin-based metal alloy solders is discussed: a polymer matrix 
material filled with conductive particles, also known as Electrically Conductive Adhesives (ECAs). 
Although this material has already been known for years, total replacement of metal solders is a 
challenging task and requires more research. 

1.1 Requirements for interconnects 

In Figure 1.1 a commercially available flip-chip (FC), a typical component that is widely used 
in consumer electronics, is shown. The constant demand of the consumer for smaller and more 
powerful electronics requires highly reliable materials with perfectly balanced properties. Many 
aspects are important when consumer electronics are miniaturized. The processing temperature of 
micro-, or even nanosized electronics should be as low as possible to prevent structures from being 
melted by the high process temperature, which with conventional tin based solders could be the 
case. 

Another important issue is the minimum pitch size, the distance between two Input/Output (I/ O) 
interconnects, i.e. the distance between two pins in Figure 1. 1. For conventional tin based ( and 
lead free) solders, this distance is relatively large due to surface energy [3, 4]. Thus, interconnects 
aften prevent further miniaturization. 

ECAs have been considered one of the most promising alternatives to tin-based solders [3] . This 

1 Although lead is forbidden in most cases, some exceptions are made. For example, high melt temperature 
selders containing more than 80 % lead by weight or more are still a llowed in certain applications. 



14 Introduction 

Figure 1.1: Commercially available Flip-Chip pin grid array (FC-pga) [5]. 

material comes with some great advantages which can be summarized as: 

• Environmentally friendly; 
• Low processing temperature; 
• Usable on temperature sensitive substrates (like PEN and PET foils, used for flexible elec-

tronic devices); 
• Usable on non-solderable substrates (e.g. glass); 
• Fewer processing steps necessary; 
• Fine and ultra-fine pitch size capability (due to the availability of small-sized conductive 

fillers). 

In order to get more insight in the advantages and disadvantages of ECAs, a comparison between 
some important properties of lead-free metal solders with ECAs is shown in Table 1.1. Although 
the ECA mixtures exhibita large variety of positive properties, the mechanica! strength and impact 
resistance are not yet comparable with lead-free solders. 

Table 1.1: Electrically conductive adhesives compared with common lead-free solders [3, 6, 7]. 

Characteristic 

Volume resistivity 
Typical junction R 
Thermal conductivity 
Shear strength 
Mechanica! shock 
Finest pitch 
Minimum processing temperature 
Environmental impact 
Thermal fatigue 

1.2 Principle of ECAs 

Pb-free solder 

10 - 15 µOcm 
10-15mW 
30 W/m - deg.K 
15.2 MPa 
Good 
300µm 
215•c 
Negative 
Yes 

ECA 

350µ0 cm 
<25mW 
3 - 5 W/m - deg.K 
13.8 MPa 
Poor 
< 150- 200µm 
< 15o•c 
Very minimal 
Can be minimal 

The principle behind ECAs is that there is a matrix material and a conductive filler material. The 
matrix material provides mechanica! strength and the filler material makes the mixture conductive. 
In order to create a conductive path, the filler particles need to form a percolation conductive path 
from the substrate to the component. This is schematically depicted in Figure 1.2. 

When the amount of conductive particles in the mixture differs, the total conductivity changes. 
Figure 1.3 shows the so-called percolation threshold . In a small regime of changing filler fraction 
(e.g. the amount of particles in the matrix material), the conductivity changes drastically. High 
filler fraction mixtures are referred to as Jsotropically Conductive Adhesives (ICAs) and exhibit high 
conductivity in all directions, whereas low filler fractions are referred to as Anisotropic Conductive 
Adhesives (ACAs), having low conductivity. To create a satisfying conductive path using ACA 
material, the component needs to be pressed towards the substrate to form a conductive path in 
the same direction in which the force is applied . 
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Figure 1.2: Schematic representation of an 
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Figure 1.3: Illustration of percolation 
threshold in electrically conductive adhe-
sives. 

The two types of ECAs are schematically depicted in Figure 1.4. From this figure it is clear that 
the conductive particles need to form a path in order to make the connection conductive. 

1T;:.fii: -~----•I 
Poly.iner Mabu 

(a) Schematic representation of an ICA. 

Comluctlw Puticles 

~ 
Polymer Mabu 

{b) Schematic representation of an ACA. 

Figure 1.4: Principle of ICA and ACA. 

The filler fraction of ECAs is generally expressed as either a volume percentage or a weight per
centage. Due to a significant density difference between the particles and matrix, filler volume 
fractions between 20 vol.% and 40 vol.%, which is common for ICAs, is comparable with 70 wt.% 
and 85 wt.% [3, 8]. In this study the volume fraction convention is adopted. 

Mechanica! , thermal and electrical properties of ECAs depend on several parameters which are 
discussed in more detail in the next sections. 

1.2.1 Matrix material 

Many different matrix materials exist . These materials can be divided into two general groups: 
(i) thermoplastic and (ii) thermosetting. Below the glass transition temperature (T 9 ) of a polymer, 
the thermoplastic adhesive material is solid or glassy. Above the T 9 , the polymer behaves more 
rubber-like. To use thermoplastic material as matrix for ECAs, the assembly temperature should 
exceed the T 9 of the polymer to achieve good adhesion between component and substrate. A 
big advantage of thermoplastic adhesive material is that it is relatively easy to disassemble for 
reparations [3, 9] . 

Thermosetting adhesives forma three--dimensional cross-linked structure when cured under specific 
conditions [3, 9] . In this process the material , which is initially uncross-linked, will transform into 
a rigid solid material. The cure process by thermosetting adhesives is irreversible, meaning that 
disassembly is difficult. Thermosetting adhesive material is the most common material for ECAs 
due to its superior balanced properties: its adhesive strength, its chemical and corrosion resistance, 
and its low cost. 
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1.2.2 Filler material 

The materials that are used nowadays for ECAs are selected based on important properties, i.e. 
low cost, electrical conductivity, corrosion, oxidation under heat and humidity conditions, electro
migration, chemica! reactivity and current carrying ability. Materials fulfilling these properties are 
silver (Ag), gold (Au), copper (Cu) and nickel (Ni). Besides metal particles, plastic core particles 
which are coated with a good conductor, are also commonly used. 

1.2.3 Filler shape and size 

Filler particles may come in the shape of spheres, granulates, flakes, fibers or tubes. Some examples 
of different particle shapes are shown in Figure 1.5. According to the study of Malliaris et al. [10], 
the optimum particle shape is the flake due to its high aspect ratio, low critica! filler volume fraction, 
ample contact between neighboring particles, and strong adhesion with the matrix material. 

(a) Flake particles [11]. (b) Spherical particles [12]. (c) Carbon nanotubes plated 
with silver [13]. 

Figure 1.5: Different filler shapes used in ECAs. 

Traditionally micrometer sized particles have been used in ECAs, however, the constant minia
turization of electronics requires smaller pitch sizes which can not be established with these mi
cronsized particles. Therefore, new generation nanosized particles have been developed as filler 
material in ECAs for fine and ultra-fine pitch sizes ( <100 nm) . Moreover, the specific surface 
area of nanosized particles is larger compared to the same volume of filler containing micronsized 
particles resulting in better contact between nanoparticle and matrix material [13, 14]. 

1.3 Production process 

The assembly process of an electronic component with ECA as interconnect material is shown 
schematically in Figure 1.6. The component is first dipped in (liquid) ECA material, then placed 
on a substrate and cured at elevated temperature. During this curing process (polymerization), 
the rubber-like ECA material will transform into a solid material due to the cross-linking of the 
polymer chains. During this curing process the epoxy material will shrink, causing more intimate 
contact between the filler particles and thereby increasing the conductivity of the ECA material 
[8]. During the curing process, stresses are created in the ECA material due to shrinkage of the 
matrix material. When the curing process is completed, the assembly is cooled down from cure 
temperature to room temperature. During this cool down period, the stresses increase due to 
differences in thermal expansion between the different materials, e.g. silicon die, printed circuit 
board and ECA interconnect material. These so called residual stresses have great influence on 
the overall performance and lifetime of an interconnect . 
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Figure 1.6: Schematic representation of the production process of an electronic component with 
ECA interconnect material. 

1.4 Problem statement 

The currently commercially available ECAs still have limitations that keep the majority of the 
electronics industry from changing the interconnect material from solders to ECAs. These lim
itations include relatively lower electrical and thermal conductivity compared to solders, limited 
current carrying capability and lower impact strength. In recent years extensive research has been 
performed to improve these properties and overcome the limitations of ECAs. 

The prediction of residual stresses caused by the assebly process is a subject that has not yet been 
extensively investigated in literature. However, these residual stresses are a key influencing factor 
on the estimation of device lifetime. The premature failure of the interconnect due to the additional 
hydrostatic stresses complicate the prediction of the device lifetime. Accurate prediction and 
measurement of residual stresses in the interconnects are essential to a reliable design of electronic 
devices [15]. 

1.5 Aim and scope 

In this study the assembly process of a flip-chip pin grid array (FC-pga), containing fine-pitch 
interconnects on a printed circuit board, is simulated. The reason for choosing this application is 
that it enables us to show the possibilities for future micro and nanosized electronics. The aim of 
this study is to predict the residual stresses that appear in the ECA material during the assembly 
process by using the Finite Element Analysis (FEA). Moreover, the effect of different amounts 
of conductive filler and different particle distributions on the development of residual stresses is 
studied by comparing simulations that contain different microstructures. 

In order to include details on particle level (nanometers) while modeling a component which has 
dimensions of tens of micrometers and to keep computational costs within reasonable range, a 
multiscale modeling scheme has been implemented. With this method a microstructure, containing 
particles of nanometers, is coupled toa macrostructure (micrometers) at the material points of the 
macrostructure, resulting in reliable results on both scales. 
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1.6 Outline 

This report will start with a literature review (Chapter 2) which contains two different parts. The 
first part contains a discussion with the research that has been performed on the prediction of 
residual stresses when ECA material is considered to be homogeneous. The second part covers 
the research performed with respect to residual stresses in ECAs, considering the ECA material 
to be heterogeneous. Questions as how to model ECA materials and what the influence of certain 
parameters is on the performance of ECAs are treated in the literature review. 

In Chapter 3 the multiscale modeling scheme is explained. The formulas necessary to couple bath 
scales to each other are discussed in detail. At the end of Chapter 3 a genera! multiscale scheme 
is presented. 

Chapter 4 first presents the finite element model of the FC-pga assembly as investigated in this 
study, followed by the design of a microstructure. Different material models used for the simulations 
are discussed briefly, and special attention is given to the definition of the epoxy material model. 
Finally, when all material models are known, a scheme is presented which shows how the whole 
model is simulated in the finite element (FE) program MSC. Marc. 

The simulations that are performed in this study are explained in Chapter 5. The loadcase for the 
assembly process of a FC-pga is shown, and the different boundary conditions are explained. This 
chapter ends with showing the different microstructures that are used to study the influence of the 
filler fraction and particle distribution on the residual stresses. 

The results obtained by performing the FE simulations are discussed in Chapter 6. First, the 
results of one specific simulation is treated thoroughly, followed by comparing certain parameters 
and their influence on the development of residual stresses. 

Chapter 7 gives a genera! outlook over the complete research reported in this study as wel! as 
recommendations for future work. 



Chapter 2 

Literature review: Residual stress 
analysis in ECAs 

In the past decades various computational FE modeling work that has been clone can be found 
in literature regarding (conductive) adhesives. Examples include modeling of thermo-mechanica! 
curing properties and mechanica! strength of ECAs. The complex composition of the ECA material 
has led to different methods being used for modeling the material. The ECA material can either 
be considered to be homogeneous, where genera! properties like Young's Modulus E and Poisson's 
ratio v are constant throughout the material, or to be heterogeneous, taking the different material 
properties of the matrix material and particles into account. 

When the ECA material is considered to be homogeneous, the filler size and shape have no influ
ence on the overall properties of the mixture. Heterogeneous modeling of ECA material requires 
material parameters of bath matrix and filler material, as well as parameters such as particle 
shape, distribution and size, in order to describe the characteristics of this mixture. With the het
erogeneous approach the results will be more realistic as the material is described in more detail, 
however, the computational efforts are much higher. 

This review will first focus on the research that has been performed where the ECA material is 
considered to be homogeneous. The second part of this review focuses on heterogeneous modeling 
of ECA material. 

2.1 Homogeneous modeling of ECAs 

Stoyanov et al. [16] studied the influence of the geometry of an interconnect on the residual 
stresses caused by thermal cycling. They included variations with regard to the joint volume, the 
Cu column height and radius, the FC substrate thickness and they studied the influence of the 
height of the overlap between ICA interconnect and the Cu column. Figure 2.1 shows the FE 
model as is used in the work of Stoyanov et al [16]. 

Figure 2.1: FE model of a Flip-chip interconnect as used by [16]. 
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The material used for modeling the interconnect was a time-independent, elasto-plastic material. 
For the thermal cycle the temperatures ranged from -55 to 125°C. Furthermore, uniform tempera
tures were assumed throughout the package. A damage criterion was incorporated by calculating 
the plastic strain energy density for each temperature step. 

The result of this study showed trends that can be summarized as follows: more joint volume, 
smaller Cu column radius, higher Cu column length and smaller Cu column- ICA overlap height 
results in lower plastic strain energy density. 

Additionally, Stoyanov et al. [16] investigated the underfill material. They concluded that a com
bination of a lower Coefficient of Thermal Expansion (CTE) and a higher Young's modulus E of 
the underfill improves the reliability of the ICA joints because the difference in CTE between die 
and substrate is smaller, due to the underfill. Figure 2.2 shows this result. 

3- ----,--- -.....__, 
iii 2.5 -
ll. 

~ 2 

t 
<l 1.5 

t ., 
O 0.5 --

0 

E [GPa] 

Figure 2.2: Computational results of ther
mal cycling: Damage in ICA joint as func
tion of underfill, Young's modulus and CTE 
[16]. 

