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Abstract—Particle-filled polymers are widely used in electronic
industries. From microscale view, cure-induced residual stress can
be generated not only by the external constraints but also by the
constraint effect among the particles. In this paper, a three-dimen-
sional micromechanical finite element method (FEM) model has
been setup for a silica particle filled epoxy. In the micromechanical
model, the epoxy matrix is modeled with a previously developed
cure-dependent viscoelastic constitutive model, whereas the silica
particles are modeled as elastic with high stiffness. Cure shrinkage
is applied to the matrix as an initial strain for each time increment.
The cure-dependent viscoelastic properties were obtained from
shear and tension-compression dynamical mechanical analysis
measurements. Cure shrinkage and reaction kinetics were charac-
terized with online density measurement and differential scanning
calorimeter measurements, respectively. In order to simulate a
partly constrained object, the micromechanical model is coupled
with a macromodel FEM analysis. The displacements from the
macromodel are used as boundary conditions for the micromodel.
The effect of external constraints on the generation of the micro
stresses is studied by using the boundary conditions related to
different external constrained states.

Index Terms—Cure-induced stress, curing process, microme-
chanical modeling, particle-filled composite, viscoelasticity.

I. INTRODUCTION

THERMOSETTING polymers are widely used in electronic
industries, for instance, as adhesives, underfills, and encap-

sulants. They are usually highly filled with particles to decrease
the coefficient of thermal expansion (CTE) and increase the mod-
ulus to meet the specific requirements for electronic packaging.
As one of the major packaging processes, the curing process
will introduce residual stress if the polymerization shrinkage is
(partly) constrained. For a highly filled thermosetting polymer,
from microscale view, residual stress may be generated during
the curing process not only by the external constraints but also
by the constraint effect among the particles. If the stress is high
enough to exceed the cohesive strength of the matrix or the
adhesion strength of the particle and the matrix, (micro) damage
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in the matrix or debonding in the particle/matrix interface will be
initiated. Therefore, in order to investigate the root cause of the
failure issues in packaging polymers, it is necessary to get insight
of stress buildup and evolution in curing polymers at microscale.
Many researchers have used micromechanical models to study
the mechanical behavior of metal matrix composites (MMC)
and the generation of residual stresses in MMC [1]–[3]. This
methodology has been applied to polymer-based composites
[4]–[6]. Recently, Chen et al. [6] used a three-dimensional (3-D)
micromechanical model to investigate the evolution of residual
stresses in a glass fiber/epoxy cross-ply laminate. How-
ever, to the bestof the authors’ knowledge, so far no finiteelement
modeling (FEM) microscale results on the cure-induced stress of
a particle-filled polymer have been presented.

There are a few difficulties concerning the microscale simula-
tion of cure-induced stresses in a particle-filled polymer. First of
all, it is a challenging task to establish proper models to describe
the material property development in the matrix resin during
the curing process. The curing process is not only a physical
process, but also a chemical process. During the curing process,
the thermosetting polymer transforms from a liquid state into
a viscoelastic solid, accompanied with crosslinking shrinkage.
So far, no well developed model for curing process is available.
Second, it is very difficult to characterize experimentally the
material parameters by current technology because of ongoing
change of the properties during cure. Third, proper boundary
conditions should be incorporated in the simulation to model the
effect of the external constrained state on the microscale stresses.

In this paper, as a first attempt to model the microscale cure-
induced stresses in the particle-filled polymer, first, a previ-
ously developed cure-dependent viscoelastic constitutive model
[7], [8] is discussed and extended to take into account the tem-
perature effect. A model based on scaling analysis is adopted
to describe the evolution of the equilibrium modulus. In Sec-
tion III, the experimental characterization of the viscoelastic
behavior, the cure shrinkage, and the reaction kinetics is pre-
sented in detail. Then, in Section IV, a (3-D) micromechanical
FEM model has been set up for a silica particle-filled epoxy.
The viscoelastic model for the resin matrix is implemented in a
FE code. A macromodel FEM analysis is carried out to simu-
late the stress and strain evolution in a disk shaped specimen of
the filled epoxy, which could be considered to be in a nearly 3-D
constrained state at the middle part. The displacements from the
macromodel are used as the boundary conditions for the micro-
model. The effect of external constraints on the generation of
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the micro stresses is studied by using the boundary conditions
related to different external constrained states.

