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Abstract

In this paper, mechanical properties of silica-filled epoxy resin are tested. The tests show that at elevated temperatures,
the material’'s properties (e.g. yield stress, flow stress, etc.) vary immonotonically with filler volume fraction. Nano-
indentation test results suggest that an interface region, stronger than the matrix, is formed in the materials. The forma-
tion of the interface has positive effects on the yield strengths of materials. The addition of particles in the matrix
produces a large disturbance in stress distribution, leading to stress concentration in the matrix. The stress concentration
has negative effects on the yield strengths of materials. The calculation demonstrates that the maximum stress in
samples varies immonotonically with particulate concentration. So, the immonotonic variation of mechanical behavior
of materials may be rooted in the contradictory effects of the interface region and the stress concentration caused by
particulate addition(J 2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction thermo-mechanical properties. Silica filled epoxy
based materials are chosen as the most promising
Rigid particulate filled polymeric materials are candidates because of their advantages such as low
finding more and more grounds in microelectronic cost, adjustable curing temperature and curing rate
applications [1]. The materials studied in this paper by selecting a proper catalyst, and good adhesion
are potential underfilling materials for the novel to most of the substrate. However, it is reported
no-flow flip chip technology [2,3]. In this appli- that the epoxy resin without silica filler cannot
cation, the material should meet the requirements meet the requirement for its thermo-mechanical
for its curing conditions, shrinkage, adhesive and properties, while the addition of silica filler will
reduce the opportunity for solder bumps to contact
copper pad during reflow [4]. Therefore, to
"~ Corresponding author. Tek86-10-62545533 ext. 3004; €nhance the thermo-mechanical properties without
fax: +86-10-62579511. sacrificing the bonding yield, the filler size and
concentration have to be carefully chosen.
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In the last few decades, many researchers have
studied the mechanical properties of rigid particu-
late-filled polymeric materials [5-10]. The results
show that the mechanical behavior of particulate-
filled epoxy resins results from a complex interplay
of properties of constituent phases. The principa
relevant parameters are the volume fraction of
filler, the particle size, the filler aspect ratio, the
modulus and the strength of the filler, the resin—
filler adhesion and the properties of the matrix.
However, because of the complexity in specific
materials, the influence of those parameters on the
properties of underfill materials is at present
incompletely understood. Improved understanding
of the roles of these parameters could allow
material designers to optimize the material con-
stituents and microstructure design and to enhance
material properties. The maor concern of this
paper is to study the effects of silica filler content
on the mechanical behavior of a silicafilled epoxy
resin. The results obtained in this paper will be
helpful for the optimization of the material.

2. Experimental

2.1. Specimen preparation

The slicafilled epoxy resin composites
employed in this study were supplied by Packaging
Research Center, Georgia Institute of Technology.
The samples were of the same resin matrix but
were filled with spherical silica particulate by O,
14, 21, 28, 33, and 39% filler volume fractions.
The mean diameter of silica particulate was about
4 um. The curing condition was 250°C for 40 min.
To avoid the thickness effect, efforts were made to
obtain thin, void-free sample sheets (about 0.40
mm) of uniform thickness during the process [11].
After the thin sheets were obtained, they were cut
into thin-strip specimens using adiamond saw. The
specimens were about 50 mm in length, 2.4 mm
in width, and 0.4 mm in thickness. TMA tests show
that the glass transition temperature (T,) of these
samples is about 150°C.

2.2. Mechanical test

In order to investigate the thermo-mechanical
behaviors of such small specimens, a six-axis mini
tester was developed at Wayne State University.
This tester is automatically controlled by a
microcomputer and easily operated under a Win-
dows system. The mini tester is equipped with a
chamber to heat or cool the specimen. To avoid
bending or buckling effects, appropriate techniques
were applied to ensure the specimen was clamped
and aligned well [12].

Pure tensile tests of the thin-strip specimens
were conducted on the six-axis mini-tester with
fixed strain rate of 3.125x10%/s at ambient tem-
perature, 50, 75, 100 and 115°C, respectively. Two
to six specimens were tested under each testing
condition to check the repeatability and consist-
ency of test data.

3. Results

Fig. 1(a) and (b) are stress—strain curves of these
specimens at ambient temperature and 115°C,
respectively. These figures show that the mechan-
ical behaviors of the materids are remarkably
sensitive to the slica filler contents. Fig. 1(a)
clearly shows that at room temperature, the
materials become stronger with the addition of sil-
icafiller into the epoxy matrix. However, at 115°C
(Fig. 1(b)), mechanical behaviors of materials vary
immonotonically with increasing volume fraction
of silica particulate.