10 20 30 40 50 
Time lmin.J 

Figure 2.3: Temperature profile used by Wu 
et al. [17]. 

Wu et al. [17] performed mechanical and thermo-mechanical experiments in an attempt to char
acterize conductive adhesives in terms of dimensional stability and visco-elastic properties. The 
dynamic testing results were converted from the frequency domain into the time domain after 
which the results were implemented in a FE program. For the FEA the difference in CTE be
tween the different materials as wel! as the elastic and visco-elastic properties and the effects of the 
cure process were taken into account in order to study residual stress development in the adhesive 
joint. All materials except the ICA material are modeled as isotropic linear elastic, while the ICA 
material was modeled visco-elastic. 

The simulations performed included a linear increase of temperature from room temperature (RT) 
to 240°C followed by a relaxation period at RT. The temperature profile is depicted in Figure 2.3. 
Many properties of the epoxy change when it cures from a rubber-like material into a solid. There
fore two different cases were considered where the stress free state was assumed to be different. 
For the first case it was assumed that before the chemica! shrinkage starts to override the thermal 
expansion and elastic modulus starts to build up (at the point were the material transforms from 
rubber-like into solid), the joint is in a stress free state. For the second case, it was assumed that 
before temperatures reaches 240°C, the structure is in a stress free state and the first heating cycle 
has no effects on the residual stress development. Wu et al. [17] concluded that the determination 
of the stress free state is very important for ICAs as an incorrect selection of this point can lead to 
erroneous stress estimations. Furthermore, based on experimental and numerical data, they rec
ommended the chemica! reaction to be triggered at a lower temperature, followed by a temperature 
increase, in order to get the desired material properties and to reduce residual stresses. 

Meuwissen et al. [18] presented a constitutive model for predicting stresses in thermosetting resins 
during and after cure. The thermosetting material is modeled visco-elastic, where it is assumed 
that the stress build-up in the resin starts as soon as the material transforms from a rubber-like 
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into a solid material. They used experimentally obtained data for determination of the parameters 
in the material model. 

The simulations included different curing temperatures, i.e. far below T9 , almost at T9 and far 
above T9 . The low temperature cure simulations did not lead to full conversion, whereas in the 
other two simulations the fully cured state was reached very quickly. By comparison with (different) 
experimental data it was found that the model gave fair predictions of the onset of stress build-up 
and the final stress level. However, the model predicted a stronger initia! stress build-up than was 
actually observed in the experiments. 

In the introduction of this literature review it has been mentioned that when the ECA material 
is considered to be homogeneous, the influence of particle size, distribution and shape cannot be 
taken into account. Moreover, the material properties of the matrix material and filler material 
differ greatly and the interaction between these two materials is neglected. To obtain more reliable 
predictions of the residual stresses caused by the curing process, the influence of the interactions 
between the matrix and filler material, as well as the shape, size, and distribution of the filler 
particles, need to be taken into account. 

2.2 Heterogeneous modeling of ECAs 

Falat et al. [19] studied the contact pressure behavior between two particles as a result of cure 
shrinkage. For this purpose a model was constructed in which two silver particles are surrounded 
by cylindrically shaped epoxy resin. The particles touch at one point in the initia! state. The 
simulations were divided in two parts: first, the contact pressure was monitored when the epoxy 
shrunk because of curing; secondly, the relaxation of this pressure was investigated for different 
temperatures. In order to simplify the simulations, the assumption was made to treat the epoxy 
resin as an elastic material (viscous effects were neglected). The contact pressure after curing 
was 0.73 GPa. The second simulation covered relaxation of the contact pressure at different 
temperatures. In all simulations the initia! pressure (0.73 GPa) dropped to 0.03 GPa. When 
temperatures were higher the relaxation time decreased. 

Baaser [20] modeled polymer-filled materials, using a multiscale modeling technique. The polymer 
matrix included one filler particle, a glass sphere. A three dimensional FE model was obtained, 
containing only one eighth of the matrix-filler representative volume element (RVE) because of 
symmetry. Baaser [20] took into account the fact that in most situations the filler is covered with 
additives, such as cleaner, surfactants, etc. To represent this transition layer a parameter is derived 
to determine the slope of the stiffness of this transition layer. In Figure 2.4a the degradation of 
interface stiffness is given as a function of the radius and the special parameter. 

Figure 2.4b illustrates the response of three different transition layers and the experimental results. 
A large value of the transition layer parameter creates a response comparable as for the case of no 
interphase layer, resulting in the weakest response. A fairly small transition parameter results in a 
linear increase of the interphase shear modulus from the polymer to the filler . The most promising 
result is obtained somewhere in between the two extremes (i.e. in between the linear response and 
step response) . 

Although the work described above has shown interesting trends in terms of predicting the behavior 
of adhesives during and after the curing process, it does not include residual stress calculation on 
neither the micro-, nor macroscale. In the work of Falat et al. [19] the microstructure of an epoxy 
filled with particles has been described. The residual stresses in the form of a contact pressure 
between the particles was constructed. However, the simulations did not incorporate a coupling 
between the macro- and microstructure. The work of Baaser [20], where an extra transition layer is 
modeled between matrix material and particle, showed the influence of this layer on the calculated 
stresses. Unfortunately these simulations do not represent an assembly process as no cure shrinkage 
is modeled of the polymer. 
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(a) Interface stiffness as a function of the particle radius r and parameter k. 
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Figure 2.4: Results of the study of Baaser [20) . 

In the present study the residual stresses are investigated by irnplementing a multiscale scheme. 
A correct prediction of the residual stresses in ECAs can have a large influence on the life-span 
of an interconnect, as it allows professionals to design their products with the least amount of 
residual stresses. The transition layer around the particles, as rnodeled by Baaser [20), will not be 
adopted in this study for simplicity. Experiments will have to be performed in order to confirm 
if modeling of these transition layers between particle and matrix material is necessary. With the 
multiscale scheme residual stress information on both the macro- and microscale becomes available. 
Moreover, the influence of particle distribution and filler fraction on the development of residual 
stresses can be investigated on both scales with this numerical framework. 



Chapter 3 

Multiscale Modeling 

In this study the multiscale technique known as computational homogenization is applied. With 
this approach each macroscopie material point is modeled in detail by a microstructure, which 
determines the response of the macroscopie material point. In this chapter the theory behind 
the multiscale modeling technique is briefly discussed and the key aspects, e.g. the formulation 
of the microstructural boundary value problem (BVP) and the coupling between the micro- and 
macroscales, are treated. 

3.1 Introduction 

The large scale difference between the nano-silver ( nAg) particles ( dimensions of a few nanometers), 
and the interconnect ( dimensions of approximately 40 µm) , combined with the complete flip
chip assembly (few millimeters) , makes the direct FE simulation of a complete interconnect very 
expensive if details on the small scale are to be taken into account. The multiscale modeling 
technique is ideal to achieve accurate predictions on both scales while limiting computational costs. 
Within computational homogenization, the considered material is assumed to be macroscopically 
homogeneous, but microscopically heterogeneous [21]. Figure 3.1 shows one intercmmect of a FC 
assembly, including the printed circuit board. The microstructure is visualized by a Scanning 
Electron Microscope (SEM) image of a nAg filled ink, which contains the same particles as the 
ECA material1 . 

c::;z:J Chip 

- Pad 
c=i Column / bond pad / wire 
- Conductive adhesive 
- Printed circuit board 

Figure 3.1: Interconnect of a flip-chip assembly. Due to large differences in scales a multiscale 
scheme will be implemented. 

1The nAg filled ECA material is still under development by adhesive producing companies , however , the particles 
from the nAg ink are the same to be used in the ECA material. The distribution of particles is likely to be different. 
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In most cases of homogenization global periodicity is assumed. This means that the macr05truc
ture consists of unit cells, a repeating structural cel!. In computational homogenization often local 
periodicity is assumed for the microstructure. Local periodicity assumes that the microstructure is 
repeated at a macroscopie material point, however, it is not necessary to have the same mier05truc
ture at different macr05copic material points. So at different macroscopie points the mier05tructure 
can have different shapes, volume fractions, grains, inclusions, etc. The local periodicity assump
tion is more realistic than global periodicity as it resembles more closely the reality. To clarify, 
Figure 3.2 illustrates the difference between local and global periodicity. 

(a) Global periodicity. (b) Local periodicity. 

Figure 3.2: Difference between global and local periodicity. Picture taken frorn [22]. 

In multiscale modeling, the macroscopie deformation gradient tensor FM at each macroscopie 
integration point is assigned toa Representative Volume Element (RVE). In this work , the subscript 
"M" refers to a macroscopie quantity and the subscript "m" refers to a microscopie quantity. 
After assigning FM to a RVE it is used to impose boundary conditions on the RVE. The BVP 
can now be solved for the RVE, resulting in a macroscopie stress tensor, which is calculated as 
the volume average of the microscopie stresses. As a result , the stress-defonnation relationship at 
the macroscopie point becomes available. The macroscopie consistent tangent at a macroscopie 
point can be determined from the microstructural stiffness. Because the defonnation from the 
macrostructure will determine the response of the system via the mierostructure, this scheme is 
also referred to as a deformation driven procedure. The multiscale procedure is schematieally 
depicted in Figure 3.3. 

Macro 

Micro 
Solving BVP 

Figure 3.3: Multiscale modeling scheme. 
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The essential steps of multiscale modeling are discussed in more detail below. First, the problem 
on the microlevel is defined (Section 3.2), followed by the coupling between micro-- and macrolevel 
(Section 3.3) and finally the realization of the whole procedure within a FE context is explained 
(Section 3.4) . 

3.2 Definition of the microlevel problem 

The following sections are based on the work of Kouznetsova [22]. The microstructural properties 
are captured in the representative volume element (RVE). An example of a two--dimensional RVE 
is given in Figure 3.4. In this figure, f; denotes apart of the boundary where i stands for T=top, 
L=left, B=bottom and R=right. The numbers 1 to 4 denote the Master Nodes and IV the normal 
vector on the boundary. The size of the RVE should be chosen with care: it should be large enough 
to represent the microstructure without introducing non-existing properties. Moreover, the size of 
the RVE should also be small enough compared to the macroscopie scale, so that the assumption of 
separation of scales holds. The properties of the RVE, representing the ECA material, is discussed 
in more detail in the next chapter. 

4 rT . ' .• ~ • 
• + 1!; ' - . 

rR ~ ~ Ï I ! , \ rL 

1 2 

Figure 3.4: Two dimensional representative volume element. 

The problem at the RVE level can be formulated as a standard problem in quasi-statie continuum 
mechanics. The RVE deformation field at a point with the initia! position vector X (in the 
reference domain V0 ) and the current position vector x (in the current domain V), is described by 
the microscopie deformation gradient tensor F m, which is given as: 

(3.1) 

where the gradient operator V 0"' is taken with respect to the reference microstructural configura
tion. The superscript T denotes the conjugated. 

The RVE is in a state of equilibrium in the absence of body forces, described by the following 
equilibrium equation: 

(3.2) 

where V m is the gradient operator with respect to the current configuration in the microstructure 
and a m the microscopie Cauchy stress. 

In order to couple the macroscale to the microscale, the macroscopie deformation gradient tensor 
FM is applied to the microstructural RVE by a specific approach. In the Taylor (or Voigt) approach, 
the microstructural constituents undergo a constant deformation equal to the macroscopie one, e.g. 
FM = Fm, generally resulting in an overestimated stiffness. The Sachs (or Reuss) approach assumes 
that the stress is constant in all components, e.g. aM = am, which leads to an underestimation of 
the stiffness. 
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More accurate averaging strategies that do require the solution of the detailed microstructural 
boundary value problem, transfer the given macroscopie variables to the microstructural RVE via 
the boundary conditions. There are three commonly used different RVE boundary conditions, i.e. 
prescribed displacements, prescribed tractions and prescribed periodicity [22]. The results of these 
three different boundary conditions, as a function of the microscopie RVE size, are schematically 
depicted in Figure 3.5. 

- ·- Periodic BCs 
...-Traction BCs 
- Displacement BCs 
- • - Effective value 

Microstructural cell size 

Figure 3.5: Response of the apparent properties for different boundary conditions with increasing 
microstructural size [22]. 

In this study the prescribed periodicity is used as it provides the best estimation of the overall 
properties. The periodicity conditions for the microstructural RVE are given as follows: 

- + - - - F (x- + x- -) X -X - M" - (3.3) 

(3.4) 

where ( +) and ( - ) denote opposite sides of the RVE. Equation (3.3) represents periodic deforma
tions and Equation (3.4) represents the anti-periodic tractions on the boundary of the RVE. In 
Figure 3.4 the (opposite) parts of the RVE boundary r- and r+ are defined so that fJ- = _fJ+ 
at corresponding points on r- and r+. 
For the two-dimensional RVE given in Figure 3.4 the periodicity condition (3.3) can be written 
into the following constraint relations: 

(3.5) 

where XR, XL, xr, xs denote a position vector on the right, left, top and bottom boundary of the 
RVE, respectively; Xi, i = 1, 2, 4 are the position vectors of the corner nodes 1, 2 and 4 (master 
nodes) in the deformed state. These position vectors are prescribed as: 

Xi=FM-Xi, i=l,2,4 (3.6) 

where Xi are the position vectors of the master nodes in the reference configuration. The nodal 
displacements of these master nodes can be described with: 

Ui= (FM - 1)-Xi, i = 1,2,4 (3.7) 

where I is the identity tensor. The displacement of the master nodes can thus be described by 
making use of the macroscopie deformation gradient tensor FM. 
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3.3 Coupling the macroscopie and microscopie level 

In this section the coupling between macro- and microlevels will be explained. This coupling be
tween the two scales is based on averaging theorems. The integral averaging expressions have been 
proposed by Hili [23] for small deformations and later extended to a large deformation framework 
by Hili [24] and Nemat-Nasser [25]. 