II. MATERIAL MODELS FOR MATRIX RESIN DURING CURE

A. Viscoelastic Model

A cure-dependent model was proposed to describe the evo-
lution of the viscoelastic behavior of thermosetting polymers
during the curing process [7], [8]. It was applied for study on
the curing-induced stress of the underfill resin in a flip chip
package and its effect on the reliability issues [9], [10]. Though
our previous effort has led to qualitatively reasonable results
being verified by experiments, it is limited to a relatively low
curing rate, because of the limitation of dynamical mechanical
analysis (DMA) method for continuing cure. In this paper, the
model is extended by incorporating a rubbery model to describe
the equilibrium moduli and by considering the temperature ef-
fect. In a stress relaxation form, the constitutive relation can be
written as a cure-dependent hereditary integral form

(1)

where
stresses;
stress relaxation functions;
current time;
curing time or loading time;
the curing temperature or loading temperature;
degree of conversion;
strains;
initial strains, including thermal and curing shrinkage
strain, etc.

It should be mentioned that , the relaxation moduli, are
supposed to be cure and temperature dependent. The key issue
is how to establish the relaxation functions.

If the material is assumed to be isotropic, the relaxation
moduli can be decomposed into two independent parts,
i.e., the shear relaxation modulus and the bulk relaxation
modulus

(2)

where and are the volumetric and deviatoric (con-
stant) coefficient matrices, with

(3)

(4)

The generalized Maxwell model with a limited number of el-
ements (Prony series) is used for approximating the shear and
bulk relaxation moduli functions, because it is convenient and
effective for numerical implementation and it is flexible to ex-
pand as needed. The bulk and shear moduli have the following
form:

(5)

and

(6)

where and are the th stiffness coefficients,
and is the th relation time. and are
the shear and bulk moduli for infinitely large relaxation times,
which actually represent the evolution of the “rubbery” shear
and bulk moduli with the degree of conversion. Due to the on-
going cure, direct measurement of and
with high accuracy by using current technology is very hard.
Based on scaling analysis, Adolf et al. [11] presented a model
to describe the evolution of the equilibrium shear modulus

(7)

where and are the extent of reaction at curing time
and at the gel point, respectively. is the rubbery shear mod-
ulus at fully cured state ( 1.0). We assumed that the equilib-
rium bulk modulus has a similar dependence on the degree of
conversion

(8)

where and are the bulk moduli in the liquid state and at
the fully cured state, respectively.

A generalized Vogel equation [12] is used to describe the tem-
perature effect on the relaxation times. Assuming that all relax-
ation times be shifted in the same way, the shift factor is ex-
pressed as

(9)

where is a constant.
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B. Cure Kinetics Models

In order to model the evolution of the cure-dependent vis-
coelastic properties, we need to know the cure kinetics. The dif-
ferential scanning calorimeter (DSC) has been widely used to
obtain the curing process parameters, such as the degree and rate
of chemical conversion, glass transition temperature . The
degree of conversion is commonly determined from the residual
heat of reaction of the partially cured resin measured by
DSC, as

(10)

where is the total heat of reaction associated with the fully
cured resin.

When the conversion reaches a high level, a quantitative mea-
surement of the residual heat is very difficult due to the small
exotherm. In that case, measuring is a more sensitive way to
determine the degree of conversion. It is well accepted that for
many thermosetting polymers there is a unique relationship be-
tween and the degree of conversion. The modified empirical
DeBenedetto equation is used to describe such a relationship, as

(11)

where is the glass transition temperature of the material
without cure, is the glass transition temperature at fully
cure state , and is a material constant.

An autocatalytic model, proposed by Kamal and Sourour
[13], is used to model the cure kinetics

(12)

where and represent the reaction orders, is the reaction
rate constant following an Arrhenius temperature dependence:

(13)

where is a constant, the activation energy, the gas con-
stant, and the absolute temperature.

To consider the diffusion effect, a diffusion factor, which is
based on free-volume theory, is given as [14]

(14)

in which is a material constant and is the critical conver-
sion depending on the curing temperature. The effective reaction
rate at any conversion is considered to be equal to the chemical
reaction rate [see (12)] multiplied by .

III. EXPERIMENTAL METHODOLOGY AND RESULTS

A. Materials and Sample Preparation

The epoxy resin used as matrix material in this study was no-
volac epoxy (EPN 1180) from Vantico, Ltd., with an equivalent
weight of epoxy groups equal to 175–182 g/eq. Bisphenol-A
was used as hardener, which has an equivalent epoxy weight of

Fig. 1. Shear storage modulus measured from DMA under 120 C isothermal
curing.

Fig. 2. Shear loss modulus measured from DMA under 120 C isothermal
curing.

46 g/eq, and triphenylphosphine (TPP) as a catalyst. The no-
volac epoxy and the hardener were mixed in a stoichiometric
ratio of 1:1. The catalyst ratio is 0.5 g TPP per 100 g epoxy.
Fused silica spheres (FB-940), from Denka Co., were used as
filler. The filler has a median diameter of 15 m, with a density
of 2.20 g/cm .

