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Abstract

Conductive composites consisting of an epoxy matrix and silver flakes were fabricated, and
mechanical, thermal and electric properties were investigated as a function of particle
concentration and processing techniques. Scanning electron microscope (SEM) was utilized in an
attempt to study the effect of the processing method on the distribution of silver flakes in the
matrix. As observed by SEM, the use of a homogenizer enhanced the distribution of silver flakes
with reducing the particle agglomeration due to the presence of shear force during mixing. The
application of shear mixing during the fabrication of conductive polymer composites increased
the electric conductivity, flexural modulus, and storage modulus of the silver filled epoxy
composite.

Introduction

The demand for advanced materials, such as composite materials with better properties, to
meet new requirements or to replace existing materials in a variety of applications, is incessantly
increasing [1]. Nowadays, conductive polymer composites have received great attention as an
alternative to current lead-solder system. As revealed by numerous researchers [2-5], polymer
materials can attain electric conductivity either by synthesis of a polymer of definite chemical
structure [6] or by the introduction of electrically conductive filler, such as metal powders,
carbon black and graphite [7]. In an electrically conductive adhesive (ECA) which consists of a
polymer and a conductive filler, the polymer resin will provide mechanical interconnection, while
the conductive filler, which is normally silver flake, provides electric conductivity [8, 9]. For a
composite material that consist of two different phases, such as ECA, the distribution of the filler
which affects the interface bonding or adhesion between the filler and the matrix has a great
influence on the properties of the composite [1]. Furthermore, the distribution of the filler in the
polymer matrix depends on particle type and size, specific surface area, volume content of
particles, and conditions of mixing [1, 2, 4, 7]. As is known, particle powders tend to agglomerate
and stick together due to adhesive forces. Relative to particle mass forces, the adhesive forces
increase with decreasing particle size. In order to obtain well dispersed fillers in the matrix, the
way of combining the polymer matrix and the filler powder is important in influencing the final
composite properties. Various methods, such as ultrasonic, homogenizer, mechanical stirrer and
manual mixing, have been used in preparing the conductive composite as reported in previous
works [11, 12].
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In the present work, a mechanical method using a homogenizer has been compared with manual
mixing (by hand) in producing the silver flake filled epoxy composite. The manual mixing
method has been used and reported in previous works [9, 13]. Meanwhile, the using of a
homogenizer was reported to introduce high shear forces during dispersion. This will break up
the filler agglomerates and distribute the individual filler more homogeneously in the polymer
[1]. Therefore, the purpose of this work is to examine and compare the effect of two types of
different processing techniques on the filler dispersion and composite properties. Electric
conductivity and flexural and thermal properties obtained in this study were also related with the
morphology of the composites.

1. Experimental

2.1 Materials

The epoxy resin named EPON™ Resin 8281, supplied by Hexion Specialty Chemicals, Inc.
was used as a matrix in this research. It is also chemically termed as Bisphenol-A-
(epichlorohydrin). The curing agent used in the study is Polyetheramine D230 (PEA D230),
supplied by BASF Corporation with a density of 0.946 g/ml at 298 K. Thirty two parts by weight
of PEA D230 was added into 100 parts of EPON™ Resin 8281 for curing process. Silver flakes
with an average size of 4-8 um and a density of 10.49 g/cm® were used as conductive filler. Filler
loadings were varied from 0 vol % to 8 vol %.

2.2 Processing methods

In this study, two different processing techniques were employed to fabricate silver
flake/epoxy composite: manual mixing and shear mixing. Manual mixing was carried out
according to previous work [9] while for shear mixing, a homogenizer with 20000 rpm was
introduced to improve the distribution of the filler in the epoxy matrix. Silver flakes were added
into the resin and stirred for about 10 min followed by ultrasonication for 10 min in order to aid
the dispersion of the filler in the epoxy. Then, the mixtures were evacuated at 35°C for about 0.5
h to further remove the microbubbles and macrobubbles. After that, the mixtures were added with
a curing agent and were stirred for other 10 min. Finally, the mixture was evacuated at room
temperature before curing in an oven at 100°C for 1 h, which was followed by a post-cure at
125°C for 3 h.