Mechanical properties of the materials with dif-
ferent filler contents are compared in terms of
Y oung's modulus, yield stress and flow stress. The
Y oung's modulus is obtained from the initial slope
of the stress—strain curve. Fig. 2 shows the vari-
ation of Young's modulus of the material with sil-
ica filler content at different testing temperatures.
Generally, the addition of silicafiller in the epoxy
resin increases Young's modulus of materias.
However, it is noticeable that at 115°C, the
Y oung's modulus of the sample with 28 vol% sil-
icaisahit lower than that of the sample with 14%.

For materials without obvious yielding pointsin
their stress—strain curves, stresses at 0.2% inelastic
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Fig. 1. Stress—strain curves obtained in pure-tensile test: (a) at
ambient temperature, (b) at 115°C.
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Fig. 2. Variation of Young's modulus with silica filler con-
tent.

4371

strain, oy, are chosen to compare. Fig. 3(a) illus-
trates the variation of o, with filler content under
different testing conditions (> under some con-
ditions are not plotted because specimens break
before the inelastic strains yield 0.2%.). At lower
temperatures, o, increases with filler content
increasing in the material. However, at high tem-
peratures, the o, increases, then decreases, and
increases again, with increasing filler content. The
material with 14 or 21 vol% filler content has the
highest 6,50, while the material with 28 vol% silica
has the lowest 6,0,. Fig. 3(b) and Fig. 4 show the
variation of yield stress and flow stress of materials
at 100 and 115°C. Obviously, both the yield stress
and flow stress of materials vary in the same trend
as Oy > does under these testing conditions.
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Fig. 3. Variation of (8) op, and (b) yield stress with silica
filler content.
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Fig. 4. Variation of flow stress with silicafiller content: (a) at
100°C, (b) at 115°C.

4. Discussion
4.1. Filler content effects on Young's modulus

The effect of the volume fraction of filler on the
modulus of composites is well documented in the
literature for a wide range of matrixes and filler
materials [13-15]. Fig. 5 shows the comparison of
predicted Young's modulus with experimental
data. In Fig.5, MORI, UBD, SCM, LBD, DS,
VOIGT, REUSS stand for the predicted results by
the Mori—-Tanaka method, the Hashin—-Shtrikman
upper bound, the Self-consistent method, the
Hashin-Shtrikman lower bound, the Differentia
scheme, the Voigt estimate and the Reuss estimate,
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Fig. 5. Predicted Young's modulus vs. experimental data.

respectively. From thisfigure, it can be clearly seen
that all models can give the increasing trend of
Y oung’s modulus with filler content. However, the
error between model predictions and experimental
data changes with different models. Generally, the
Self-consistent method and the Differential scheme
can provide relatively accurate prediction results.
Normally, the effective overal moduli of par-
ticulate-filled composites are determined by the
moduli of constituent phases (particulates, matrix),
the volume fraction of particulates, the interaction
between the fillers and the matrix, as well as the
interaction between particulate fillers [14]. The
Reuss model and the Voigt model consider the
interaction between the matrix and particulates by
assuming that the stress (Reuss model) or strain
(Voigt model) of each particulate (and hence the
matrix) is equal to the applied stress or strain.
Obvioudly, this assumption is too sketchy and can-
not produce reliable predictions. With the help of
the Eshelby tensor, the Dilute distribution method,
the Hashin-Shtrikman variational principle and the
Mori-Tanaka method include the interaction
between the matrix and the embedded particulates
exactly, but fail to take into account the interaction
among particulates (which may not be negligible
for large volume fractions of fillers). Thus, these
methods only yield reasonable estimates of effec-
tive moduli when the volume fraction of particu-
lates is relatively small. The Differential scheme
assumes that the fillers are added into the matrix
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gradually, with an infinitesimally small increment.
The Dilute distribution assumption is used to
obtain the new overall moduli. This processis con-
tinued until the final volume fraction of particulates
is obtained. The Self-consistent method embeds the
fillers in afictitious unbounded homogeneous solid
which has the as yet unknown overall properties,
instead of those of the matrix. Therefore, in the
Differential scheme and the Self-consistent
method, the interaction of particles is included in
some sense. In this study, these two methods pro-
vide more accurate predictions compared with
other methods.