Deformation 

The deformation gradient tensor on macroscopie level, FM, is used to impose the nodal displace
ments on the RVE according to Equation (3.7). The macroscopie deformation gradient tensor FM 
is the volume average of the microstructural deformation gradient tensor Fm : 

(3.8) 

The divergence theorem is used to transform the integral over the undeformed volume V0 of the 
RVE toa surface integral with boundary f 0 . 

Stress 

The formula for obtaining the macroscopie first Piola-Kirchoff stress tensor P M is the volume 
average of the first Piola-Kirchoff stress from the microstructure: 

(3.9) 

which can be written in terms of the master nodes by using the anti-periodic traction conditions, 
Equation (3.4): 

1 
P M=vo L JfX; 

i=l ,2 ,4 

(3.10) 

where ff are the resulting external forces at the master nodes with X; being the position vectors 
of these master nodes in the initia! configuration. The reference volume V0 is used to calculate the 
stresses in the formula above. The macroscopie Cauchy stress, u , over the current RVE volume V 
can be obtained similar to Equation (3.9) and (3.10): 

(3.11) 

Internal work 

Apart of the Hili-Mande! condition [23] is the averaging theorem for energy. This theorem requires 
that the work performed on the RVE is equal to the local variation of the work on the macroscale: 

\/bi (3.12) 

Consistent tangent stiffness 

When using the multiscale modeling technique there is no explicit form of the constitutive behavior 
on the macrolevel. The consistent tangent stiffness tensor at the macroscale, which is required 
within the non-linear finite element framework in order to converge to the correct solution, has 
to be derived from the microscopie RVE. In Appendix A.l a derivation of the consistent tangent 
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stiffness tensor 4Ct is given which relates variations of the macroscopie deformation gradient 
tensor öF M on the variations of the macroscopie first Piola-Kirchoff stress öP M. This consistent 
tensor is given as: 

öPM =4Ct: öFit (3.13) 

In this study large displacement theory is assumed, whieh requires a consistent tangent stiffness 
tensor that relates variations of the Green-Lagrange strain tensor E with the second Piola-Kirchoff 
stress tensor S. In Appendix A.2 a full derivation of this consistent tangent stiffness tensor 4 Dt, 
is given. This consistent tangent stiffness tensor is a function of 4Cf,1 . First, the relation between 
the first Piola-Kirchoff stress and the second Piola-Kirchoff stress is given by: 

s = F-l .p (3.14) 

The tangent stiffness tensor 4Dt is given as: 

(3.15) 

3.4 Solution scheme 

The multiscale scheme, as implemented in this study, can be described in a few steps. The whole 
scheme is summarized in Table 3.1. 

First, the external load is applied on the macrostructure by an incremental procedure, where 
increments can be associated with discrete time steps. The solution of the non-linear system of 
equations is obtained in a standard iterative manner. Each macroscopie integration point is coupled 
to an RVE, which represents the morphology at that point. 

The macroscopie deformation gradient tensor FM is calculated at the macro level for each integra
tion point from the iterative nodal displacements (for the initialization step, i.e. the first step that 
takes place, no deformation is prescribed and therefore FM = I). The RVE nodal displacements 
of the master nodes can be calculated by making use of Equation (3.7). 

The RVE model can now be solved. The macroscopie second Piola-Kirchoff stress tensor SM can be 
obtained by first calculating the averaged microscopie Cauchy stress tensor according to Equation 
(3.11), followed by rewriting UM in SM . This relation is given by: 

-1 1 -T 
S = F . det (F) u . F (3.16) 

The consistent tangent stiffness tensor 4Dt is calculated according to Equation (3.15). 

When all RVEs are converged to a solution, the stress tensors are available at every macroscopie 
integration point. With this, the macroscopie internal forces can be calculated. If these forces are 
in equilibrium with the external load, incremental convergence has been achieved and the next 
increment can be evaluated. If there is no convergence, the procedure is continued to achieve an 
updated estimation of the macroscopie nodal displacements. The macroscopie stiffness matrix is 
assembled using the constitutive tangents available at every macroscopie integration point from the 
RVE analysis. The solution of the macroscopie system of equations leads to an updated estimation 
of the macroscopie displacement field. 
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Table 3.1: Multiscale solution scheme. 

Macro Micro 
1. Initialization 

• lnitialize the Macro model 
• Assign an RVE to each integration point 
• Loop over all integration points, FM = I Initialization of RVE analysis 
• Create and open file: Element# , IP# , write: 

• Open file: Element#, IP# 
• Assemble the RVE stiffness 
• Calculate the tangent stiffness 4 D 

• Store the tangent stiffness tensor 4 D 

• End of integration point loop 

2. Next increment 
• Apply boundary conditions on the macromodel 

3. Next iteration 
• Assemble macroscopie tangent stiffness 
• Solve macroscopie system for previous solution 
• Loop over all integration points 
• Calculate FM RVE analysis 
• Create and open file: Element#, IP#, write: 

• Open file: Element# , IP# 
• Assemble the RVE stiffness 
• Solve the RVE problem for initial guess 
• Calculate the 2nd Piola-Kirchoff stress SM 
• Calculate the tangent stiffness 4 D 
• Repeat until convergence 

• Store the tangent stiffness tensor 4 D 

• Store the 2nd Piola-Kirchoff stress tensor SM 

• End integration point loop 
• Assemble the macroscopie internal forces 

4. Check for convergence 
• If not converged, go to step 3. 
• Eise, go to step 2 



Chapter 4 

Model geometry and constitutive 
behavior 

In this study a finite element model of a flip-chip interconnect is used to predict residual stresses in 
the ECA material during the assembly process. This model is chosen because of the fine pitch size: 
the distance between interconnects can be smaller than 100 µm. In order to achieve such fine pitch 
size, the ECA rnaterial should contain micronsized or smaller particles. In this study nanosized 
particles are selected because of the possibility to create ultra-fine pitch sizes. Figure 4.la shows 
a commercially available FC-pga and Figure 4.1 b shows a hypothetical 2 x 2 FC-pga. 

(a) Commercially available flip-chip package (26] . (b) Hypothetical 2 x 2 flip-chip package. 

Figure 4.1: Picture of (a) a cornrnercially available flip-chip pin grid array and (b) a drawing of a 
hypothetical 2 x 2 flip-chip . 

The assembly process of a FC-pga microelectronic package has been explained in Section 1.3. 
During the curing and cool down stages residual stresses start to build up in the ECA material. 
These stresses can lead to early failures in service and therefore a correct prediction of these stresses 
is desirable. An important property of a FC-pga compared with conventional pads-up orientated 
chips is the capability of achieving high density Input/Output (1/0) assembly onto a printed 
circuit board [16] . They can also operate with higher power, as they can carry heat better [27] . 
To realize these great advantages, a low resistance connection should be established, which can be 
accornplished by using lsotropically Conductive Adhesive (ICA) rnaterial for the interconnect. 

The FC-pga rnicroelectronic package consist of a number of interconnects, as shown in Figure 4.1. 
Modeling all interconnects would be very time consurning and cornputationally expensive. In this 
study two different unit cell interconnects are modeled with appropriate boundary conditions rep
resenting the rest of a FC-pga: an interconnect assumed to be at the center of the FC-pga as shown 
in Figure 4.la and an interconnect of the hypothetical FC-pga from Figure 4.lb. The finite element 
model for both interconnects is the sarne. However, applying different boundary conditions results 
in two different BVPs. Periodic boundary conditions are applied to the interconnect modeled in 
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the center. For the interconnect located at the corner, one side of the FE model is fixed in one 
direction. The different boundary conditions are explained in more detail in Section 5.2. 

In order to reduce computational costs, the FE simulations are simplified by adopting a two 
dimensional (2D) model. The goal of this study is to investigate the residual stresses during the 
assembly process of a FC-pga micro package. The cure shrinkage of the epoxy material and the 
thermal expansion/contraction are important for determining the residual stresses. Since these 
phenomena are isotropic processes in three dimensions, the plane strain assumption can not be 
adopted, since fixing one side would result in unrealistic stresses. With a plane stress assumption 
the free shrinkage of the material can be incorporate within a 2D model. The model is implemented 
in the commercial FE package MSC. Marc 2005R3. 

The macroscopie model of the FC-pga interconnect is discussed in detail below, followed by the 
representative volume element (RVE) model, which represents the microscopie structure of the 
ICA material. In order to describe the mechanica! behavior of dissimilar materials of a FC-pga, 
their constitutive behavior must be known. At the end of this chapter the different constitutive 
material models used are discussed. 

4 .1 Geometry 

4.1.1 Macroscopie geometry 

The 2D FE unit cell model of a FC-pga interconnect is shown in Figure 4.2. The width of the model 
equals the pitch size, which is 90 µm. Table 4.1 gives an overview of all component dimensions. 

Table 4.1: Dimensions of the different components for the 2D interconnect model. 

Component Material Height fµm} Width fµm} 

Chip Silicon 500 90 
Pad Aluminum 5 70 
Column Copper 
Conductive adhesive ECA 
Bond pad Copper 
PCB FR4 
Wire in PCB Copper 

The model contains a silicon die or chip. I/0 
connections on Si chips are equipped with alu
minum pads. The purpose of the Al pad is 
twofold: providing (i) electro-conductive and 
(ii) thermal-conductive paths between the Si 
die and the Cu column. Next, the copper (Cu) 
column is attached to the Al pad, which will 
make the connection with the ICA material. 
On the bottom of the ICA material, a Cu pad 
is mounted, which is connected to a Cu wire 
inside the printed circuit board (PCB). 

Besides showing all components, Figure 4.2 also 
shows the FE mesh. At the bottom of the 
Si chip the mesh is finer. It is likely that in 
this region high stresses are present at elevated 
temperatures, caused by the difference in ther
mal expansion between the different materi
als. The transition from a more coarse mesh 
to a finer meshed structure is realized by using 
links which tie the displacements of the hang
ing (free) nodes to the nodes that are connected 

45 50 
40 max. 0 74 
10 50 
4000 90 
600 10 

Figure 4.2: Finite element model of a unit cell of 
a flip-chip pin grid array interconnect . 



33 

continuously. Another remark is that the ICA material, the main focus of this study, is meshed 
rather coarse. This is clone to reduce computational costs, since for the ICA material the multi
scale scheme is used. Furthermore, four-node, quadrilateral, bi-linear elements with four integration 
points are used throughout the complete model. This element type is chosen because of its good 
accuracy compared to the computational costs. 

4.1.2 Microscopie geometry 

The ICA material considered in this study, containing nanosized silver (nAg) particles, is still under 
development by adhesive producing companies and commercially not yet available. In chapter 1, 
SEM images (Figure 1.5) of epoxies filled with micronsized particles are shown. Due toa different 
production technique that is used to create nanosized particles, the shape of micronsized particles 
can not be directly compared to the shape of the nanosized particles. A commercially available 
ink, which contains nAg particles, is investigated with SEM, where the ink has been evaporated 
(which is necessary due to the vacuum in the SEM). Figure 4.3 shows an image of nAg particles. 

Figure 4.3: SEM image of nAg particles ob
tained from dried out nAg ink. ECA mate
rial can be filled with these particles. 

Figure 4.4: Matlab software is used to deter
mine particle radii by automatically detect
ing the particles. 

The main goal of investigating the nAg ink is to obtain information about the shapes and sizes of 
the particles. Most particles are shaped spherically, and therefore the assumption is made to model 
all particles as perfect circles. The distribution of particles in Figure 4.3 appears to be more dense 
than found in literature for ICAs, which is a result of the different material (nAg ink instead of nAg 
ICA material) and the fact that the ink is first evaporated, resulting in particle sintering. Matlab 
is used to determine the minimum and maximum sizes of the particles by detecting the spherical 
particles in the SEM image, as shown in Figure 4.4. The minimum diameter of the particles is 
determined as 35 nm, and the maximum diameter as 95 nm. 

In the introduction it was already mentioned that in literature two different quantification con
ventions for the amount of filler material are used: weight or volume percentage. Here the volume 
fraction convention is adopted. Because of the 2D assumption the filler volume fraction needs to be 
expressed in a filler area fraction. It is assumed that in order to express the filler volume fraction 
in a filler area fraction, the three dimensional particles are cut in the middle. For common filler 
volume fractions between 20 vol.% and 40 vol.% [3, 8], the corresponding filler area fraction is than 
between 40% and 65%. 

RVEs with a given particle area fraction are created automatically in Matlab, where particle 
diameters are determined according toa normal distribution between 35 nm and 95 nm. In reality 
the particles are covered with a protective layer, the so-called surfactants, in order to prevent 
the particles from clustering. To incorporate the effect of these surfactants, the condition that a 
new particle does not touch another particle needs to be fulfilled . The RVEs are meshed using an 
auto-mesh function in the FE program. An example of such a microstructure is given in Figure 4.5. 



34 Model geometry and constitutive behavior 

- Silver 
- Epoxy 

Figure 4.5: Microstructure that contains randomly distributed particles with a nAg area fraction 
of 50%. The mesh is obtained via an auto-mesh function. 

The size of the RVE is selected at 500 nm by 500 nm. lt is expected that this RVE is large 
enough to contain enough particles to represent the local microstructure, white being small enough 
to reduce computational costs and sustain the assumption of separation of scales. 

4.2 Constitutive behavior 

The materials used in the simulations are: silver (Ag), epoxy, copper (Cu), aluminum (Al), silicon 
(Si) and FR4. The constitutive models for each material are explained below. 

Epoxy 

During the curing process the epoxy material undergoes a transformation from liquid (rubber
like) to a solid state. The epoxy will shrink during curing and because of the connected parts on 
the macroscopie scale, which prevent the epoxy from shrinking freely, stresses will appear in the 
material. A correct description of the shrinkage behavior of epoxy is important to correctly predict 
residual stresses in the material. Moreover, the difference in thermal expansion coefficient between 
the different materials will also contribute to the residual stresses. 