2.3 Characterization
For conductivity test, we used an instrument named LCR Meter. The value of volume
resistivity is defined as the electric resistance of a cube of material and determined according to
(1) and (2):

V =IR, 0

R,A
py =

)

where p, is the volume resistivity, R, is the volume resistance, A is the area of conductor, and t

is the thickness of the sample pieces. Three-point bending tests were performed based on the
standard test method, ASTM D 790-98. Rectangular cross section specimens with a length of 50
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mm and a width of 12 mm were used in the testing. The testing was carried out with an Instron
3366 at room temperature with a crosshead speed of 5 mm/min while the sample’s ratio of span
length to thickness was maintained at 16 : 1. The fracture surface of the flexural test samples
were observed using a Zeiss Supra 35VP Field Emission Scanning Electron Microscope
(FESEM). Dynamic Mechanical Analysis was carried out by using a PelkinEImer DMA 8000 in
a dual-cantilever mode at a temperature of 30-180°C. The thermal stability and the weight loss
profile of silver/epoxy composites were examined using a PerkinElmer TGA 7. All TGA
measurements were performed in a nitrogen atmosphere by heating the samples from 30-600°C
at a heating rate of 10°C/min. The coefficient of thermal expansion of the composites was
measured using a LINSEIS Dilatometer L75/1550. The specimens (20 mm x 4 mm x 1.8 mm)
were tested at a temperature that changed from 30°C to 230°C at a heating rate of 3°C/min under
an ambient atmosphere.

3. Results and discussion

3.1 Electric conductivity

As the properties of the polymer composite were affected by the dispersion of the filler in
the polymer matrix, the use of different mixing techniques was expected to improve the
distribution of the filler and hence enhance the electric conductivity of the polymer composite. A
better dispersion of filler could result to better surface contacts which increase the current carrier
from one particle to another [7]. The theory of percolation threshold indicated that the behavior
of a material could change from insulator to conductor at a certain filler loading [3-5]. Figure 1
shows that the electric conductivity of silver flake filled epoxy composites prepared by manual
and homogenizer mixing increased with increasing content of silver flakes. Both samples
prepared by manual and homogenizer mixing demonstrate a percolation threshold at 6 vol %. The
increase in electric conductivity with increasing content of silver flakes could be explained by the
following. As the concentration of conducting particles increases, small particle agglomerates are
first formed in the systems which then form conducting clusters [4]. As particles contact between
these conducting clusters increase, the efficiency of current carrier is improved and furthermore
increases the conductivity composites. It also can be seen in Fig. 1 that the conductivity of the
samples prepared by shear mixing showed a higher conductivity compared to that of manual
mixing. It has been reported that the interfacial resistance between fillers influences the electric
conductivity of the composite [14]. Interfacial resistance is the resistance forming at a surface
boundary between adjacent regions; in this case, between one particle and another. Our previous
work [15] showed that a silver nanoparticle tends to form an aggregate and affects the
distribution of the filler throughout the matrix as compared to a micron-sized filler. The poor
distribution and agglomeration of silver flakes prepared by manual mixing subsequently
increases the surface resistance and reduces the conductivity of the composites.

From the result of electric conductivity, the percolation threshold for both samples prepared
by manual and shear mixing were achieved at 6 vol % loading of silver flakes. Below that point,
the composite samples remain as insulator. The morphology of the samples observed by SEM
(Fig. 2) shows that, at 4 vol % of silver flakes, the matrix content was dominant compared to the
filler content. Hence, the metal-to-metal contacts are not sufficient to conduct the current
throughout the sample. At a 6 vol % concentration, the conducting bridges, which are referred as
to percolation threshold, are created across the single crystal. These bridges may be composed of
single particles or of their aggregates. At this moment, the nonconducting system is transformed
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into a conducting state. However, above the percolation threshold, which is 6 vol % of filler
loading, the conductivity of the samples are remains unchanged, and this result is supported by
previous works [5, 9, 16, 17].
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Fig. 1. Electric conductivity of the silver filled epoxy composite prepared by manual and homogenizer
mixing.

