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1. Introduction

The electronics industry has been striving to find a suitable replacement for lead-based, Sn-
Pb solder paste after introduction of legislation to ban the use of lead in electronic products.
Due to the toxicity of lead in electronic products, legislation has been proposed to reduce the
use of and even ban lead from electronics. Lead-free solders (Pb-free solders) and isotropic
conductive adhesives (ICAs) have been considered as the most promising alternatives of
lead-based solder [1-2]. ICAs offer numerous advantages over conventional solder, such as
environmental friendliness, low temperature processing conditions, fewer processing steps,
low stress on the substrates, and fine pitch interconnect capability. Therefore, ICAs have
been used in liquid crystal display (LCD), UHF RFID tag antennas, smart card applications,

flip—chip assembly and ball grid array (BGA) applications as a replacement to solder [3].

The ICAs materials consist of two components; a polymer matrix and electrically conductive
tillers. Traditionally bisphenol-A based epoxies has been used widely used in the electronic
packing industry due to their excellent reliability, good thermal stability and high Young’s
modulus [4]. As the current trend for miniturisation is set to continue towards flexible elec-
tronic components with the aim of integrating into sensors or biocompatible electronic com-
ponents, bisphenol-A is not suitable for this application due to high Young’s modulus,
hardness and brittleness. Polyurethane (PU) is seen as promising replacement for bisphenol-
A based isotropic conductive adhesives due to well-known mechanical properties and can
exhibit greater flexibility [4].
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Rheological characterisation of pastes materials is the key to understanding the fundamental
nature of the ICA suspensions; for example the effect of particle size distributions of silver
flakes or powders on the flow and deformation behavior of the pastes. Paste materials are
dense suspensions, which exhibit complex flow behavior under the influence of stress. The
formulation of new materials such as Polyurethane (PU) based ICAs will require an exten-
sive understanding of the rheological behavior, which is significant for the assembly of flexi-
ble electronic devices. A number of studies have reported the rheological behavior of the
Diglycidylether of bisphenol-A (DGEBA) based isotropic conductive adhesives with silver
flakes as the conventional filler materials [5-7]. But the rheological studies on PU based con-
ductive adhesives are limited. The aim of this study is to investigate the rheological behav-
iour of concentrated PU and DGEBA based isotropic conductive adhesives. The rheological
responses under oscillatory shear stress were examined as a function linear visco-elastic re-
gion (LVER), volume fraction and particles size (silver flakes, silver powder and mixture of
silver flakes and silver powder).

2. Introduction to Electrical Conductive Adhesives (ECAs)

Electrical conductive adhesives (ECAs) are gaining great interest as potential solder replace-
ments in microelectronics assemblies. Basically, there are two types of ECAs, isotropic con-
ductive adhesive (ICA) and anisotropic conductive adhesive (ACA) (Gilleo, 1995). Although
the concepts of these materials are different, both materials are composite materials consist-
ing of a polymer matrix containing conductive fillers. Typically, ICAs contain conductive
filler concentrations between 60 and 80 wt.%, and the adhesives are conductive in all direc-
tions. ICAs are primarily utilized in hybrid applications and surface mount technology [8].
In ACAs, the volume fractions of conductive fillers are normally between 5 and 10 wt.% and
the electrical conduction is generally built only in the pressurization direction during curing.
ACA technology is very suitable for fine pitch technology and is principally used for flat
panel display applications, flip chips and fine pitch surface mount devices [9]. Compared to
conventional solder interconnection technology, conductive adhesives are believed to have
the following advantages [10]:

a. More environmental friendly than lead-based solder;

b. Lower processing temperature requirements;

c.  Finer pitch capability (ACAs);

d. Higher flexibility and greater fatigue resistance than solder;

e. Simpler processing (no need to use of flux);

f. Non-solderable (inexpensive) substrates can be used (e.g., glass).

Despite the advantages of ECA technology, the replacement of solder by this technology has
not been widely adopted by the electronics industry. Lower electrical conductivity than sol-
der [11], poor impact resistance and long-term electrical and mechanical stability [12] are
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several critical concerns that have limited wider applications of electrically conductive adhe-
sive technology. Numerous studies are being conducted to develop a better understanding
of the mechanisms underlying these problems and to improve the performance of conduc-
tive adhesives for electronic applications.