Cure kinetics 

The degree of cure is an expression for the conversion rate of the epoxy from the rubber-like state 
to the solid state. The cure degree, a, takes values between 0 and 1 where 0 is fully uncured and 1 
is fully cured. Sourour and Kamel [28] developed a non-linear expression for the cure degree rate, 
based on existing data in literature: 

da 
dt 

( 4.1) 

Here, m and n are experimentally determined constants and K 1 and K 2 are the reaction rates 
defined by the Arrhenius rate law. These reaction rates relate the dependency of the rate constant 
K i of a chemica! reaction with respect to a certain temperature and activation energy. The 
Arrhenius rate law is given by: 

K=Aexp --' (-EA) 
' ' RT ' i = 1,2 (4.2) 



35 

In this equation T is the temperature (in Kelvin), EA, is the activation energy, the minimum 
energy at which the reaction occurs, Ai is the reaction rate and R is the universa! gas constant 
(8.3145 J mot- 1 K- 1 ). The values of the parameters used in the equations above are given in 
Table 4.2. Figure 4.6 shows a typical curing behavior at a constant temperature T = 120°C. The 
glass transition temperature T9 of the epoxy considered in this study is approximately 160°C and 
thus above the cure temperature. 

Table 4.2: Cure kinetic coefficients obtained from [29]. 

m n Ai {s - 1 ) A2 {s- 1 ) EA 1 (Jmol- 1 ) EA 2 (Jmol- 1 ) 

0. 75 1.25 1.41093 X 103 2.35865434 X 106 49.204 X 106 66.378 X 106 

200 400 600 800 1000 
Time [s] 

Figure 4.6: Cure degree as a function of time at T = 120°C. 

Strain calculation 

The total strain tensor Etot of the epoxy is defined as the summation of the cure shrinkage strain 
tensor Ec, the thermal strain tensor Eth and the elastic strain tensor Eel: 

(4.3) 

In the next part, these strain tensors are explained in more detail. 

Cure shrinkage strain 

The calculation of the cure shrinkage strain is based on the volumetrie shrinkage due to the 
curing process [30] . The current volume of a cubic (three dimensional) volume element with initia! 
dimensions li, l2 and l3 , can be written as a function of the initial volume. For isotropic curing the 
change of length of the cube is equal in all directions: 

Va 

V 

l1 l2l3 = l3 

(l1.>.1) (l2.>.2) (l3À3) = l3 .>.3 = V0 .>.3 

(4.4) 

(4.5) 

where .>. is the stretch ratio. Because strains are expected to be small, the assumption is made 
that the Green Lagrange strain Egl is equal to the linear strain E:1• The stretch ratio is defined as: 

À= El+ l (4.6) 
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The strain tensor can now be expressed as follows: 

(4.7) 

where the current volume, V, is expressed in terms of the initia! volume, V0 and the change in 
volume, ~V, as: 

V=Vo+~V (4.8) 

For the epoxy that is used in this study, the maximum volumetrie cure shrinkage for the fully cured 
material is V8

00 = 6% [29], i.e. ~ V8
00 /V0 = -0.06. 

Assuming the current volumetrie cure shrinkage, v.c, is proportional to the cure degree a, the 
current relative volume change due to cure shrinkage can be expressed as: 

~v = a~v.oo = -a0.06 
Vo Vo 

(4.9) 

Substitution of Equation ( 4.9) into ( 4. 7) gives the final expression for the cure shrinkage strain 
tensor: 

( 4.10) 

Thermal strain 

In order to further simplify the model it is assumed that during curing the temperature is homoge
neous throughout the whole model. It is also assumed that the Coefficient of Thermal Expansion 
(CTE) of the epoxy is independent of the cure degree. This assumption can be made because it is 
reported in the literature [18, 29] that values of CTE before and after curing do not differ much. 
The thermal strain tensor in rate form, dt: th , is given as: 

(4.11) 

where f3r is the coefficient of thermal expansion (CTE) and dT the change in temperature. The 
CTE for the epoxy used in this study is f3r = 55 x 10-6 K- 1

. 

Stress-strain law 

The model used to predict the mechanica! stress is based on Hooke's law for linear elasticity. This 
model can be applied since strains are expected to be small. The rate form of Hooke's law is given 
as: 

(4.12) 

For which 4C(a(t, T)) can be written as a function of the cure degree dependent shear (G) and 
bulk (K) moduli: 

4C(a(t , T)) = K(a(t , T)) II+ 2 G (a(t, T)) ( 4/
5 

- ~II) ( 4.13) 

The cure dependent shear and bulk moduli were determined by Rabearison et al. [29] via ex
perimentally obtained data in literature. The bulk modulus evolution during curing seems to be 
unknown in literature, therefore the perfect mixture rule is adopted which is weighted by the cure 
degree: 

K(a) = (1 - a) K 0 + a K 00 (4.14) 
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where K 0 is the initia! bulk modulus (a = 0) and K 00 the final bulk modulus of the fully cured 
epoxy (a = 1). The shear modulus G (a) can be written as: 

G(a) = { pa exp(pb a), if a S gelation point 
pa exp (pb age!) , else 

(4.15) 

where pa and pb are experimentally determined shear parameters, and age! the cure degree at 
which gelation (transformation from liquid into solid) takes place. This value is an onset for the 
developing of stresses, generally located around a9el = 55% - 60% for epoxies. For the specific 
epoxy used in this study the point of gelation is at agel = 55%. The parameters that define the 
shear and bulk moduli are given in Table 4.3. The evolution of the cure dependent shear and bulk 
moduli at a constant temperature of T = 120°C, is shown in Figure 4.7. The point of gelation, 
which corresponds to approximately 550 s, can clearly be observed in the shear modulus graph. 

" Ol 

ll 
oo 1.5 

Table 4.3: Shear and bulk moduli parameters [29]. 

K 0 (GPa) K 00 (GPa) pa (GPa) pb (-) <>gel (%) 

3.0 6.3 17.17 X 10- 14 56.74 55 

200 400 600 800 1000 
Time [s] 

(a) Shear modulus. 

1J 200 400 600 800 1000 
Time [s] 

(b) Bulk modulus. 

Figure 4.7: (a) Shear modulus and (b) bulk modulus as functions of the cure time at T = 120°C. 

With the cure dependent bulk and shear moduli, Equations (4.14)-(4.15), the Young's modulus 
E(a), and Poisson's ratio v(a), which consequently are dependent on the cure degree, can be 
calculated. These relations are given for standard isotropic materials as: 

E(a) 

v(a) 

9K(a) G(a) 
3K(a) + G(a) 

3K(a) - 2G(a) 
2 (3K(a) + G(a)) 

( 4.16) 

( 4.17) 

The evolution of the Young's modulus and Poisson's ratio at a constant temperature of T = 120°C are 
plotted in Figure 4.8. The point of gelation at a 9el = 55% can clearly be observed in both graphs. 

The stress-strain law in a rate form for an isotropic material with a plane stress assumption is 
given by: 

dCTyy(a) = a 
2 

v(a) 
[ 

dCTxx(a) l E( ) [ 1 

dCTxy(a) 1 - v(a) 0 

v(a) 
1 
0 

(4.18) 
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(a) Young's modulus. 

Model geometry and constitutive behavior 
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(b) Poisson 's ratio. 

Figure 4.8: (a) Evolution of Young's modulus and (b) Poisson's ratio with respect to cure time at 
T = 120°C . Although a 2D plane stress assumption does not require II to be smaller than 0.5, in 
this study II is maximum 0.49. 

Silver 

Silver (Ag) appears in ICAs as the filler material, enabling thermal and electrical conductivity in 
the joint. The assumption is made to model Ag as a linear elastic isotropic material since it is 
expected that stresses will not exceed the yield stress. Hooke's law for linear elasticity is applied: 

Which for a 2D, plane stress assumption can be written as: 

[ 

17 x x ] - E [ 1 Il 
17yy - ---2 Il 1 

1 - 1/ 
l7x y O 0 

0 l [ Exx l 0 Eyy 

½(1-11) 'Yxy 

(4 .19) 

(4.20) 

T he elastic parameters of Ag are given in Table 4.9 where also all other material parameters are 
listed. Note here that for the nAg particles bulk properties of Ag are assumed, since no data has 
been found in the li terature about the nano-particles. The coefficient of thermal expansion for nAg 
is also assumed to be isotropic and is shown in Table 4.9. 

Printed Circuit Board 

The Printed Circuit Board (PCB) is made of FR4 material. FR4 is a glass reinforced epoxy 
composite. lt is known for its low moisture absorption (almost 0) and good insulating properties. 
Because of the woven fiberglass structure of this material, the behavior is transversely isotropic, 
having the same properties in-plane (x and z direction), but perpendicular to the plane (y direction) 
the properties differ. Figure 4.2 shows the FE model with the x and y coordinate system directions 
as adopted in this work. 

The transversely isotropic Hooke's law is applied. The stress-strain law for this material, with the 
2D plane stress assumption, is given as: 

( 4.21) 

Where G is the shear modulus, 11 the Poisson's ratio and Ethe Young's modulus. T he subscripts 
denote the direction in which the quantity is defined. E and G depend linearly on temperature 



according to the following equation, obtained from Zahn [31] : 

27.9 - 0.037 T [GPa] 
12.2 - 0.016 T [GPa] 
5.5 - 0.007 T [GPa] 
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(4.22) 

where T is the temperature in Kelvin. Furthermore, the glass transition temperature T9 of FR4 
does not need to be taken into account as it is above 130°C [32], and is thus higher than the 
cure temperature considered here (120°C). The different properties in both principle directions 
of anisotropy lead to different thermal expansion coefficients in these directions, as is shown in 
Table 4.9. 

Copper 

Copper is modeled with a linear elastic isotropic material model. Again Hooke's law for linear 
elasticity, Equation (4.20), is applied. The material parameters are given in Table 4.9. 

Aluminum 

Thin film properties of aluminum (Al) are assumed to be equal to the bulk properties. Although 
the Al pad is very thin, it is necessary to include it in the model for two reasons: (i) in reality these 
bond pads are present at chips, (ii) absence of this pad gives rise to unrealistically high stresses at 
the interface between Si and Cu. 

Al is modeled with a linear elastic isotropic material model. Again, Hooke's law, Equation (4.20), 
is applied with material parameters listed in Table 4.9. 

Silicon 

The chip (die) is made of single crystal (100) silicon (Si). The properties of this material are 
highly anisotropic, meaning that it exhibits different properties in all directions. In case of a 2D, 
plane stress assumption, the stress-strain law for linear elastic, anisotropic material is given by the 
following equation: 

(4.23) 

where C;j, i , J 1, 2, 3 are intrinsic material parameters. The CTE is equal in both x and y 
direction . The material parameters for Si are shown in Table 4.9. 
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Figure 4.9: Summary of all material parameters and models used in simulations. 

Material 

Silver (Ag) 

Copper (Cu) 

Aluminum (AI) 

PCB (FR4)" 

Model Modulus/Stiffness 
[GPa] 

Linear elastic isotropic E: 83 

Linear elastic isotropic E: 110 

Linear elastic isotropic E: 70 

Linear elastic 
Transversely isotropic 

Ex: 27.9 - 0.037T 
Ey: 12.2 - 0.016T 
Gxy: 5.5 - 0.007T 

(100) Silicon (Si)b Linear elastic 
Anisotropic 

C11 , C22: 166 
C12 , C15 , C26: 64 
c66' 80 

Epoxy 

aobtained from [31] 
bObtained from [33] 

Linear elastic isotropic Calculated , 
see Figure 4.8a 

Poisson's ratio CTE (at 300K) 
110- 6 K - lJ 

v: 0.37 f3r: 15.0 

v: 0.34 f3r: 16.5 

v: 0.35 

Vxy: 0.39 
Vyx: 0.39 

Calculated, 
see Figure 4.8b 

/3r, : 16.0 
f3Ty: 84.0 

/3r, : 3.2 
/3r": 3.2 

/3r: 55.0 

Yield stress 
[MPa] 

70 

20 

78 

Ultimate strength 
[MPa] 

170 

220 

70 

5000 - 9000 

90 - 95 
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4.3 lmplementation of the multiscale solution scheme 1n 
MSC. Marc 

Now that the material formulations are known, the framework derived in Chapter 3 (Table 3.1), 
can be implemented in the fini te element package MSC. Marc. In the multiscale solution scheme 
only the deformation gradient tensor F M is used to prescribe the boundary conditions on the RVE. 
However, the elastic properties of the epoxy are dependent on the time and temperature dependent 
cure degree, according to Equations (4 .1 ), (4.2). 

In Figure 4.10 a flowchart is depicted which shows the subroutines, including the most important 
parameters, used to create the multiscale scheme within the fini te element program. The simulation 
will start on the macroscale, where the deformation gradient tensor F M is determined at every 
integration point . Together with the temperature change (tlT), the current temperature (T) 
and time increment (tlt), F M is sent to the micromodel. T he subroutine Forcdt calculates the 
displacements of the master nodes of the RVE by using Equation (3.7) . The thermal and cure 
strains (e th ,é) are calculated in the subroutine Anexp. The stresses in the RVE (Sm) are calculated 
in Hypela2, together with the microscopie consistent tangent stiffness (4D~) - These quantities are 
used by the FE program to converge to a solution on the microscale. When the micromodel is 
converged, the macroscopie stresses (SM) are calculated in Plotv, and the macroscopie consistent 
tangent stiffness (4DXi,) in Tuer3mech. These quantities are sent to the macro model ( Hypela 
Macro). If all macroscopie integration points are calculated, the FE program tri es to converge 
to a solut ion. If convergence is achieved, Elevar is used to copy the restart files . These restart 
files contain information of the previous increment which is used as a starting point for the next 
increment. 

