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Abstract

A hybrid finite element/finite difference method is
employed to solve the temperature and pressure fields of an
injection-compression molding process using a non-
isothermal compressible flow model. The process
simulation is coupled with a thermal viscoelastic material
model to predict residual stress, warpage, and birefringence.
A finite element analysis is formulated using axisymmetric
plate elements to simulate the thermal stress and warpage.
Flow and thermally induced birefringence is calculated by
applying the stress-optical rule to the predicted residual
stress. Experimental validation of injection-compression
molded CD-R substrates shows that the simulation well
predicts the process and part qualities under various
processing conditions.

Introduction

Injection-compression molding is widely used in
manufacturing of high capacity storage optical media, such
as compact discs (CDs) and digital video discs (DVDs),
using optical grade polycarbonate. This paper is focused on
the process and quality simulation of a coining type of
injection-compression molding. In this process, the
thickness of the mold cavity is set to be slightly less than
the nominal thickness of the part initially. During both the
filling and packing stages, a balance is always maintained
between the force exerted by the cavity pressure and the
clamp tonnage. Depending on the growth and decline of the
two forces, the mold halves may be blown open or closed.
This continuous mold opening and closing, often referred to
as “mold breathing”, is distinctive from injection molding,
and improves the mold filling and the replication of grooves
or pits at the surface of the discs, as well as reduces the
packing pressure, residual stress, and birefringence in the
part.

The residual stress in the molded parts is a critical
quality, since it causes warpage and birefringence, which
greatly reduces the dimensional stability and the signal to
noise ratio in the player. It is desirable to develop a
computer simulation of the coining process that predicts the
residual stress, warpage and birefringence. Such a
simulation can not only provide vital insights into various
causes of the mechanical and optical properties, but also
provide valuable assistance in material and process

development to reduce the warpage and birefringence
during mass production.

Process Simulation

The numerical methods originated by Chiang et al [1]
for the simulation of injection molding are extended to the
injection-compression molding. The modeling of the flow
in the sprue follows directly from Chiang et al [1]. The disc
is treated as one-dimensional geometry, and the disc
elements are formulated as strips with incremental width so
that the governing equations for channel flow can be used
for modeling disc geometries, which compares well to the
formulation in cylindrical coordinates for an element length
on the order of the thickness. The continuity, momentum,
and energy equations are:
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where ρ is density, x and z, u and w are the flow and
gapwise directions and velocities, η is the viscosity, P is the
pressure, T is the temperature, γ& is the shear rate, Cp and k
are the specific heat and thermal conductivity of the
polymer respectively.

The boundary conditions are:
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Integrating Eq 2 twice over the gapwise direction with
the aid of the boundary condition and substituting the
resultant velocity into Eq 1 yields:
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ρ , dtdhh /=& is the mold

closing or opening speed, and
hρ is the density of the

polymer at the moving mold wall.
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Galerkin’s method is employed to solve Eq 4 to obtain
the pressure field. The temperature field is obtained by
solving the energy equation using a finite difference
method.

Warpage Prediction

The thermal stress is modeled following the
methodology originated by F. P. T. Baaijens [2]:

dhp σIσ +−= (5)
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where σd, and d
ε& are the deviatoric stress and strain rate

tensors; gi and θi are the shear moduli and the
corresponding relaxation times which are determined by
dynamic mechanical measurement, and m is the number of
modes; T is the temperature; ph is the hydrostatic pressure
and I is the unit tensor. The temperature dependent thermal
volume expansion coefficient, α, and the isothermal
compressibility coefficient, κ, in the expression of

hydrostatic pressure are defined as
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After demolding, the thermal stress and warpage of the
disc are modeled by a finite element analysis (FEA) to
estimate the post-molding deformation. The elements
chosen are 2-noded 1-D axisymmetric thin plate elements
discretized along the radial direction. Each node has 3
degrees of freedom:

[ ]Twu ϕ=D

corresponding to radial and vertical displacement as well as
rotation to consider both in-plane and out of plane
displacements [3]. The main assumptions of the finite
element analysis are:
1. Based on the classical Kirchhoff thin plate theory, there is

no transverse shear deformation.
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r

)(
)( =ϕ is the

rotation, )(ru and )(rw are the radial and vertical
displacements of the mid-plane of the disc.