In general, there are two conductive pathways for isotropic conductive adhesives. One is
genuine conduction, caused by particle-to-particle contact within the polymer matrix. The
other is percolation, which involves electron transport brought about by quantum-mechani-
cal electron tunneling between particles close enough to allow dielectric breakdown of the
matrix. Researchers has suggested that percolation is the dominant conduction phenomenon
in the early stages of conduction, as the applied current polarizes the conductive adhesive
system causing the electrical resistance to drop by charge effects [13]. As currents, especially
high currents continue to be applied, polarized particles migrate and further combine, and
conduction by particle-to particle contact overwhelms percolation and becomes the domi-
nant conduction phenomenon.

Although electrically conductive adhesives have potential usage and various advantages
over solder for surface mount technology (SMT) and microelectronics applications, issues
and problems still remain to be solved in order to successfully implement ICAs for solder
replacement in electronics assemblies. SMT requires short process times, high yield, high
component availability, reliable joints for different components, visual inspection of joints,
and capability of repair. ECAs will not be a drop-in replacement for solder in the existing
surface mount production lines. First, it will not be cost effective to do so. Special compo-
nent lead plating and board conduction pad metallisations need to be optimized for conduc-
tive adhesives. Standard materials, components and assembly equipment for specific
applications need to be developed combining the material vendors®, research organiza-
tions", and application companies" efforts together. Mechanical bonding strength and elec-
trical conductivity cannot be compromised for the new material development. Fine pitch
and thinner lead trends have improved both the pick and placement machine accuracy and
the stencil printing process (the laser etched or electroplated stencils and precise stencil
printing machine). ICAs have more rigid process requirements for positioning due to their
non-selective wetting and lack of self- alignment. Currently major concerns for using ICAs
for SMT are the limited availability of components and substrates designed for adhesives,
and the lack of methods to predict life-time reliabilities and their relationship to the acceler-
ated life time tests performed as solder joints. Different electrical and mechanical failure
mechanisms require one to monitor these properties separately during life-time tests. There
are difficulties to inspect the adhesive joints and judge the quality of the joints from visual
and x-ray inspection methods, which work for solder joints perfectly. Repairability and re-
workability of adhesive joints need to be investigated and improved.

3. Introduction to oscillatory shear testing

Viscoelasticity is the property of materials that exhibit both viscous and elastic characteris-
tics when undergoing deformation. Viscous materials, like honey, resist shear flow and

25



26  Rheology - New Concepts, Applications and Methods

strain linearly with time when a stress is applied. Elastic materials strain instantaneously
when stretched and just as quickly return to their original state once the stress is removed.
Viscoelastic materials have elements of both of these properties and, as such, exhibit time
dependent strain. Whereas elasticity is usually the result of bond stretching along crystallo-
graphic planes in an ordered solid, viscoelasticity is the result of the diffusion of atoms or
molecules inside of an amorphous material [14].

Before making detailed dynamic measurements to probe the sample’s microstructure, the
linear visco-elastic region (LVER) must first be defined. This is determined by performing
an amplitude sweep test. The LVER can also be used to determine the stability of a suspen-
sion. The length of the LVER of the elastic modulus (G') can be used as a measurement of
the stability of a sample's structure, since structural properties are best related to elasticity.
A sample that has a long LVER is indicative of a well-dispersed and stable system [15].
Therefore, the oscillatory stress sweep is typically used to characterize the visco-elastic effect
of emulsions, dispersions, gels, pastes and slurries [16]. A frequency sweep is a particularly
useful test as it enables the viscoelastic properties of a sample to be determined as a function
of timescale. Within LVER, several segments might have the different visco-elastic proper-
ties, therefore, frequency sweep test is performed to study the visco-elastic properties
against time [17]. Several parameters can be obtained, such as the Storage Modulus (G') and
the Loss Modulus (G").

The oscillatory stress sweep is typically used to characterise the visco-elastic effect of emul-
sions, dispersions, gels, pastes and slurries. Furthermore oscillatory experiments can be de-
signed to measure the linear or the non-linear visco-elastic properties of dense suspensions
such as solder pastes. A sinusoidal stress as a function of the angular velocity (w) and the
stress amplitude (o,) is applied on the samples. The applied stress and the resultant strain
are expressed as:

o =0, sin(w.t) (1)

7 =7,sin(w.t +0) (2)

where 0 is the phase shift, w=27tf where f is the frequency, and t is the time. The ratio of the
applied shear stress to the maximum strain is called the “complex modulus” (G*) and is a
measure of a material’s resistance to deformation:

T
G*=12 3
” 3)

The complex modulus can be divided into elastic and viscous portion representing the mag-
nitude of the strain in-phase and out-of-phase with the applied stress, respectively. The elas-
tic component is called the “storage modulus” and defined as:
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G'= (T—OJcos(é) = G* cos(5) @)
7o

The viscous component or “loss modulus” is defined as:

G'= (T—OJsin(a) = G*sin(d) )
70

The complex modulus and phase angle can be expressed as functions of the storage and loss
modulus:

G*=G'+iG" (6)

In this study the rheological parameters; storage modulus (G’) and loss modulus (G”) is cor-
related to the solid and liquid characteristic of the DGEBA and PU based isotropic conduc-
tive adhesives.