' ' 

----------j Macro 1- --------

Jobfile.dat 1----------+ Hypela Macro 

not 
MSC. Marc convern·ed 

converged 

Elevar.f: Copy 
restart files 

----- --- -- ---- ------ ------ ----- -----

T, b.T 
,FM,b.t 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

--- ----- --1 Micro 1-----------

Forcdt.f: .1.y for 
!+-- RVE jobfile.dat 

-+ master nodes 

b.T, T , b.t 11)! 

Anexp.f: Cal- glh e° Hypela Micro.f: 
7 culate e'h , ec , a, Calculate Sm 

Bml 
not converged MSC. Marc 

converged l 
, 4Dt Tuer3mech.f: Plotv.f: Cal-

Calculate 4 Dt !+--
culate SM ' ' 1 

s" 1 ' 

' L------- --- - - - ----- - - --- --- ------ --- ----~ 

Figure 4.10: Flowchart of the multiscale scheme as implemented in MSC. Marc. 



Chapter 5 

Simulations 

In the previous chapter, the macromodel, micromodel and their coupling were described. Using 
the multiscale modeling framework, the residual stresses due to cure shrinkage and the mismatch 
in coefficient of thermal expansion (CTE) are investigated. This chapter presents the simulations 
performed in order to thoroughly investigate the residual stresses in the ICA material caused by 
the assembly process. 

5.1 Simulating the assembly process 

The simulations aim to resemble an assembly process as discussed in Chapter 1, e.g. a heat 
treatment, where the temperature is assumed to be homogeneous through the whole model. This 
assumption allows the possibility to performing a standard mechanica! FE analysis instead of a 
coupled thermal mechanica! analysis, which is computationally more expensive. Figure 5.1 shows 
the assembly heat treatment which can be described as: (1) A chip connected to a PCB with the 
rubber-like ICA material is heated up from room temperature (RT = 20°C, stress free state) to 
120°C. (2) The cure temperature of 120°C is kept constant for 1000 seconds. The epoxy will cure 
into a solid material and fix the connection. (3) The assembly with the solid interconnect is cooled 
down to RT. 

Loadcase 

2 

Time [s] 

Figure 5.1 : Heat treatment that is used in the simulations to resemble an assembly process. 

During the heat up stage (1) the cure degree is almost zero and the epoxy is in a rubber-like state. 
The material parameters of epoxy, i.e. Young's Modulus E and Poisson 's ratio v can be assumed 
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to be constant during this step. This heat up step can be performed in only one increment as the 
cure temperature does not exceed the glass transit ion temperature (T9 ) of the epoxy and FR4, and 
because the other materials are assumed to be linear elastic. 

The isothermal cure stage (2) is non-linear and requires to be discretized in time increments. Recall 
the rate form of the cure degree, Equation (4.1): 

(5.1) 

The cure degree is time discretized according to the forward Euler method. Applying this method 
leads to the following expression of the cure degree: 

(5.2) 

in which O:t+1 is the cure degree at timet+ 1, O:t the cure degree at timet , K 1 and K 2 are the 
Arrhenius reaction rates, m and n experimentally obtained constants, and f:).t the increment of 
time. The accuracy of the forward Euler method depends on the size of the increment of time. 
Smaller time increments lead to more accurate results. Figure 5.2 shows the infl.uence of the time 
increments on the calculated cure degree by displaying the results for different time increments. 
In order to keep computational cost to a minimum and results within reasonable accuracy, time 
increments of maximum 25 seconds are chosen, resulting in a relatively small error. 

• -- , ff ~ - - 1 --

510 - -~ 

400 600 800 1000 
Time [s] 

Figure 5.2: Influence of time increment on the calculated cure degree. 

At the end of the cure process, the assembly will cool down. In reality, if an object is exposed to 
a lower surrounding temperature as itself, the temperature will exponentially decay to that of the 
surrounding temperature. However, for simplicity it is assumed that the homogeneous temperature 
in the complete model will decrease to RT linearly with time. If the assembly cools down, the cure 
degree and consequently all epoxy parameters continue to evolve, making it necessary to discretize 
this period in small time steps. For the simulations performed, the cool down stage is divided in 
five increments of 5 seconds where at each increment the temperature decreases by 20°C. 

5.2 Place of interconnect in the package 

In the previous chapter the two different FC-pga packages are shown; i.e. a commercially available 
package and a hypothetical 2 x 2 package. The FE model of an interconnect unit cell, shown in 
Figure 4.2, is derived from a commercially available FC-pga package and is the same for both 
packages; only different boundary conditions are applied. Figure 5.3 shows the bottom side view 
of two different packages which are considered in this study. 



(a) Commercially available flip-chip package. 
The center interconnect is simulated. 

90µm 

@I@ 
(b) Hypothetical 2 x 2 flip-chip package. One 
interconnect is simulated. 
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Figure 5.3: Bottom view of the two different flip-chip packages investigated in this study. 

In Figure 5.4 the two different boundary conditions (BCs) that are adopted in this study are 
illustrated. The interconnect located at the center of the package (Figure 5.3a) is modeled with 
periodic boundary conditions (PBCs) in the horizontal direction. The PBCs for the Si die and 
the PCB are applied separately, as shown in Figure 5.4a. Denoted the bottom corner nodes of the 
PCB and of the Si die with 1, 2 and 3, 4 respectively, the displacement of anode along the right 
edge of the model can be expressed as: 

ihFR4 + Ü2 - il1 

UL 5, + Û4 - Û3 

(5.3) 

(5.4) 

Where ÛRFR• is the displacement of anode on the right side of the FR4 material and ÛLFR• the 
displacement of the corresponding node on the left side of the FR4. The same relations hold for 
the Si die. 

(a) FE model corresponding toa centrally lo
cated interconnect. The left and right sides are 
modeled with periodic boundary conditions. 

(b) FE model of an interconnect from the 
hypothetical 2 x 2 FC-pga. The symmetry 
boundary condition is applied on the left side. 

Figure 5.4: Two different boundary conditions used in this study. 

The interconnect of the hypothetical 2 x 2 package (Figure 5.3b) has symmetry boundary conditions 
on the left edge of the model. The entire left side is fixed in x-direction while it is free to move 
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vertically, as shown in Figure 5.4b (note that only some of the roller supports are shown, while in the 
FE model they are applied to each node on the left edge). The boundary conditions of this model, 
together with the different CTE for the Si die and PCB, will result in unsymmetrical deformation 
with respect to the center of the interconnect when the model is subjected to temperature changes. 

As shown in Figure 5.4, both models contain one node that is completely fixed and one node that 
is fixed in y-direction to constrain the rotation of the model. 

5.3 Filler area fraction 

The influence of different amounts of nAg particles in the epoxy resin on the residual stresses is 
investigated by modeling several RVEs with different filler area fractions. Filler volume fractions 
between 20 vol.% and 40 vol.% are common for Isotropic Conductive Adhesives [3, 8] (in terms of 
area fraction between 40% and 65%). RVEs are created from 40% till 65% particle fraction with 
5% filler area fraction difference. Some examples of these RVEs are depicted in Figure 5.5. 

(a) 40% filler area fraction . (b) 50% filler area fraction. (c) 60% filler area fraction. (d) 65% filler area fraction. 

Figure 5.5: Several RVEs containing different amounts of filler area fraction, used to study the 
influence of the filler fraction on the residual stresses. 

5.4 Particle distribution 

The influence of particle distribution on the residual stresses is investigated by creating and ana
lyzing four RVEs with the same filler area fraction but different distribution of particles, as shown 
in Figure 5.6. A randomly distributed RVE with 40% nAg filler area fraction (Figure 5.6a) is 
first created using Matlab, where particle radii are saved and used to create three other RVEs, 
representing extreme cases, e.g. a clustered (Figure 5.6b), percolation (Figure 5.6c) and grid distri
bution (Figure 5.6d). By using the same radii for the particles in the different RVEs, the influence 
of particle sizes on the development of residual stresses is eliminated. 

Two dimensionless parameters are introduced in order to quantitatively describe percolation and 
clustering. The cluster parameter ( is given as follows: 

N ( 1 N ID 1) (= 1 -E NL i{r' 
J=l i=l 

(5.5) 

where N is the total amount of particles and Dji the distance through matrix material from the 
lh particle to the i th (so only the distance through matrix material is taken into account and not 
the distance through particles) . The distance Dji is normalized to the RVE size W. The value of ( 
increases when clustering increases, meaning that particles are more densely packed. Theoretically 
( can be 1: no matrix material is present between the particles. 

The percolation parameter pis based on a given path from top till bottom. The distance between 
two neighboring particles denoted as Xt , is determined, while the distance between two particles 



(a) Randomly distributed (b) Grid distributed parti-
particles. cles. 

( c) Clustered particles. 
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(d) Forming percolation 
paths particles. 

Figure 5.6: Different RVEs which are simulated in order to study the influence of particle distri
bution on residual stresses. 

through matrix material is denoted as Xm, . The percentage of the path traveling through matrix 
material is calculated by dividing .=è!.'.i.. The mean of all these percentage and the standard deviation 

Xt.i 

are calculated according to: 

mean =x = ~ t (Xm,) 
M i=l Xt , 

(5.6) 

std =s ~ t (Xm, -Xr 
M i=l Xt , 

(5.7) 

where M is the length of the particle path list. The percolation parameter pis determined as: 

p=l-(x+2s) (5.8) 

A perfect percolative conductive path is denoted as p = l, whereas for a poor percolation path 
p goes to 0. Because the path needs to be manually defined in order to calculate the percolation 
parameter, the most optimal percolation parameters are considered in this study. Table 5.1 shows 
the percolation p and clustering ( parameters for the four RVEs. 

Table 5.1: Clustering and percolation parameters for the four RVEs from Figure 5.6. 

RVE type 

Clustering ( 
Percolation p 

Random (Fig. 5.6a) 

0.55 
0.67 

Grid (Fig. 5.6b) 

0.61 
0.63 

Clustered (Fig. 5.6c) 

0.72 
0.43 

Percolation (Fig. 5.6d) 

0.53 
0.95 

The percolation RVE exhibits the most desired percolation parameter, i.e. good conductivity is 
expected. The clustered RVE has the lowest conductivity and highest clustering parameter, which 
is undesirable. Furthermore, the random and grid distributed RVEs have comparable parameters. 
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5.5 Summary of performed simulations 

Table 5.2 gives a genera! overview of all simulations performed in this study. In the next chapter 
the results of these simulations are discussed. 

Table 5.2: Overview of the simulations that are performed. 

Filler fraction Aim of analysis Place of interconnect Particle distribution 

40%, 45%, 50% Influence of filler Commercially available chip Random 
55%, 60%, 65% fraction (periodic BCs) Random 

40% Influence of BCs Hypothetical 2 x 2 chip Random 
(one side symmetry condition) 

40% Commercially available chip Random 
(periodic BCs) 

40% Influence of particle Commercially available chip Random 
distribution (periodic BCs) Grid 

Percolation 
Clustered 



Chapter 6 

Simulation results 

In the previous chapter the simulations are discussed which have been performed to thoroughly 
investigate the development of residual stresses in an interconnect during the assembly process. 
This chapter will discuss the results of these simulations starting with an analysis of a reference 
model: The interconnect unit cell with periodic boundary conditions (Figure 5.4a) and 50% nAg 
filler area fraction . After the analysis of this model, the influence of the filler fraction on the devel
opment of residual stresses is studied by comparing results of different filler fraction simulations. 
The different boundary conditions (Figure 5.4) are compared with each other. Finally, the influ
ence of particle distribution on the development of residual stresses are discussed by comparing 
the simulation results of four models with different particle distribution. 

The ICA part of the interconnect is modeled by making use of the multiscale framework, discussed 
in Chapter 3. By using this framework, the integration points (IPs) on the macroscale are coupled 
to RVEs which represent the microstructure at those IPs. Macroscopically, the ICA interconnect 
is modeled with 23 elements (see Figure 6.1), containing 4 IPs each. This means that 92 different 
RVEs are necessary to model the ICA interconnect. In order to give a genera! overview of the 
results, 3 RVEs are selected and are discussed in more detail. Although only 3 RVEs are discussed 
here, all 92 RVEs were necessary in the simulations. 

The ICA part of the interconnect unit cell, containing the locations of the selected IPs, is shown 
in Figure 6.1. These 3 IPs are selected because: 

• IP A: on the macroscale the highest stresses appear at this material point. 

• IP B: this material point is not directly influenced by Cu. 

• IP C: this material point is located next to a free surface edge on the macroscale, allowing 
the material to freely shrink or expand. 

Figure 6.1: ICA part of the interconnect. The points A, B and Care investigated on both macro 
and microscopie level. 

During post processing in Mentat only nodal values can be obtained. In the following, results 
obtained on the macroscale are nodal values and the corresponding microscopie results are deducted 
from macroscopie IPs. In Mentat the extrapolation method is set to translate and nodal averaging 
is swi tched off. 
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6.1 Analysis of a reference model 

6.1.1 Deformation on the macroscale 

The assembly process as adopted in this study starts with increasing the temperature from room 
temperature (RT = 20°C), to the cure temperature of 120°C. The differences in the CTE between 
the materials, see Table 4.9, lead to deformation mismatch, resulting in stresses. 

Figure 6.2a shows the displacements of a part of the interconnect unit cell after the temperature 
has been increased to cure temperature (point II in Figure 5.1). Both the initial undeformed 
state (outline) and the deformed state are shown. The large CTE in y-direction of the PCB, in 
combination with the large dimension, results in a large displacement in this direction. The smaller 
CTE and higher Young's modulus E of the Cu wire inside the PCB causes the Cu pad on top of 
the PCB to bend. In Figure 6.2b the deformations are 50 times enlarged in order to visualize the 
bending of the Cu pad . The elements of the Cu pad are modeled with the assumed strain method, 
allowing for better finite element performance under bending loading conditions. 

30.llO 

30.85 

30.80 

30.75 

30.70 

30.S5 

30.110 

30.55 
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30..5 

30.40 

(a) Absolute values of displacements (µm) of a 
part of the assembly after the temperature is 
increased to cure temperature, t = 1 s , o ,:::, 
0% , t = 120-C. The outline shows the unde
formed model. 