Epoxy resin and hardener were well mixed at 150 C and
then cooled down to 85 C, and the catalyst was added and fully
stirred. Afterwards, the mixture was degassed at 75 C for about
20 min. Then, the mixture was immediately cooled down and
stored in a refrigerator at 15 C. Later it was used for test
samples or as matrix resin of the particle-filled composite.

To make a particle-filled composite, a certain amount of filler
was added to the matrix resin, and they were well mixed in a spe-
cial mixer (Kenwood, K-beater). 40%, 50%, and 65 wt% filler
were used for this study.

B. DMA Measurements

DMA was used to determine the cure-dependent parameters,
i.e., the cure-dependent stiffness coefficients and in
(3) and (4). Sandwich shear DMA tests and axial tension-com-
pression DMA tests were performed by using a Metravib
Viscoanalyzer VA4000, under isothermal curing conditions.
Four groups of frequencies were used, such as: 0.005 Hz,
0.1–0.5 Hz, 0.5–20 Hz, and 20–80 Hz. In the last three groups,
several logarithmically spaced frequencies were applied. Figs. 1
and 2 present the shear storage and loss moduli measured from
DMA under 120 C isothermal curing.
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TABLE I
RELAXATION TIMES USED IN (5) AND (6)

Fig. 3. Relationship between T and the degree of conversion as measured
from DSC. The fit of the DeBenedetto equation [see (11)] is shown in the solid
line.

Thirteen Prony terms were used, in which the relaxation
times were chosen such that they are logarithmically equally
spaced, as shown in Table I. The relaxation time was set to
be infinite, thus creating a time independent contribution. The
measured storage modulus and loss modulus were fitted
to (15) and (16) to obtain the stiffness coefficients at each
cure state

(15)

(16)

In the previous equations, is the radian frequency.
The axial tension-compression DMA was done and the data

was treated in a similar way to obtain .

C. DSC Analysis

The DSC measurements were performed in a DSC2920
Differential Scanning Calorimeter of TA Instruments. Both
isothermal and dynamic heating conditions were used. For
dynamic cure, the samples were heated at six different rates
as 0.5, 1, 2, 5, 10, and 20 C . For isothermal cure, the
samples were cured under a prescribed temperature for different
time, cooled quickly to 40 C, and scanned at a heating rate
of 10 C to 300 C.

Fig. 3 shows the relationship between and conversion from
DSC. The of the uncured sample is determined by
measuring the of the mixed resin without adding catalyst.

Fig. 4. Dynamic DSC thermograms of the matrix epoxy from scanning with
the different heating rates.

Fig. 5. Degree of conversion versus temperature.

TABLE II
KINETICS PARAMETERS OF EPOXY MATRIX

The other measured data is acquired from isothermal curing and
subsequent heat scanning. The continuous line is obtained by
fitting to the DeBenedetto equation [see (11)], with parameters
as C, C, and .

Fig. 4 shows the DSC thermograms for dynamic cure at dif-
ferent heating rates. The degree of conversion with tempera-
ture can be calculated from the dynamic cure and is shown in
Fig. 5. The data is fitted to (12) and the kinetics parameters are
listed in Table II. Fig. 6 presents the degree of conversion versus
the curing time for 120 C isothermal cure. A reasonably good
agreement can be seen. It should be mentioned that the diffusion
effect has not been included yet .

D. Curing Shrinkage Measurement

The chemical shrinkage of the polymer during the curing
process was measured with an online density measuring setup
based on the Archimedes principle. The uncured sample was
well weighted and hold in a teflon cup. Then the cup and the
sample were put into silicon oil, which has been kept at the de-
sired temperature. The evolution of the sample’s density was
obtained by measuring the weight change. Fig. 7 shows the den-
sity variation for a 6-h cure at 120 C. Fig. 8 presents the density



680 IEEE TRANSACTIONS ON COMPONENTS AND PACKAGING TECHNOLOGIES, VOL. 27, NO. 4, DECEMBER 2004

Fig. 6. Degree of conversion versus time at 120 C curing. The solid line is
calculated from (12).

Fig. 7. Density evolution during isothermal cure at 120 C.

Fig. 8. Density evolution versus conversion during cure at 120 C.

change with the conversion. It turns out to be linear and with a
total volume shrinkage of 4.1%.

IV. MICROMECHANICAL MODELING

A. Implementation of the Material Model Into FE Code

The cure-dependent viscoelastic model described in Sec-
tion II has been implemented in a commercial finite element
code MSC Marc. In Marc, a general hereditary integral form
of viscoelastic constitutive relation is already built in the pro-
gram [15]. For our case, we have designed user subroutines
to incorporate the cure-dependent properties into the standard
program. The main functions and features of these subroutines
are as follows.