4. Experimental

4.1. Equipment

The rheological curve test measurements were carried out with the Physica MCR 301 con-
trolled stress rheometer. Prior to loading the sample onto the rheometer, the conductive
paste was stirred for about 1-2 min to ensure that the paste structure is consistent with the
particles being re-distributed into the paste. A sample was loaded on the Peltier plate and
the parallel plate was then lowered to the gap of 0.5 mm. The excess paste at the plate edges
was carefully trimmed using a plastic spatula. Then the sample was allowed to rest for
about 1 min in order to reach the equilibrium state before starting the test. All tests were
conducted at 25°C with the temperature controlled by the Peltier-Plate system. Each test was
repeated for three times for stabilisation (with fresh samples used for each test).

4.2. Formulation of ICA pastes

In this study, viscosities of formulated isotropic conductive adhesives (ICAs) at different vol-
ume fraction of filler with different particles size are investigated. Table 1 show the chemicals
used in the formulation of ICAs, which was purchased from Sigma-Aldrich. The epoxy and sil-
ver powder/flakes were mixed according to the ratios shown in Table 2. The ICAs materials
were formulated into volume fraction (¢) of 0.2, 0.4, 0.6 and 0.8. Usually, the filler contents are
determined by weight percentage. For example, for the formulation volume fraction of 0.2, 20%
of metal filler (silver powder) is mixed with 80% Diglycidylether of bisphenol-A. The summa-
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ry of all the systems investigated in this study is presented in Table 3. The silver flakes/powder
size were measured under scanning electronic microscope (SEM) and found that the flake/
particle size is approximately 10 um and 250 um, as shown in Fig. 1 and Fig. 2. An X-ray diffrac-
tion test was carried out on the silver flakes and powder; the phases in Fig. 3 show the exis-
tence of Ag only, which confirms that the material is pure silver.

Chemical Functions Chemicals Manufacturer
Resin Diglycidylether of bisphenol-A (DGEBA)
Sigma Aldrich
Polyurethane (PU)
Curing agents Ethylene diamine Merck & Co.
Fillers Silver flakes and silver powder Sigma Aldrich

Table 1. Chemicals used in the preparation of isotropic conductive adhesives (ICAs)

Filler size (um)

Volume fraction of filler

Silver flakes Silver powder
0.2
0.4
10 250
0.6
0.8

Table 2. Size and volume fraction of fillers investigated

System Parameter

S1 0.8-silver flakes/0.2-DGEBA

S2 0.6-silver flakes/0.4-DGEBA

S3 0.4-silver flakes/0.6-DGEBA

sS4 0.2-silver flakes/0.8-DGEBA

S5 0.8-silver powder/0.2-DGEBA

S6 0.6-silver powder/0.4-DGEBA

S7 0.4-silver powder/0.6-DGEBA

S8 0.2-silver powder/0.8-DGEBA

S9 0.8-silver flakes+powder/0.2-DGEBA
S10 0.6-silver flakes+powder/0.4-DGEBA
S11 0.4-silver flakes+powder/0.6-DGEBA
S12 0.2-silver flakes+powder/0.8-DGEBA
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System Parameter

S13 0.8-silver flakes/0.2-PU

S14 0.6-silver flakes/0.4-PU

S15 0.4-silver flakes/0.6-PU

S16 0.2-silver flakes/0.8-PU

S17 0.8-silver powder/0.2-PU
S18 0.6-silver powder/0.4-PU
S19 0.4-silver powder/0.6-PU
S20 0.2-silver powder/0.8-PU
S21 0.8-silver flakes+powder/0.2-PU
S22 0.6-silver flakes+powder/0.4-PU
S23 0.4-silver flakes+powder/0.6-PU

Table 3. Summary of the systems investigated in this study

Figure 1. Scanning Electron Microscope (SEM) microstructure of silver flakes
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10.0kV 4.3mm x20.1k SE