L.x 
(b) Same figure as in (a) , but the deformations 
are 50 x enlarged to visualize the bending of the 
Cu pad . 

Figure 6.2: Absolute values of displacement of the interconnect directly after the assembly is heated 
up until cure temperature , t = 1 s. The Cu wire in the PCB causes the Cu pad to bend. 

During curing the material properties change of the epoxy. Before the point of gelation the Young's 
modulus is very low. The deformation of a part of the assembly is shown in Figure 6.3. In this 
figure the displacements at (a) the point of gelation, (b) at the end of curing and (c) after the 
complete assembly process is finished , are shown. The deformations are 50x enlarged. 

Initially, the Cu pad bends due to the mismatch in CTE between the Cu wire and the PCB. The 
Cu pad is bent even more by the shrinking ICA material during the curing stage. The Cu column 
is also affected by the shrinking ICA material. During cool down, the Cu wire and PCB want to 
contract back to their original configuration which is prevented by the now solid ICA rnaterial , 
resulting in permanent deformation at the end of the assembly process (t = 1025s, T = 20°C, point 
IV in Figure 5.1). As a result of the small dirnensions and relatively small ternperature changes, 
these deformations are very small. 

Later on , the deformations on microscopie level are discussed together with the stresses that are 
exercised at the microscopie level. 

6.1.2 Macroscopie stress analysis 

At the interfaces between different materials, the large dissimilarity in CTE lead to stresses when 
temperatures change. In Figure 6.4a these stresses are plotted by displaying the Equivalent Von 
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(a) t = 550 s, c, ~ 55%, 
point of gelation 
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Figure 6.3: Absolute values of the displacements (µm) of apart of the assembly at (a) the point 
of gelation, (b) at the end of curing and ( c) at the end of the assembly process. For the final 
deformation the initial configuration is shown by the outline. The deformations are 50x enlarged. 

Mises stress (avM) after the temperature is increased till cure temperature. Before the point of 
gelation, age! = 55%, t :::; 550 s, the ICA part of the interconnect is in an almost stress-free 
state. Although the increasing temperature causes the ICA material (Ag and epoxy) to expand, 
the resulting macroscopie stresses are almost zero due to the epoxy being in a rubber-like state. 

The Al connection of the Si chip to the Cu column causes high stresses. Even though the CTE 
of Al compared to the other materials is higher, the relatively low E reduces the stresses in this 
region, depicted in Figure 6.4b where the stresses in x-direction are shown. At the corner of the 
Al pad high compressive stresses occur on both the Si side and the Cu side. Both the Al and Cu 
are modeled isotropically linear elastic. If these materials were modeled elasto-plastic with a yield 
criteria, the final stresses would be lower. Nevertheless, these interface areas will always be critica!. 
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Figure 6.4: Different stresses (MPa) in the model: (a),(b) after heat up and (c) at the end of the 
assembly process. 

The bending of the Cu pad during heat up, which was already observed in the previous section, 
can also be observed in Figure 6.4b. On top of the Cu pad compressive stresses appear and at 
the bottom tensile stresses are present . The interface stresses between the PCB and the Cu wire, 
caused by the CTE mismatch can be as high as 240 MPa, which is far beyond the yield stress of 
Cu. 

Modeling the interfaces between Cu and PCB as a fixed connection presumably leads to an over
estimation of the interface stresses. A better approach would be to use contact bodies or cohesive 
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wnes. However, these different approaches are computationally more expensive and beyond the 
scope of this research . 

When the curing process is finished and the assembly cools down, most of these high thermal 
stresses disappear, as is shown in Figure 6.4c. It is worth noticing these high stress regions however, 
as they can lead to cracking or delamination of the materials at the cure temperature. 

The stresses in the ICA part are low at the beginning of isothermal curing. When the point 
of gelation is reached, the stresses start to increase significantly. Figure 6.5 shows the stress 
distribution in the ICA part of the interconnect at the end of curing (t = 1000 s, point III in 
Figure 5.1) and at the end of the assembly process (t = 1025 s, point IV in Figure 5.1). At the end 
of curing the maximum stresses at the macroscopie level in the ICA material are around 50 MPa. 
After the assembly is cooled down, these stresses increase by about 65% to approximately 83 MPa, 
caused by the mismatch in CTE between the solid ICA and Cu pad/Column. 
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Figure 6.5: Von Mises stresses (MPa) in the ICA part of the interconnect (a) after curing and {b) 
at the end of the complete assembly process. 

The stresses at the bottom part of the ICA interconnect reach higher values due to the bending 
of the Cu pad. After cooling the Cu pad tends to return to the reference state but is restricted 
by the ICA interconnect which is now solid, resulting in an increase of the stresses. Furthermore, 
lower stresses are observed near the free surface edges, as the material is less constrained at these 
locations. 

Figure 6.6: Von Mises stress as a function of time during the assembly process for the three selected 
material points. 

In order to give an impression of how stresses develop during the assembly process, the nodal Von 
Mises stress values of the three different material points (A, B and C , see Figure 6.1) are plotted 
in Figure 6.6. The point of gelation , t :::::: 550 s, can clearly be observed in all three curves as it 
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initiates the stresses to develop. During cooling, the stresses at the point near the free surface edge 
decrease, as it is free to deform towards a lower stress state. Points A and B show an increase 
in stress during cool down which is a result of the mismatch in thermal expansion between ICA 
material and Cu and PCB. 

6.1.3 Microscopie stress analysis 

After the temperature has been increased from RT till 120°C, the macroscopie stresses in the ICA 
interconnect are approximately zero (recall Figures 6.4a and 6.6). The microscopie Von Mises 
stresses are shown in Figure 6.7. The three figures correspond to the RVEs located at points A, 
B and C in Figure 6.1. The CTE of epoxy is higher compared to Ag, resulting in stresses at 
the interface between the matrix material and particles after the temperature is increased. The 
stresses are, however, almost zero due to the epoxy being in a rubber-like state and having a very 
low elastic modulus. 
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Figure 6.7: Von Mises stresses (MPa) after heat up, t = 1 s, in the RVEs corresponding to the IPs 
A, Band C in Figure 6.1. The deformations are lüx enlarged. 

The highest stresses are observed in the RVE corresponding to the macroscopie IP A. On the 
macroscale, the mismatch in CTE between the Cu wire and PCB causes the Cu pad to bend. The 
influence of the bended Cu pad on the macroscale together with the mismatch in CTE between 
the Cu and ICA material in the surrounding of this IP, results in slightly higher stresses within 
this RVE, compared to the other two RVEs. 

In IP B, shown in Figure 6.7b, the stresses are lower than in IP A. The stresses in the particles 
are, like in IP A, higher than in the epoxy material. Due to the constraint introduced by the Cu 
column and the Cu pad on the macroscale, this RVE is limited in deformation in x-direction, but 
can freely deform in y-direction. 

IP C, depicted in Figure 6.7c, which is located near the free surface edge on the macroscopie level, 
shows the lowest stresses. Only at the interfaces between the matrix material and the particles 
some stresses appear. The free surface edge on the macroscale allows this RVE to almost freely 
deform in all directions. 

The Von Mises stress distribution in the three IPs at the end of curing, i.e. t = 1000 s, point III 
in Figure 5.1, are depicted in Figure 6.8. During curing the epoxy shrinks, increasing the stresses 
in the ICA material. After the curing period, peak stresses at the microscopie level can be as 
high as 200 MPa, which is far above the yield stress of this epoxy. Such high stresses would have 
resulted in permanent deformation or damage in the form of cracking between the particles and the 
matrix material. The epoxy is modelled linear elastic presumably resulting in an over estimation 
of the stresses. A possible better approach would be to use a visco-elastic material model, as it 
relaxes some of the stresses during holding at cure temperature. However, a visco-elastic material 
model is more complex and requires detailed material parameters. It is also computationally more 
expensive, as it takes the history into account. 
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Figure 6.8: Von Mises stresses (MPa) in the RVEs corresponding to the IPs A, B and C in 
Figure 6.1, after curing, t = 1000 s, o::::::: 83.7%. The deformations are lOx enlarged. 

At the end of the curing period, t = 1000s, the macroscopie stresses in point A and C are compa
rable, as is shown in Figure 6.6. On the microscale the stress concentrations in RVE A and C are 
clearly higher compared to RVE B. The neighboring free surface edge on the macroscale, allows 
the material to contract freely in RVE C. If no particles would be present, the matrix material 
would try to deform towards a stress-free state. 

The stress distribution in the three RVEs at the end of the assembly process, i.e. t = 1025 s, o::::::: 
83.9%, is shown in Figure 6.9. At the macroscale it was observed, see Figure 6.6, that the stresses 
during cooling increase at points A and B, and decrease at point C. Comparing the results on the 
microscale shows that the highest stress concentrations is present at RVE A, leading to a high 
average stress. Especially at the interfaces where particles are closely packed to each other these 
high stresses appear. In RVE C these stress concentrations also appear, but in a smaller number. 
The maximum stresses in the RVEs, are around 320 MPa. The yield stress of the epoxy is much 
lower compared to these high stresses. Because a linear elastic material model is used, permanent 
deformation or cracking is not modeled, but would have presumably occurred. 

On the macroscale at material point C the stresses decrease during cooling, which can not be 
observed at the microscale. This can be related to the fact that nodal data is obtained at the 
macroscale, whereas on the microscale the data is obtained from the macroscopie IP. 
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Figure 6.9: Von Mises stresses (MPa) in the RVEs corresponding to the IPs A, B and C in 
Figure 6.1, after the assembly process, t = 1025 s, T = 20°C, a :::::: 83.9%. The deformations are 
lOx enlarged. 

The interface between Ag and the matrix material can be modeled by using different approaches. 
In this study it is assumed that the interface between matrix and particles is infinitely strong, which 
results in an overestimation of the stresses. Another extreme is to assume a fully loose interface, 
which can be modeled using contact bodies, a more computationally intensive approach. With the 
contact bodies approach the particles are not connected to the matrix material but exhibit contact. 



55 

This approach will lead to an underestimation of the stresses. In reality some situation in between 
these two extremes is observed. In order to resemble reality more closely, special interface elements 
like cohesive zones can be considered. The identification of the behavior of these computationally 
expensive cohesive zones requires detailed experimental analysis using surface chemistry. This 
method is not applied, due to the complexity of it. 

In Figure 6.9 shear bands in the three selected RVEs are shown. The direction of these shear 
bands is dependent on the loading of the RVE. It is most likely that if damage occurs through 
matrix cracking and particle debonding, the crack will develop along one of those shear bands. 
Furthermore, the conductive path that is desired to be created by the cure shrinkage will also 
depend on these shear bands. At the high stress interfaces, it is likely that the epoxy will be 
squeezed out at those locations, allowing the particles to touch each other. However, the focus of 
this study is to predict residual stresses in the ICA material during and after the assembly process. 
The complexity to model conductivity and especially moving particles inside the matrix material 
goes beyond the scope of this study. 

6.2 Effect of filler fraction on residual stresses 

In this section a comparison between the different filler fractions is presented. In the literature 
it was found that filler area fractions between 40% and 65% are common for ICAs [34, 35] . Till 
the point of gelation, n 9el = 55%, which is the onset of stress development, the stress state for 
different filler fractions is approximately the same ( close to zero). At the end of the curing stage 
however, the differences between the filler fractions becomes clear, as is shown in Figure 6.10 where 
the results of three different filler fractions are shown. In this figure, the macroscopie Von Mises 
stresses in the ICA part of the interconnect are displayed after the curing stage, t = 1000 s, and 
after the complete assembly process is finished, t = 1025 s. 
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Figure 6.10: Von Mises stresses (MPa) for different filler area fractions (a-c) at the end of curing, 
t = 1000 s , T = 120°C, n::::; 83.7%, and (d-f) at the end of the assembly process, t = 1025 s , T = 
20°C, n::::; 83.9%. The deformations are lüx enlarged. 

The observation made in the previous section that the stresses increase during cooling down, can be 
observed for all filler fractions. According to the stress distributions in Figure 6.10, residual stresses 
are decreasing when filler fractions increase. To better visualize this trend, Figure 6.11 illustrates 
the nodal Von Mises stress at point B as a function of the assembly time for different filler fractions. 
In an attempt to visualize the trends more clear an additional simulation is performed where the 
interconnect material exist of pure epoxy. This very undesirable material (no conductivity) is an 
extreme case. 

When the assembly is heated up stresses start to increase dependent on the filler fraction, as 
depicted in Figure 6.lla. The stresses at point B during heat up are created by two different 
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Figure 6.11 : Von Mises stresses (MPa) at point B for varying nAg filler area fractions and for pure 
epoxy. 

mechanisms: (i) the difference in thennal expansion between Cu and ICA material and (ii) the 
difference in thennal expansion between the epoxy and nAg particles. During the heat up stage the 
average macroscopie stresses increase with increasing filler area fractions. The extra matrix-particle 
interface area that is created by increasing the filler fraction is causing the stress increase. 

During isothermal curing, the same response is observed as discussed before. However, the filler 
fraction has a large influence on the development of the stresses. When filler fractions are low, 
more epoxy is present in the mixture, resulting in more material that is shrinking and creating 
stresses. Figure 6.llb shows that at the end ofcuring, t = 1000 s , stresses differ between 19 MPa 
for high filler fractions and 28 MPa for low filler fractions, which is a difference of 47%. The pure 
epoxy simulations shows that the stresses at the end of curing are approximately 40 MPa, which 
is a difference of 110% with the 65% nAg filler fraction result. 