4.2. Filler content effects on yield stress and
flow stress

The filler content effects on the plastic behavior
of composites have been studied for many years.
However, because of the complexity of the yield-
ing mechanism of polymeric materials and the
interaction between constituent phases, there is no
widely applicable model for the prediction of plas-
tic behavior of composites. Generally, the mechan-
ical performance of reinforced plastic depends on
the filler, the matrix, as well as the nature of the
interface region. When particulate filler is added
into the epoxy matrix, the interface region is for-
med as a result of the bonding between filler and
matrix. The interface region may be a diffusion
zone, a nucleation zone, a chemical reaction zone,
and so forth, or any combination of the above.
Since the mechanical property of the interface
region may be different from that of the matrix,
the formation of the interface region will affect the
bulk properties of the composite. Alternatively, the
addition of rigid particulates will incur stress-con-
centration or damage in the matrix, which has a
weakening effect on the composite's properties.
The mechanical effect produced by filling-in rigid
particles is dependent on the combining results
incurred by the above two facts. In the next few
paragraphs, we will examine these effects caused
by the addition of filler into the matrix.

4.2.1. Interface properties characterization
Although it is very difficult to properly represent
the interface region quantitatively in theoretical

models, modern instruments do provide methods
for us to get information about the existence and
properties of the interface region.

The interfacial bonding conditions of these
materials were investigated by the fractograph
analysis method. The specimens were dipped into
liquid nitrogen and then broken so that the fracture
surface could be examined using SEM. Typica
micrographs of the fracture surfaces are shown in
Fig. 6. Although the fracture surfaces get rougher
with increasing silica filler in the materias (Fig.
6), there was no evidence of any form of inelastic
deformation in the fracture surface. This indicates
that the matrix is very brittle at very low tempera-
tures. In addition, there is no evidence of particle—
matrix debonding in all the figures, which suggests
that the silica particles are well bonded to the
matrix and the broken was matrix dominated.

As a comparison, the fracture surfaces of speci-
mens at 115°C were examined using SEM. Fig. 7
depicts the micrographs at 115°C. In this figure,
the matrix near the silica particles is obviously
stretched, showing that the matrix is very ductile at
115°C. In addition, all bare particles on the fracture
surfaces are covered by athin layer of matrix. This
indicates that in the process of crack propagation,
the particulate cannot be separated from the matrix,
thus the crack has to “climb over” these particles,
which supports the foregoing conclusion of strong
interfacial bonding.

The mechanical properties of interface region
were tested with Nano Indenter Il made by MTS
Instrument. A detailed description of the instru-
ment is available elsewhere (www.mts.com/nano).
(a)14% filler

ey

Fig. 6. Typica micrographs of the fracture surfaces at low
temperature.
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(a)14% filler

(b) 38% filler

Fig. 7. Typical micrographs of the fracture surfaces are shown
at 115°C.

The test was conducted on specimens with 14 and
38 vol% filler content. The indentation depth and
the distance between adjacent indentations were set
at 500 nm and 3.75 um. After the test, the hard-
ness—depth curves were obtained. Generaly, the
hardness—depth curves fall into three categories
(Fig. 8). As shown in Fig. 8, there are three hard-
ness plateaus (7.44, 1.82, 0.4GPa) in these curves.
After comparing the hardness values with data
obtained in other tests [16], it can be concluded
that the hardness values of silica filler and epoxy
resin are about 7 and 0.4 GPa, respectively. As a
result, we deduce the hardness of the interface
region is about 1.82 GPa, falling between those of
the epoxy matrix and the silica filler.

The SEM observation and Nano-Indenter test

8 1 1 1 1 1

i, hardness of silica
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Fig. 8. Three typical hardness-depth curves.

show that the interface regions are stronger than
the matrix. Therefore, the deformation of the
matrix surrounding the particles will be con-
strained by fillers, which has a strengthening effect
on the composite’s bulk properties. The more filler
added into the matrix, the more interface region is
formed in the material; as a result, the stronger the
composite will be. Therefore, considering only the
strengthening effect of the interface region, the
relationship between the yield stress and the vol-
ume fraction of filler is schematically plotted as
curve A in Fig. 9.

4.2.2. Sress field analysis

Micromechanical methods, such as the Eshelby
Effective Inclusion Method (EIM) [13], have been
applied with great success to the stress and strain
field analysis of inhomogeneous materials. In this
paper, the Eshelby EIM is used to analyse the
stresg/strain field in a specimen under pure ten-
sile loading.