Figure 2. Scanning Electron Microscope (SEM) microstructure of silver flakes
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Figure 3. X-ray diffraction pattern for silver (Ag)
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4.3. Oscillatory stress sweep test

In the oscillatory stress sweep experiment, initially a large stress sweep range of 0.0001-1000
Pa is applied to all the pastes samples. The oscillatory stress results showed that there are
inconsistency in the measured parameters; storage modulus (G’) and loss modulus (G”) at
low shear stress. At higher volume fractions, the rheometer had difficulty in taking consis-
tent measurement at shear stresses of 0.001 Pa as opposed to lower volume fractions. This is
the reason why some of the rheological data is presented at different shear stresses. This in-
dicates the development of inherent structural strength as a result of the transition the paste
undergoes from Newtonian to Non-newtonian, due to the addition of filler materials.

The linear visco-elastic region is defined as the maximum deformation can be applied to the
sample without destroying its structure. It should be noted here that the linear data is not
particularly relevant for real application processing but can be useful in looking for particle-
particle interactions [18]. The length of the LVE region of the elastic modulus (G') with re-
spect to the applied shear stress can be used as a measurement of the stability of a sample's
structure, since structural properties are best related to elasticity prior to structural break-
down. In the LVE region, the particles stay in close contact with each other and recover elas-
tically to any applied stress or strain. As a result, the sample acts as a solid and the structure
remains intact.

5. Results and discussion

5.1. DGEBA based isotropic conductive adhesives

For the DGEBA epoxy formulation with silver flakes at ¢ = 0.2, the loss modulus (G”) was
greater than the storage modulus (G), as shown in Fig. 4. The G" showed a LVE region up to
0.5 Pa after which the G” values dropped showing a structural breakdown in the paste. The
loss modulus, G” value is constant with increasing shear stress as it gives the response
which is exactly out of phase with the imposed perturbation, and this is related to the vis-
cosity of the material.

A similar trend was observed at ¢ =0.4, but with a higher LVE region up to 1 Pa followed by
structural breakdown, shown in Fig. 4. At ¢ = 0.6 and ¢ = 0.8, the measured storage modu-
lus (G’) is greater than loss modulus (G”) with increasing shear stress. In addition, as the
volume fraction is increased from ¢ = 0.2 to 0.8, the measured LVE region increases from 0.5
Pa, 1 Pa, 10 Pa and 100 Pa, respectively prior to structural breakdown. The shift of LVE re-
gion to higher stress range could be due to the strong interaction between different layers of
flakes within the system.

Fig. 5 represents the DGEBA epoxy formulated with silver powder with a particle size of
250 um. At ¢ = 0.2 and ¢ = 0.4, the G” was greater than G’, which indicates the liquid-
like behaviour of the paste is predominant, as shown in Fig. 5. For the volume fraction of
¢ = 0.6 and ¢ = 0.8, the storage modulus (G’) was greater than loss modulus (G”). At low-
er volume fraction ¢ = 0.2 and ¢ = 0.4, the addition of silver particles did not affect the
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Newtonian continuous phase of the epoxy resin. Hence the paste did not show any struc-
tural breakdown as observed for silver flakes. The measured LVE region for ¢ = 0.6 and
¢ = 0.8 was up to 0.8 Pa and 1 Pa, which is lower when compared to the DGEBA formu-
lated silver flakes. Beyond the LVE region, the flocculation of silver powder in the DGE-
BA system is easily broken down over narrow range of shear stress as illustrated by Fig.
5. The results show that a larger particle size has lower contact surface area and has poor
dispersion ability.

A bimodal distribution was formulated with a mixture of silver flakes and silver powder, as
shown in Fig. 6. As with previous systems, at ¢ = 0.2 and 0.4, the G” is greater than G’ due to
lower concentration of the silver flakes and powder in the systems. However, at ¢ = 0.2 and
0.4, G’ value increases with the applied shear stress and gradually begins to drops after 0.2
Pa. At ¢ = 0.6 and ¢ = 0.8, the LVE region has increased up to 10 Pa and 50 Pa. These values
are higher than DGEBA/silver powder system but lower than DEGBA/silver flakes systems.
Previous study by Walberger and Mchugh [19] concluded that there will be always an in-
crease in G’ and G” due to the addition of filler but where the increase in both functions
with addition of filler is not the same, the effect on G’ is considerably greater within the line-
ar visco-elastic region. Beyond the LVE region, the paste sample showed a gradual structur-
al breakdown as opposed to silver flakes and powder systems. The results seem to indicate
that the flake in the system restricts the movement of the particles, which delays the struc-
tural breakdown.
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Figure 4. Silver flakes with DGEBA epoxy resin
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Figure 5. Silver powder and DGEBA epoxy resin
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Figure 6. Silver flakes and powder with DGEBA epoxy resin
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5.2. PU based isotropic conductive adhesives