Fig. 9. FE mesh of the micromechanical model.

1) The cure-dependent equilibrium moduli and relaxation
modulus functions are calculated, and the stiffness ma-
trices are reassembled.

2) Thermal strain and the cure shrinkage strain are intro-
duced as initial strain at the beginning of each increment.

3) The temperature effect is realized by a time shift factor.

B. Geometrical Model and Boundary Conditions

A (3-D) FE model is built for the filled polymer. In a par-
ticle-filled composite, the actual distribution of the particle in
the matrix is random. For simplicity reasons, micromechanical
models usually assume a periodic arrangement of fillers, from
which a representative volume element (RVE) or unit cell can be
established. There are many publications which have discussed
the establishment of RVE for particle-filled composites (for ex-
ample [16] and [17]). In [18], an extensive investigation on how
to apply correct boundary conditions for RVE was presented.
In this study, we assume the spherical silica particles to be dis-
tributed in a cubic array. Due to the symmetry, only one-eighth
of the cubic structure is needed for analysis. Three filler weight
percentages were used to make the composite, i.e., 40%, 50%,
and 65%, which correspond to filler volume fractions approxi-
mately as 27%, 35%, and 50%, respectively.

Fig. 9 shows the FE mesh of the unit cell. Perfect bonding is
assumed between the interface of the filler and matrix. The silica
filler is assumed to be elastic, with Young’s modulus 778 GPa
and Poisson ratio 0.18. The property of the matrix resin is de-
scribed by the above cure-dependent viscoelastic model.

As for the boundary conditions, symmetric conditions are ap-
plied on the boundary surfaces , , and , i.e.,

(17)

(18)

(19)

On the surface , , and of the FE
model, boundary conditions are applied by the option “Tying”
in MARC, such that each of these plane surfaces remains plane
during deformation, but is free to displace in its own plane.
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Fig. 10. Evolution of the maximum tensile stresses during cure (filler
percentage: 50 wt%).

Fig. 11. Contour plot of stress distribution at the end of curing in free cured
state (filler percentage: 50 wt%).

In order to study the effect of external constraint on the stress
buildup during the curing process, three methods are used to
apply prescribed displacements in the directions , , and on
the corresponding surfaces , , and , re-
spectively. They are as follows.

1) Totally free. This boundary condition corresponds to the
situation of being cured freely, without any or with negli-
gible geometrical constraint on the material.

2) Completely constrained in these directions. Such a con-
dition represents the situation of being cured under fully
constrained state. This is an extreme situation.

3) The displacements calculated from macromodels are
applied as their respective boundary conditions. In the
macromodels, a disk shaped specimen and a QFP package
with the 65% filled epoxy as encapsulant are shown as
demonstrators.

C. Results and Discussion

Fig. 10 shows the evolution of the maximum tensile stress
in the matrix during the whole curing process for free cure and
fully constrained cure (filler percentage 50 wt%). At the end of
cure, the maximum tensile stresses are 12.26 and 53.28 MPa
for the free and constrained cure conditions, respectively. Note

Fig. 12. Contour plot of stress at the end of curing: (a) free cure and (b)
completely constrained cure. The filler percentage is 50 wt%).

that for free cure a macromodel should give zero stress in the
material. It can also be seen that the stress level strongly depends
on the constraint situation by external materials.

Fig. 11 shows the stress distribution in the whole unit cell at
the end of cure at a free cured state. Fig. 12(a) and (b) present
the stress component at the end of curing in the freely cured,
and completely constrained cured states. It can be seen that
micromechanical modeling can give a detailed description of
the microscopic stresses and strains induced during the curing
process. Further study on the effect of the filler volume fraction
and external constraint state from specified electronic packages
is under way.

V. CONCLUSION

As a first attempt to investigate the evolution of the curing
process induced stresses in a silica particle-filled polymer, a
(3-D) micromechanical FEM model has been built. In the mi-
cromechanical model, the epoxy matrix is modeled with a devel-
oped cure-dependent viscoelastic constitutive model. A combi-
national approach of DMA and DSC is used to characterize the
cure-dependent parameters.
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The experimental results show that the combination of DMA
and DSC is an effective way for the characterization of the cure-
dependent parameters. The simulation results indicate that the
constraint situation used for the boundary condition has a strong
influence on the cure-induced stress level. From the microme-
chanical modeling for the free cure condition, the cure-induced
maximum tensile stress is about 12 Mpa, whereas a macromodel
should give zero stress in the material. Micromechanical mod-
eling can give a detailed description of the microscopic stresses
and strains induced during the curing process. Further research
on the effect of the filler volume fraction is needed.
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