During cool down the different materials that first expanded due to the temperature increase, are 
now shrinking back to their original configuration. The stresses in the ICA interconnect increase 
further during this cool down stage, as is observed previously. The averaged CTE of the ICA 
mixture is determined by the filler fraction. More nAg (with a lower CTE compared to the epoxy) 
means that the averaged CTE of the mixture will be closer to the CTE of the surrounding Cu. 
Consequently, a smaller CTE difference hetween two dissimilar materials results in lower stresses 
when temperatures changes. At the end of the assembly process the stresses differ in node B 
between 54 MPa for 40% filler fraction and 37 MPa for 65% filler fraction, which is a difference 
of 46%. If no nAg would be present in the mixture, the stresses would reach 78 MPa. Thus, 
the following can be concluded: the residual stresses in the ICA mixture, that develop during the 
assembly process, are higher when filler fractions are low. 

From these preliminary results it seems most desirable to increase the filler fraction to 100%, which 
would theoretically result in the lowest stresses. However, there are many reasons that this can 
not be done . Most important is that the mechanica! strength of the interconnect is deterrnined by 
the epoxy. 

In Figure 6.12 the Von Mises stress distribution at the end of curing, t = 1000s , T = 120°C, in 
three RVEs is shown. These RVEs are connected to the macroscopie IP B (recall Figure 6.1) and 
contain different filler fractions. The low stress state of the nAg particles can clearly be observed. 
When the filler fraction increases, more low stress state particles are decreasing the average stresses. 
Already at this point, the stresses at the interfaces reach values that are higher than the yield stress 
of epoxy. 
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Figure 6.12: Microscopie Von Mises stresses (MPa) for different filler area fractions at the end of 
curing (t = 1000 s, T = 120°C). The deformations are lü x enlarged. 

The stress distribution at the end of the assembly process, t = 1025s, T = 20°C, is illustrated in 
Figure 6.13. Besides showing the low stress state of the nAg particles, an increase of the average 
stresses can be observed by comparing Figure 6.12 with 6.13. 
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Figure 6.13: Microscopie Von Mises stresses (MPa) for different filler area fractions at the end of 
the assembly process (t = 1025 s, T = 20°C) . The deformations are lüx enlarged. 

Adding more conductive particles to the mixture indeed lowers the average stresses, as the particles 
are in a lower stress state. However, in Figure 6.13 it can also be observed that increasing the 
filler fraction increases the amount of local stress concentration regions. These high stress regions 
are located at the interfaces between matrix and particle where two particles are closely located 
together. So increasing the amount of conductive particles lowers the average stresses, but increases 
the amount of local high stresses. These local high stresses will probably result in damage of the 
epoxy and thereby interrupting the conductive percolation path. In the worst case, this may lead 
to failure of the complete interconnect. 

On the macroscale, the increasing filler fraction results in lower residual stresses. However, on 
the microscale this leads to a counteraction as most likely (more) damage would occur, lowering 
the conductivity of the connection or even cause failure. These results show the necessity of the 
multiscale modeling framework . 

A damage evolution on neither the macroscale nor the microscale is adopted. When a damage 
evolution would be included in the model, recommendations can be made with respect to an 
optima! filler fraction. 
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6.3 Effect of boundary conditions on residual stresses 

In Section 5.2 the two different boundary conditions, one corresponding to an interconnect in the 
center of a flip-chip and the other one to an interconnect on the side of a hypothetical 2 x 2 flip-chip, 
were defined. When the model is exposed to the increased cure temperature the materials of the 
interconnect expand. Figure 6.14 shows the deformation and Von Mises stress distribution after 
increasing the temperature from RT to 120°C for the two different BCs. 
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(a) Periodic boundary conditions: 
Interconnect at the center. 
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Figure 6.14: Von Mises stresses (MPa) for the two different boundary conditions after heating up 
from RT to 120°C (t = 1 s, point II in Figure 5.1). The deformations are 50x enlarged. 

The stresses in both models are approximately the same. For the corner interconnect, one side is 
constrained while the other side is free. When the temperature increases, these boundary conditions 
cause the ICA material to deform differently compared to the center interconnect. 

During the curing stage, both models behave quite similarly. The ICA material shrinks, and 
stresses start to increase starting at the moment of gelation. The stresses in the two models 
are approximately the same as a result of the small dimensions of the interconnect. These small 
dimension lead to small differences in deformation caused by the mismatch in CTE. 

The final deformation and residual stresses of the two interconnects with different BCs are shown 
in Figure 6.15. At the end of curing, the assembly is cooled down to RT. The materials will 
contract during cooling as they expanded during heat up. The ICA material however, is now 
transformed from a rubber-like material into a solid. For the interconnect modeled in the center of 
the FC-pga, deformations at the end of the assembly (t = 1025 s, T = 20°C) are symmetrical. The 
interconnect modeled at the side however, has one edge fixed in the horizontal direction, causing 
the ICA material to deform non-symmetrically during cooling. The solid state of the ICA material 
results in small deformations of the Cu column and Al pad, as shown in Figure 6.15b. When the 
deformation of this interconnect is compared with the reference state (outline), the deformation of 
the Cu column can be observed. These differences are very small as the deformations in Figure 6.15 
are 50x enlarged. 

With increasing package sizes, the deformation of the corner interconnect increases. The modeling 
of a corner interconnect from a flip-chip with increasing amounts of connections is not straight 
forward. In this work, an interconnect representing a hypothetical 2 x 2 array has been considered as 
a simplified model of an interconnect at the corner of a larger package. The different materials and 
the non-linear behavior of the epoxy results in deformations of the corner interconnect that is non
linearly proportional to the array size. In Appendix B results are shown of one-scale simulations 
from bigger package sizes. Due to the increasing amount of interconnects a multiscale model would 
be computationally too expensive. The results obtained in this appendix are an over estimation 
of reality as no nAg particles are present in the mixture. 
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Figure 6.15: Von Mises stresses (MPa) for the two different boundary conditions at the end of the 
assembly process. The deformations are 50 x enlarged. 

6.4 Influence of particle distribution on residual stresses 

In order to study the influence of the particle distribution on the residual stresses, four RVEs were 
created, as was shown in Figure 5.6. All four RVEs contain an nAg filler area fraction of 40%. 
To avoid the influence of changing particle sizes, the same set of particles was used for the four 
different distributions. On the macroscopie level, the periodic BCs that resemble an interconnect 
in the center of an array are applied and the same temperature loadcase from Figure 5.1 is used. 

6.4.1 Macroscopie stress analysis for different particle distributions 

In section 6.1 a genera} discussion of the model response is given for a filler fraction of 50% 
and periodic BCs. Here, only the differences in residual stresses that are caused by the particle 
distribution are discussed. Figure 6.16 shows the Von Mises stresses at point B (see Figure 6.1) of 
different time instances of the assembly process for the four different RVEs. 
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Figure 6.16: Von Mises stresses (MPa) for the four RVEs with different particle distributions. The 
information is obtained at node B (see Figure 6.1). 

In Figure 6.16(a) it is shown that the percolation RVE exhibits the h ighest stresses after the 
temperature is increased, whereas the other three RVEs show approximately the same response. 
Previously it was shown that the rubber-like matrix material absorbs most stresses when the 
mixture is exposed to increasing temperatures. At the percolated RVE almost no matrix material 
is present between the particles, resulting in slightly higher stresses for this microstructure. 
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Figure 6.16(b) shows the Von Mises stresses at node B during the curing stage (from t = 1 still 
t = 1000 s). From this figure it can be observed that the particle distribution has a big influence on 
the development of residual stresses. The percolation RVE develops the highest residual stresses, 
19% higher than the clustered RVE. At the end of curing the maximum stress is in the percolation 
RVE, 31 MPa, and the lowest stress is in the clustered RVE, 26 MPa. The stresses in the randomly 
distributed RVE and grid RVE (which have approximately the same percolation and clustering 
parameter) are comparable with the results obtained in Section 6.2 where a different randomly 
distributed RVE with 40% nAg fi ller area fraction was compared with different filler fractions. The 
difference between these comparable RVEs is less than 1 MPa at the end of curing, t = 1000 s. 

The final step of the assembly process, the cool down stage for point B, is depicted in Figure 6.16c. 
During cool down, the stresses increase further as was observed before. The percolated RVE 
exhibits the highest stresses, 58 MPa, which is a difference of 16% compared to the clustered RVE, 
having stresses of only 50 MPa. 
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Figure 6.17: Von Mises stress distribution (MPa) in the ICA part of the interconnect for four 
particle distributions. The deformations are lüx enlarged. 

The Von Mises stress distribution on the macroscopie scale at the end of the assembly process for 
the RVEs with different particle distributions is shown in Figure 6.17. The percolated RVE is the 
most stiff, resulting in the smallest deformation of the model. The stresses in this model are the 
highest, whereas the other three RVE models show comparable stress levels. 

6.4.2 Microscopie str ess analysis for d ifferent particle d istributions 

The Von Mises stresses on the microscopie level at the end of the curing stage (t = 1000 s, T = 
120°C) are plotted in Figure 6.18 where the RVEs are corresponding to IP B (see Figure 6.1). 
Some stress bands appear in the random and grid distributions. However, in the percolation RVE 
these bands are the most pronounced, and display the highest stresses. At the interfaces between 
particles and matrix material these stresses reach a maximum, as described before. The stiffest 
response is observed by the percolated RVE, as it shows the smallest amount of deformations. 

At the end of curing, the maximum stresses in the matrix material already exceed the yield stress 
of the epoxy. When the assembly cools down, stresses increase even further as discussed previously. 
On macroscopie level the stresses reach a maximum of 110 MPa for the percolated microstructure, 
but on the microscopie level the interface stresses for the same microstructure reach values far 
above 500 MPa. The stresses in nAg for the randomly, grid and clustered distributed RVEs are 
relatively low, justifying the linear elastic material model. For the percolated RVE, nAg should 
be modeled with an elasto-plastic material model as permanent deformation would occur by these 
high stresses. Previously, it was shown that IP C in Figure 6.1, suffers the highest stresses on the 
microscopie level. In case of the percolated RVE, the Von Mises stresses increase till 645 MPa, 
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Figure 6.18: Von Mises stresses (MPa) in RVEs with different particle distributions after the curing 
process, t = 1000 s and T = 120°C. The deformations are lOx enlarged. 

which would probably result in plastic yielding or damage by delamination or cracking. The lowest 
stresses appear in the grid model, where the maximum Von Mises stress is 373 MPa, almost half 
of the stresses in the percolation model. 
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Figure 6.19: Von Mises stresses (MPa) in RVEs with different particle distributions at the end of 
the assembly process (t = 1025 s and T = 20°C). The deformations are lOx enlarged. 

For conductivity, percolation paths are necessary. From literature it is known that the establish
ment of electrical conductivity is primarily a result of amore intimate contact between the particles 
by cure shrinkage [8]. This means that percolation paths are created during the assembly process 
and do not necessary need to be present in the initia! reference state, as is simulated here. How
ever, the rubber-like state from which the ICA material starts, allows the use of initia! percolation 
paths, making the initia! percolation path assumption valid. 

To summarize, the lowest stresses appear in the least favorable microstructure, the clustered dis
tribution. This distribution is most likely to be non-conductive. The stresses in the percolation 
distributed model are the highest and will most likely result in permanent deformation or failure. 



Chapter 7 

Conclusions and recommendations 

7 .1 Conclusions 

The aim of this study was to predict the residual stresses that appear in Electrically Conductive 
Adhesives during the assembly process. A two-dimensional multiscale modeling framework has 
been implemented in order to predict the residual stresses in a flip-chip pin grid array interconnect. 
The influence of different amounts of conductive filler and different particle distributions on the 
development of residual stresses has been studied. With the multiscale scheme two different scales 
are considered: a scale at the interconnect (macroscopie) and the scale of individual particles 
embedded in the epoxy matrix (microscopie). The results obtained by the finite element (FE) 
simulations can be summarized as follows: 

Filler fraction 

To study the influence of the filler fraction on the residual stress development, simulations are 
performed with nano-silver (nAg) filler area fractions varying between 40% and 65%. Increasing 
the area fraction lowers the residual stresses at the macroscopie scale. The difference in max
imum stresses on the macroscale, between the high and low filler area fraction simulations, is 
approximately 50%. 

On the microscopie scale the maximum stress at the end of the assembly process is highest for 
the high filler fraction model. This is the opposite of what is observed at the macroscopie scale. 
These stresses differ approximately 26%. The highest stresses appear at the interfaces between 
matrix material and particles, especially in the areas where two particles are located closely to 
each other. The nAg particles are much stiffer compared to the epoxy, resulting in lower stresses 
in these particles. Thus increasing the amount of particles results in lower averaged stresses. 

Although the residual stresses on the macroscale decrease when the filler fraction increases, the 
possibility of damage and deadhesion at the particle scale increases due to increasing stress con
centrations at the interfaces. Damage or particle deadhesion will lead to lower conductivity of the 
interconnect and compromise the integrity of the complete interconnect. 

Boundary conditions 

Two different boundary conditions are applied to the macroscopie model representing (i) a cen
trally located interconnect of a FC-pga modeled with periodic boundary conditions (Figure 5.3a) 
and (ii) a corner interconnect of a hypothetical 2 x 2 FC-pga modeled with a symmetry plane 
(Figure 5.3b). Only small differences between the results of the two boundary conditions are 
observed. 

Although only a hypothetical 2 x 2 interconnect is modeled, the symmetry boundary condition 
model showed the possibility of modeling larger package sizes. The different materials in the model 
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however, requires modeling of all interconnects when package sizes increase. The ICA part of the 
interconnects needs to be modeled with the multiscale modeling framework. Due to increasing 
computational efforts these simulations are not performed. 

Particle distribution 

The particle distribution has a considerable influence on the development of residual stresses. Four 
RVEs with different particle distributions have been studied. The maximum Von Mises stress 
difference at the end of the assembly process is found to be 18% at the macroscopie scale. On the 
microscopie scale, the stress differences are even larger: 35%. As discussed before, the stresses on 
the microscale concentrate at the interfaces between the particles and the matrix material where 
two particles are located extremely close to each other. The stresses in the matrix material exceed 
the yield stress, meaning that permanent deformation wil! occur. 