The morphology of the samples depicted in Figs. 2b—2g show that the use of a homogenizer
can break up the agglomeration of Ag fillers and subsequently reduced the size of Ag flake
particles. At filler loadings of 4, 6, and 8 vol %, it can be seen that the use of a homogenizer gave
a better dispersion of the filler (Figs. 2c, 2e, and 2g) compared to the samples prepared by manual
mixing (Figs. 2b, 2d, and 2f), respectively. This observation might be due to the introduction of
external shear forces generated by the homogenizer which could separate and break up the
agglomeration of silver flakes to individual particles followed by better dispersion in epoxy resin
compared to manual mixing. The samples prepared by manual mixing, especially at a high filler
loading (Fig. 2d) also showed a higher agglomeration compared to the sample mixed with a
homogenizer (Fig. 2e), which gave better distribution throughout the epoxy matrix.
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Fig. 2. Fracture surface of pure epoxy and silver composites at different filler loading. (M) and (H) denote
manual mixing and homogenizer mixing, respectively.
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3.2 Flexural test

Figure 3 depicts flexural strength and flexural modulus for the silver filled epoxy
composites prepared by manual and homogenizer mixing. It is evident from the figure that
flexural strength for the composite mixed by a homogenizer at a low filler loading (e.g., 4 vol %
and below) does not show any significant improvement and is slightly lower than that of the
composite mixed by manual mixing. However, the deterioration in flexural strength at higher
filler loading (6 and 8 vol %) for both processing method, which is even lower than unfilled
epoxy, could be due to a number of reasons, such as weak interfacial bonding at the silver flakes
and matrix interfaces and also a high aggregation of silver flakes with increasing amount of the
filler. As the dispersion of the filler throughout the matrix affects the properties of the composite,
it can be seen that composite mixed by a homogenizer shows an improvement at a higher filler
loading (6 and 8 vol %) compared to those prepared by manual mixing at the same filler loading.
From here, it can be seen that high shear forces introduced by the homogenizer were able to
break up the particle agglomeration especially at high filler loading where the content of the filler
is relatively high. The size distributions of Ag filler in the epoxy matrix (Fig. 4) for samples with
8 vol % of filler prepared by manual and homogenizer mixing were compared. The result clearly
showed that silver flakes in the epoxy matrix prepared by manual mixing has a larger distribution
which might be caused by agglomerations of the filler compared to the samples which prepared
by homogenizer mixing at the same filler loading. The presence of these agglomerations could
act as a stress concentrator which led to a decrease in the properties of the composites.
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Fig. 3. Flexural strength and modulus at different filler loadings of silver flake filled epoxy composites
prepared by different processing methods.
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Fig. 4. Size distribution of silver flakes in epoxy matrix (8 vol %) calculated from the SEM image.

According to the rubber elasticity theory, there are four factors affecting the polymer
composites elasticity [18]. The modulus of polymer composites could be controlled by the degree
of cure, the presence of a solvent, strain induced crystallization, and the effect of fillers.
Theoretically, the modulus of a composite material increases with increasing filler loading. The
addition of rigid particles to the polymer matrix can easily improve the modulus since the rigidity
of an inorganic filler is generally much higher than that of an organic polymer. Hwang [18]
reported that the modulus of polymer composite materials increased with an increase in the filler
content and a decrease in the filler size. However, despite this factor, it was reported that the size
and distribution of filler particles also play an important role. From the result in Fig., we can see
that the sample at 8 vol % prepared by manual mixing undergoes a significant decrement of
flexural modulus at a higher filler content which is not quite pronounced for the sample prepared
by homogenizer mixing. This observation might be due to the filler agglomeration, because at
this loading, a high amount of the filler also could increase the viscosity and hence reduce the
process ability. The presence of agglomeration subsequently increased the size of filler lumps
which then act as a stress concentrator when it is subjected to load. In addition, although most of
the composites (except the sample of 8 vol % prepared by manual mixing) exhibit a higher
modulus than pure epoxy, they however show final failure at a much lower strain than the pure
epoxy.