The PU systems with silver flakes as the filler material showed that the constant G” at ¢ =
0.2 and 0.4, while the G” decreased after 0.01 Pa, as shown in Fig. 7. The LVE region of the
PU at ¢ = 0.2 and 0.4 was approximately 0.01 Pa meanwhile ¢ = 0.6 and 0.8 was approxi-
mately 5 Pa and 10 Pa, respectively. Beyond the LVR region, a gradual structural break-
down was observed for sample at ¢ = 0.6 and 0.8 as opposed to DGEBA/silver flakes system.
But the overall measured solid (G’) and liquid (G”) characteristic of PU based ICAs were
lower compared to DGEBA based ICAs, which could prove to be attractive for the assembly
of flexible electronic devices.

At lower volume fractions ¢ = 0.2 and 0.4, the G’ did not change significantly with in-
creasing shear stress, as shown in Fig. 8. The observed trend was similar to the DGEBA/
silver powder system. When the volume fraction was increased to ¢ = 0.6 and 0.8, the
samples showed a LVE range of up to 9 Pa and 20 Pa, respectively. The linear region
measured for PU/silver powder was considerably higher than DGEBA/silver flakes sys-
tems. Despite the difference in LVE region, both these systems (PU/silver powder and
DGEBA/silver flakes) showed a rapid structural breakdown. When the volume fraction ¢
exceeds 0.50 under equilibrium condition with no imposed flow, the silver powder sys-
tem which is a monodispersed hard sphere suspension begins to order into a macrocrys-
talline structure of face centered cubic (fcc) or hexagonally close packing (hcp). With
increasing applied stress, the drop in G" and G” arises forced flow of three dimensionally
ordered structures of fcc or hcp. At volume fraction of ¢ = 0.8, an increase in G’ and G”
was observed after 200 Pa and similar result was observed for DGEBA/silver powder for-
mulation. At high volume fraction above 50 % by volume for hard sphere suspensions,
the increase in G” and G” could be attributed to development of lubrication stress as a re-
sult of close network formed between particles. This causes a strong hydrodynamic force;
considerable amount of solvent is trapped interior to the particle cluster. The trapping of
the solvent apparently decreases the mobile solvent volume fraction, or in effect, increase
the particle volume fraction [20].

A bimodal distribution system with silver flakes and silver powder was formulated with
PU. In this system, the G’ is greater than G” for all volume fractions and the measured LVE
region up to 0.1 Pa for ¢ =0.2, 0.4, 0.6 and 0.01 Pa for ¢ = 0.8, as shown in Fig. 9. This system
showed the lowest LVE region when compared to all the other systems. This could be due to
the orientation of crystal in the direction of closest packing of the spheres is aligned to flow
velocity, while the planes containing the closest packing are parallel to the shearing surfaces.
Beyond the linear region, the sample showed a gradual breakdown in the paste structure as
opposed to silver powder system. Beyond the linear region, the hydrodynamic force pre-
vents them from sustaining their ordered state by forming a three-dimensional network or
clustering, which results in the structural breakdown.
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Figure 7. Silver flakes and Polyurethane (PU) resin
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Figure 8. Silver powder and Polyurethane (PU) resin
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Figure 9. Silver flakes and powder with Polyurethane (PU)

6. Conclusions

From the oscillatory test on PU and DGEBA it is clear that G and G” could be used diagnos-
tically to assess the state of the dispersion, since the linear visco-elastic region varies from
one system to another. The study found that the volume fraction of the filler materials is
shown to affect the G” and G” values. In addition, the particle size of the fillers is found to
also influence the flow behaviour of the systems. The study showed that the processability
of the systems is related to the solid (G’) and liquid (G”) characteristic of the material be-
yond the linear visco-elastic region. The extent of the structural breakdown could be used to
determine the stability of the formulated systems. The silver powder based PU and DGEBA
experience a rapid structural breakdown and increased in G” and G” values at higher shear
stress. For the PU system, the mixture of silver powder and flakes produced a much stable
system with a gradual structural breakdown as opposed to DGEBA systems. In addition, the
solid (G”) and liquid (G’) characteristic of PU were lower compared to DGEBA could be a
drop in replacement for DGEBA based isotropic conductive adhesives.
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