Consider an infinitely extended material with the
elastic moduli C containing ellipsoidal inclusions
with the elastic moduli Cl;,y. With the Eshelby EIM
and Mori—Tanaka theory, the equivalent inclusion
equation and stress equilibrium equation can be
given as [13]:

Clia(ef + & + SamEim) = Clulel + & 1)
+ S(Imngr{:’n_sr?n)
Clugnw + fFCO(SameEm—eia) = 0 @)

6 L 1 L 1 1 1
| A: Interface Effect

B: Stress-concentration effect A
C: Interface + Stress-concentration [P

0.0 0.1 02 0.3 0.4
Volume Fraction of Particulates

Fig. 9. Predicted yield stress vs. the volume fraction of filler.
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where f is the volume fraction of inclusions, € is
the average strain disturbance in the matrix caused
by the addition of inclusions, x is the eigenstrain,
and Sis the Eshelby tensor.

The stresses in the inclusions of; and matrix
ol' are obtained as:

ol = Clu(ed + &4 + Sum€imn) = CluleR 3
+ Ekl + S(Irmgr’;ln_e:;m)

N
o' = Clu(eR + E Diu(¥)em) 4)
g=1
where Df is extended Eshelby tensor.

It is assumed that the spherical silica particulates
are uniformly distributed in the specimen, thus, the
stress and strain distribution in the specimen can
be represented by the model shown in Fig. 10. The
model is loaded uniaxialy along x, direction. In
order to investigate the effect of particle concen-
tration on the stress field, different values of &/l are
used, where a is the radius of thefiller, and | is the
distance between the nearest particles. The volume
fraction of particles can be calculated from:

4rrad
f= 33 ®)

Since the stress disturbance in the matrix caused
by particles decreases significantly with the par-
ticle spacing increasing, disturbance from particu-
lates within a distance less than 10a are considered
in the calculation. In order to take the effect of
temperature into consideration, the ratio of
Young's modulus of matrix and particulates,
E,/En, is assumed to be 10, 20, 30, 40 and 50.
The Poisson ratio of matrix and particulates is

A Xy

Fig. 10. Computational model for stress field analysis.

assumed to be 0.38 and 0.16, respectively. The
stress distribution around particles was abtained
from Egs. (1)-(5).

Fig. 11 shows for the assumed E,/E,, studied,
the variation of maximum stress ¢, in the matrix
with particulate concentration. It is demonstrated
that adding particulates into the matrix will cause
stress concentration in the material and the
maximum stress in the matrix differs with the par-
ticulate concentration. However, more particulate
filling does not aways result in higher maximum
stress in the matrix. The maximum stress in the
matrix varies immonotonically with filler content.
The material with 25-30 vol% filler undergoes the
highest stress in the matrix. Based on the calcu-
lation, the variation of silica filler content not only
leads to different maximum stress in the matrix,
but also to the variation of the matrix volume
which undergoes higher stress. For materials with
different filler content (E,/E,, = 30), the fractions
of the matrix volume undergoing higher stress are
compared, as shown in Fig. 12. Obvioudly, for
material with 20-30 vol% filler, more area of
matrix undergoes higher stress compared to
materials with other filler contents.

If maximum stress is one of the major reasons
for the materia’s yielding, the stress analysis
results show that the filler content affects the yield
and plastic behavior immonotonically. Therefore,
the weakening effect caused by the stress concen-

Max 0]1/00 on Polar Axis

1.8

T T T T T T T T T T T

— :
10 15 20 25 30 35 40 45 50
Volume Fraction of Particles(%)

Fig. 11. Variation of maximum stress oy, in the matrix with
particulate concentration.
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tration gives arelationship between the yield stress
and the volume fraction of the filler, schematically
plotted as curve B in Fig. 9.

Considering both the weakening effect caused
by the stress concentration and the strengthening
effect caused by the interface region, we can sketch
curve C in Fig. 9, which qualitatively agrees with
experimental data at elevated temperatures.

5. Conclusions

1. The addition of silica particulates into epoxy
resin can remarkably alter the material’s mech-
anical properties. The materia properties
(Young's modulus, yield stress, etc.) increase
with the increasing filler content at low tempera-
tures. However, at elevated temperatures, the
material properties (e.g. yield stress, flow stress,
etc.) vary immonotonically with particulate vol-
ume fraction.

2. The Nano-indentation test results suggest that
an interface region, stronger than the matrix, is
formed in the materials. The formation of a
stronger interface region has positive effects on
the yield strengths.

3. The addition of particles to the matrix produces
alarge disturbance of stress distribution, leading
to stress concentration in the matrix. The calcu-

lation demonstrates that the maximum stress in
samples varies immonotonically with particulate
concentration. The stress concentration has
negative effects on the yield strengths of
materials.

4. The immonctonic variation of mechanica
behavior of materials may be rooted in the con-
tradictory effects of the interface region and the
stress concentration caused by particulate
addition.
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