3.3 Dynamic Mechanical Analysis (DMA)
Figures 5 and 6 depict the storage modulus (E£°) — and tan delta — temperature profile for
unfilled epoxy and silver flake filled epoxy composites prepared by manual and homogenizer
mixing, respectively. The curves show a general shape where the storage modulus is much higher
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below Ty of the polymer but falls steeply above Tg. In this study, composite samples have a
higher storage modulus than the unfilled sample, which proved that the addition of silver
particles could reinforce the epoxy matrix. Figure 5 shows that both composites prepared by
manual and homogenizer mixing at high filler loading (8 vol %) have a higher value of storage
modulus than that at a low filler loading (4 vol %). This observation can be caused by the
following. It was believed that an increase in silver filler loading increases the stiffness of the
resulted composites and thus increases the storage modulus. Moreover, an increase in storage
modulus at a higher filler loading could also be due to the reduction of matrix mobility in the
vicinity of the Ag filler as a result of the polymer adsorption onto the filler surfaces. According to
Teh et al. [19] and Heimann et al. [20], an increase in storage modulus could also be due to a
higher level of crosslink density. It is evident from Fig. 5 that the samples prepared by
homogenizer mixing have a higher storage modulus than the samples prepared by manual
mixing. However, at a low filler content (4 vol %), the differences in storage modulus between
these two mixing techniques are not so apparent compared to the samples prepared at a higher
filler content (8 vol %). This observation can be related to the degree of filler agglomeration and
filler dispersion in epoxy matrix. It can be suggested that, at a low filler loading, the silver filler
could be dispersed well in the epoxy matrix regardless of the mixing technique used. Moreover,
at a low filler loading (4 vol %), the agglomeration of the filler is not quite pronounced compared
to the composite at a higher filler loading (8 vol %). As the filler content increased, it was
believed that the filler-filler interaction is higher than the filler-matrix interaction, which
furthermore resulted to the formation of a filler agglomerate in the epoxy matrix. A higher filler-
filler interaction furthermore could reduce the crosslink density of the composite and thus result
in a decrease in the storage modulus. Therefore, it can be seen that the technique to disperse the
filler is very important in order to break up agglomeration and improve the dispersion of the
filler.
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Fig. 5. Storage modulus of the silver flake filled epoxy composite prepared by manual (M) and
homogenizer (H) mixings.
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Figure 6 shows that tan delta peaks for composite samples are shifted to a higher temperature,
which indicates a higher value of Ty compared to the unfilled samples. In general, an increase in
Ty is attributed to a good adhesion between the polymer and the reinforced particles; hence, the
particles can restrict the segmental motion of cross-links under loading [21]. However, in this
study, the T4 value did not show any trend except an increase in the Ty value for the composite
sample compared to the unfilled one. A reduction in the T4 value, especially for the samples
prepared by manual mixing, are most probably due to the agglomeration of the filler, which leads
to imperfect interfacial adhesion. The agglomerated lumps of filler particles would eventually
affect the van der Waals interaction between the polymer chains and reduce the crosslinking of
the matrix. In addition, a weak filler-matrix interaction could subsequently increase the mobility
of the polymer chain when subjected to load and resulted in a decrease in the Ty value of the
composites. This observation is supported by Yasmin et al. [13]: the T4 value is also affected by
the degree of particle dispersion that includes size, homogeneity, orientation, and spacing
between particles.
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Fig. 6. Tan delta of silver flake filled epoxy composite prepared by manual (M) and homogenizer (H)
mixings.

3.4 Coefficient of Thermal Expansion (CTE) Analysis

The differences in CTE between the chip and substrate makes flip chip assemblies
vulnerable to thermally induced strains and often result in joint failure. One of effective solutions
for this problem is to use a low CTE of the ECA material that mechanically couples the severely
mismatched CTE of the chip and the substrate and provides a significant enhancement in
assembly reliability [18]. The results of the dilatometer analysis of silver flake filled epoxy
composites listed in Table 1 showed that the value of CTE before the glass transition temperature
Tg is lower than the value of CTE after T4. This typical trend is due to an insufficient energy
supplied to cause more polymer chains to rotate or mobilize and thus allowing low dimension
changes to occur [11]. The reduction in the CTE of the composite sample compared to the
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unfilled samples was mainly related to a reduction in the molecular mobility of the
macromolecular chains around the silver filler.