This study showed that the multiscale approach is essential in determining residual stresses in an 
interconnect containing ICA material. It has been shown that considering only one scale would have 
lead to erroneous conclusions. The finite element model together with the multiscale framework 
allows companies that are producing electronics to tailor their products with the least amount of 
residual stresses caused by the assembly process. 

7.2 Recommendations for future work 

Visco-elastic epoxy model 

In this work epoxy is assumed to be linear elastic. In reality, epoxy behaves more like a visco-elasto 
material. The stresses that develop during the curing process wil! be lower if the material is con
sidered to be visco-elastic, caused by stress relaxation. However, detailed material characterization 
is necessary to adopt a visco-elastic material model which additionally, is also more computational 
expensive. 

Cohesive zone interface modeling 

Correctly describing the interface between particles and matrix material is a delicate task. In this 
study it was assumed that the interface between particle and matrix material is infinitely strong. 
This assumptions lead to an overestimation of the stresses near the interfaces and at the same 
time does not allow for the modeling of interface damage. Another extreme would be to model the 
particles in the matrix material as loose contact bodies, which would lead to an underestimation 
of the residual stresses. 

Possibly the best way to describe the interface between the particles and the matrix material is 
by making use of cohesive zones (CZs) modeling at the interfaces. Currently, dott . ing. Bosco, 
PhD student from the University of Brescia, Italy, is working on the implementation of a cohesive 
zones model for this problem. After the implementation in the finite element code, the parameters 
for the cohesive zones should be fitted with experimental data. A preliminary result of this method 
is given in Figure 7.1, where the fixed interface method (used in the present work) is compared 
with the CZs method. The results are obtained from integration point B (Figure 6.1). The average 
stress in the model with cohesive zones, Figure 7.lb, are much lower compared to the model without 
CZs, Figure 7.la. A part of the energy is dissipated by the CZs lower the average stress. The 
deformations of the CZ model is larger caused by the epoxy being less constrained by the nAg 
particles. 

With the CZ method, damage ( cracking) can be obtained on the macroscopie level by coupling a 
microscopie damage evolution to the macroscale. This method has been implemented by Coenen 
et al. [36]. This damage evolution wil! be modeled by E. Bosco for the problem described in this 
study. 
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(b) Cohesive zone interface model. 

Figure 7.1 : Von Mises stresses (MPa) fora model with (a) infinitely strong interfaces and (b) with 
cohesive zone interfaces. 

In order to model the mechanical strength of the whole interconnect, the interface between the 
copper column/pad and the ICA material on the macroscopie scale should be modeled with CZs 
as well. Including these CZs to the model would enable the possibility to investigate the influence 
of the amount of filler fraction on the mechanica! strength of the whole assembly. 

Modeling of electrical conductivity 

In this study the influence of the filler fraction and particle distribution on the residual stresses is 
investigated. When electrical conductivity is included in these simulations, more reliable predic
tions can be given with respect to an optimum filler fraction or optimum particle distribution. A 
possible method of modeling electrical conductivity is by measuring the distance from particle to 
particle. Larger distances and more interfaces between particles means lower conductivity. 

Moving particles 

A very difficult task is to model the movement of the particles through the matrix material. 
lnitially, the ICA material is in a rubber-like state. When the material cures to a solid material, 
the particles will move before the point of gelation is reached. During this period, the particles 
will create percolation paths, which can be different than the initia! percolation paths. Most 
likely a combination of fluid mechanics and remeshing is necessary to include the movement of 
particles through the matrix material. Moreover, the computational costs will presumably increase 
significantly. 
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Appendix A 

Derivation of consistent tangent 
stiffness 

A .1 Relating the deformation gradient with the first Piola
Kirchoff stress 

Within the multiscale modeling framework no explicit form of the constitutive behavior on the 
macrolevel is present . In this appendix the derivation of the macroscopie consistent tangent stiffness 
tensor 4Cfr is given. To start, Equation (3 .7) can be written in a discretized format as: 

(A.l) 

where the matrix ka contains coefficients in the constraint relations. 1fo is a column with degrees 
of freedom related to the constraints. Now, the above equation can be rewritten in terms of 
independent degrees of freedom and dependent degrees of freedom as: 

(A.2) 

In Equation (A.2), t he subscript i denotes independent quantities and d denotes dependent quan
tities. The dependent degrees of freedom can now be written as a function of the independent 
degrees of freedom as: 

The standard linearization of the non-linear system of equations is given as follows: 

[int(YJ = [ ext 

This equation leads to the linear system in the iterative corrections, Ó1&: 

[ tii t: ] [ ~~: ] = [ ~~ ] 

(A.3) 

(A.4) 

(A.5) 

where ór, are the residual nodal forces at the right-hand side. The constraint equations above are 
linear, making it possible to straightforwardly apply the linearization of Equation (A.3) to the 
linear system. The result is a system of equations that is independent of the dependent degrees of 
freedom : 

[K + Kd C, + er IC + cdT Kdd C, ] óu,· - n - _, _,_, _ , _ _ , - [ór,; + Qii ÓJ:,d ] 

ór,* (A.6) 
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Now Equation (A.6) can be further partitioned in terms of the prescribed master nodes 'Qp, and 
the free nodes 'QJ: 

The reduced stiffness matrix K~ is given as: 

[K;p -K;1 (Ki1)-
1 

Kip] Ö'Qp 

K~ ö'Qp 

ö/* _p 

(A.7) 

(A.8) 

The reduced stiffness matrix has to be rewritten in an expression that relates variations of the 
macroscopie stress to the macroscopie deformations according to: 

(A.9) 

The expression for 4C1f can be obtained by rewriting Equation (A.8) in a vector/tensor format as 
follows: 

~ (ij) - -L.,KM . ÓU(j) = öf(i) i,j=l,2,4 (A.10) 
j 

where K <;jl is the stiffness tensor. When Equation (A.10) is substi tuted in Equation (3.10) the 
expression for the consistent tangent stiffness tensor that relates variations of the deformation 
tensor on the first Piola-Kirchoff stress is obtained: 

4 p l ~ ~ ( - (ij) _ ) LT c M = Vr L., L., x(iiK M Xui 
0 i j 

(A. 11) 

A.2 Relating the Green-Lagrange strain with the second 
Piola-Kirchoff stress 

With the large displacement assumption, a relation is required between the Green-Lagrange strain 
tensor E and the second Piola-Kirchoff stress tensor S . The consistent tangent stiffness tensor 
4CJP, which relates variations of the deformation gradient tensor F with the first Piola-Kirchoff 
stress tensor P is derived in Section A. l. This fourth order tensor is used to derive the 4D 8 , which 
couples variations of E with S. To start, the Green-Lagrange strain tensor E and the second 
Piola-Kirchoff stress tensor S are defined as: 

E 

s 

~ (FT · F - 1) 
2 
p - i · det (F )u • p -T 

S can also be written in terms of the first Piola-Kirchoff stress tensor P : 

S = F- 1 -P 

Variations on S can be expressed as followed by using the chain rule: 

öS = öF- 1 · P + p-1 
· öP 

"-,,..--' "-,,..--' 

I II 

(A.12) 

(A.13) 

(A.14) 

(A.15) 



The two different parts will be derived separately, starting with 6F- 1 · P : 

- F- 1 -óF · F- 1 -P 
- F-1 . (4JRT : pT . F-T . 6FT) 

(-F-1. 4JRT . pT . F-T) : óFT 

(-F-1 . 41RT. S) : 6FT 

The second part, F- 1 • 6P, can be written as: 
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(A.16) 

(A.17) 

Where 4CP is the fourth order consistent tangent stiffness tensor, containing the material constants. 
4CP is given as: 

4 p l "'"'(- (··i- )LT C = V, LL x(i)K tJ x(j) 
0 i j 

(A.18) 

X; and Xj denote the position vector at the ith and lh prescribed master node in the reference 
configuration, and K (ij) the stiffness matrix. 

Now, Equation (A.14) can be considered again. Combining this equation with (A.16) and (A.17) 
leads to: 

(A.19) 

In order to derive 4D 5 , the deformation gradient tensor F can be rewritten as follows: 

F R-U 
(A.20) 

where R is the rotation tensor and U is the (symmetrie) right stretch tensor. Variations on the 
transposed deformation gradient tensor 6FT can be written in terms of R and U as follows: 

(A.21) 

The variation of the Green-Lagrange strain tensor, 6E, are known via the finite element program. 
An expression for 6FT needs to be found in terms of 6E. Because the Green-Lagrange strain tensor 
does not contain information about rotation, the last term of Equation (A.21) can be neglected. 
The variations of the Green-Lagrange strain tensor can be written as: 

6E 

6U 

U -6U 
u- 1 . 6E = 6E. u- 1 

(A.22) 

(A.23) 

Variations of the deformation gradient tensor can be rewritten combining Equation (A.21) where 
the last term is neglected, and Equation (A.23) as follows: 

6Fr :::::: 6E -u - 1 -R r 

4JRT: (R. u-1. óET) 

(41nr. R. u -1) = 6Er 

(41nr. R . u-1): 6E 

(41nr -F . u- 1 . u-1 ) : 6E 

(41nr -F. c-1) = rn 
(4JRT . F-T) : 6E (A.24) 



74 Derivation of consistent tangent stiffness 

Finally, the relation between variations on the second Piola-Kirchoff stress tensor óS and the 
Green-Lagrange strain tensor óE can be formulated as: 

6S {(-F-1. 41Rr -s) + (F-1 . 4cP)} : (41Rr . p-r) = öE 
4D8 : óE 

(A.25) 

(A.26) 



Appendix B 

Increasing flip-chip packages 

In this appendix a short discussion is given with respect to residual stresses in the corner intercon
nect in the packages of increasing size. In Chapter 6.3 results obtained from a hypothetical 2x 2 
FC-pga were discussed. Due to the mismatch in CTE between silicon (Si) die and PCB (FR4), 
the corner interconnect will suffer the most during temperature changes. Because of the non-linear 
behavior of the epoxy the deformation of an interconnect at the corner for increase array sizes is 
not proportional to the array size. Therefore, ideally, the whole package needs to be modeled to 
determine the overall response of the package. Because the multiscale modeling framework is com
putationally too expensive for larger array sizes, the ICA material here is modeled as pure epoxy, 
without using the multiscale framework. As discussed before in Section 6.2, modeling the epoxy 
without silver particles provides the upper limit of the residual stresses. The following package 
sizes are compared: 

• 2x2 
• 6x6 
• 12x12 
• 24x24 
• 48 x 48 

Due to symmetry only half of the packages is modeled as was previously done in Chapter 6.3. More
over, the same symmetry boundary conditions are used as discussed in Section 5.2, Figure 5.3b. 
The temperature loadcase, shown in Figure 5.1, is applied to the packages. 

Initially, the epoxy that is present in the ICA material is in a rubber-like state. When the (larger) 
package is heated up, the ICA material will deform in order to allow the Si die and substrate to 
expand. Figure B. l shows the displacements of a part from a 48 x 48 flip-chip package. The lower 
CTE of Si compared to the PCB is clearly visible in this figure . The deformations are lüx enlarged 
to make the displacements clearly visible. 
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Figure B. l: Absolute values of displacements (µm) of apart of a 48 x 48 flip-chip . The deformations 
are lüx enlarged. 
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During the curing process the ICA material , in this case pure epoxy, is going to solidify the 
connection between Si die and substrate. After passing the point of gelation , stresses are starting 
to increase in the epoxy in the same manner as discussed in Section 6.3. lncreasing package sizes 
results in an increase of residual stresses in the most outer interconnect . 

The maximum stresses on the macroscale are studied by comparing the maximum stress values in 
the most outer interconnect. Figure B.2 shows the results of the maximum stresses for increasing 
package sizes. It seems that the maximum stress is moving towards a plateau value . However, the 
stresses have already exceeded the yield stress of the epoxy (O'y = 78 MPa) for the 2 x 2 package, 
showing the necessity of modeling the epoxy as visco-elastic material. 
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Figure B.2: Maximum stresses (MPa) in the most outer interconnect for varying package sizes. 
The green circle in the ICA part of the interconnect indicates the node from which data is obtained. 

The maximum stresses in the ICA material are compared in Figure B.2, however these are not the 
highest stresses that appear in the complete interconnect. Figure B.3 shows a part of the most 
outer interconnect after the curing stage is finished , t = 1000 s, T = 120"C, and after the complete 
assembly process is finished, t = 1025 s, T = 20°C. The maximum stresses start to occur during 
cooling down between the Al pad and the Cu column. 
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Figure B.3: Von Mises stresses (MPa) in the most outer interconnects of a 48x48 package after 
curing (a) and after the complete assembly process (b). The deformations are lOx enlarged. 

The stresses in the complete interconnect after the curing stage, Figure B.3a, are the highest in 
the Cu pad. This was already observed in Section 6.1 , and is caused by the bending of the Cu pad 
due to the mismatch in thermal expansion between Cu wire and PCB and due to the shrinking 
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epoxy. When the assembly cools down to RT, the PCB and Si die want to contract back to their 
reference position. However, the now solid epoxy constrains this, resulting in slight bending the 
Cu column as is shown in Figure B.3b. This bending of the Cu column causes high compressive 
stresses at the left side of the Cu column and high tensile stresses at the right side. 

The material models for Cu and Al are both isotropic linear elastic. When an elasto-plastic material 
model with a yield criterion would be used, some of the high stresses would be relaxed by the plastic 
deformation. Because the scope of this study is to predict the residual stresses in the ICA part of 
the interconnect, these elasto-plastic material models are not adopted in this study. 

From the performed simulations, the trend is observed that increasing the package size increases 
the residual stresses in the corner interconnect, which are caused by the mismatch in thermal 
expansion between the PCB and Si die. It would be preferable to have the thermal expansion 
coefficients for Si die and PCB as close to each other as possible, resulting in only stresses caused 
by the shrinking epoxy. 