Table 1. CTE of the silver flake filled epoxy composite prepared by manual mixing. Values in brackets
represent homogenizer mixing
Filler loading CTE before Ty, o4 CTE after Ty, o

(vol %) (Ppm/K) (Ppm/K)
0 84.3 254
4 53.79 (52.45) 177.00 (176.95)
8 45.89 (47.27) 153.57 (167.25)

It is evident from Table 1 that CTE before and after T4 of the sample prepared by manual
mixing at 4 vol % has a comparable value with the sample prepared by homogenizer mixing.
However, at 8 vol %, the sample prepared by manual mixing shows a much lower value,
especially CTE after T, than that of the sample prepared by homogenizer mixing. The result
obtained could be related to the degree of silver flake dispersion throughout the epoxy matrix. As
the dispersion state of the filler in the epoxy matrix influences the thermal properties of the
composite behavior, it is necessary to point out that inhomogeneous distribution of the filler
particles with considerable agglomerations could be noticed, especially for the sample prepared
by manual mixing at a high filler content. For this sample, it can be suggested that the presence of
agglomerations of silver flakes obstructs the expansion of the polymer chain, which in turn is
lower the CTE value. On the other hand, a better dispersion with a low agglomeration of the filler
in the sample prepared by homogenizer mixing could distribute the heat more efficiently
compared to the sample that has a higher degree of filler agglomeration.

3.5 Thermogravimetry Analysis (TGA)

Figure 7 illustrated the TGA curves of silver flakes filled epoxy composites. It is observed
that the systems seem to be stable up to 300°C, which is suitable to be used for electronic
packaging where the application temperature is around 150-200°C. The percentage of weight loss
of the samples increased as the temperature increased. The close-up of TGA curves at a
temperature of 30°C to 350°C showed that, at a temperature of 320°C, all composite samples
experienced ~2-3% weight loss, which can be referred to the volatile component, such as
moisture, solvent evaporation, etc. Result shows that, at a low filler content (4 vol %), the sample
prepared by homogenizer mixing has a lower value of residue than the sample prepared by
manual mixing. However, an anomalous result could be observed for the samples with a higher
filler content, which is 8 vol %. The result shows that the sample prepared by manual mixing had
a higher residue than the sample prepared by homogenizer mixing. This might be related to the
uneven distribution of the filler and the presence of agglomeration or lumps of silver flakes in the
composites that furthermore increase the residue content of the samples. Moreover, under close
observation (Fig. 7), the samples prepared by homogenizer mixing show a higher thermal
stability than the samples prepared by manual mixing at any given filler content. This suggests
that the sample prepared by homogenizer mixing provides a better surface interaction between
the filler and the matrix and minimum particles to particle interaction. The reason for lowering
the thermal stability of the samples prepared by manual mixing can be the perturbation of silver
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lumps to the structure of the polymer. The presence of any perturbation could weaken the van der
Waals interaction between the polymer chains which reflects the stability of the polymer [10].
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Fig. 7. TGA curve of the silver flake filled epoxy composite prepared by manual (M) and homogenizer
(H) mixings.

4. Conclusions

The results of this study indicate that silver filled epoxy composites prepared by the aid of a
homogenizer has a higher conductivity compared to the samples prepared by manual mixing. The
result was achieved due to a better distribution of the filler throughout the epoxy matrix, which
allows better contact and furthermore increases the current carrier in the system. It is also evident
that the external shear force generated by the homogenizer subsequently separates and breaks up
the silver flake agglomeration and improves the flexural properties of the composite samples. In
addition, the thermal properties of the composite prepared by homogenizer mixing show a
slightly higher thermal stability, a lower CTE, and a higher T4 compared to the composite
prepared by manual mixing.
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