3. )()( rwrw = , which means the vertical displacement does
not vary through the thickness.

The set of linear equations to be solved can be written
as:

RDK =∆ (6)

where K is the global stiffness matrix, ∆D is the
displacement increment vector to be solved, and R is the
right-hand side vector.

The element stiffness matrices can be written as:
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rigidity matrix defined in stress-strain relationship [2]
hεHσ +∆= to be determined by the viscoelastic relaxation

data, and h is a history vector, h is the thickness of the disc,

and 1r and 2r are the radii of the two nodes respectively.
The element right-hand side vector can be written as:
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where N is the shape function vector, f is the body force
vector.

Birefringence Prediction

Flow induced birefringence is caused by the shear
induced molecular orientation developed during the filling
and packing stages, and can be frozen in the solidified
layers during the cooling of the polymer melt. The
following nonlinear viscoelastic constitutive equation is
employed for the modeling of the flow induced stress [4, 5]:
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where M(ξ(t)-ξ(τ)) is the memory function defined as:
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where G(ξ(t)) is the relaxation modulus, h(I1, I2) is the
damping function, )(1 τ−

tC is the Finger strain tensor, and I1,

I2, and I3 are its three invariants. The damping function
proposed by Wagner et al [4] is adopted in the current
study:
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where m*, n1, n2 are material dependent coefficients.
Applying the empirical Cox-Merz rule [6], these
coefficients are obtained by fitting the complex viscosity
from dynamic mechanical test with the following equation:
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A modified stress-optical rule [7] is applied to calculate the
birefringence once the flow induced stress and normal
stress differences are obtained:
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where C is a temperature dependent coefficient which is
characterized by dynamic stress-optical measurement, nd is
the birefringence, σd is the deviatoric stress, and τ is time.
The time-temperature superposition holds for the stress-
optical coefficient.

The thermally induced birefringence is caused by the
thermal stress in the molded parts, which results from the
rapid cooling process coupled with the viscoelastic
properties of the polymer. The thermally induced vertical
birefringence is calculated by:
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where σr and σθ are the residual radial and hoop stresses in
the part, and tg is the time when the temperature polymer at
that material point just falls below Tg. The thermally
induced in-plane birefringence arises only from the stress
difference caused by the warpage of the disc due to
asymmetric cooling. The classic stress-optical rule is
applied to calculated the in-plane cooling birefringence in
the glassy state:

)( θθθ σσ −=−=∆ rgrr Cnnn (11)

Results and Discussion

The effects of mold and melt temperatures on mold
displacement, warpage, and birefringence are studied.
Unless otherwise specified, each condition under
investigation is varied as low, median and high values with
other processing conditions set to the median values. The
low, median, high mold and melt temperatures are 100oC,
107oC, 114oC, and 300oC, 310oC, 320oC respectively. The
initial mold cavity thickness is set to be 1.15 mm before
molding. The experimental and simulated mold
displacement curves under different mold and melt
temperatures are shown in Fig. 1 and Fig. 2 respectively. As
is shown by the figures, the general magnitude of the
simulated mold displacement compares with the
experiments.

With respect to birefringence, the experimental and
simulated path differences as a function of radius for mold
temperatures of 100oC and 114oC with melt temperatures of
300oC and 320oC are shown in Fig. 3. The path difference
of the incident laser beam Γz is a direct measurement of the

in-plane birefringence, and is the integration of the in-plane
birefringence over the thickness of the disc:
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As the mold or mold temperature increases, the in-plane
birefringence decreases significantly due to increased stress
relaxation at higher temperature.

The experimental and simulated warpage under low
and high mold and melt temperatures are shown in Fig. 5
and Fig. 6 respectively, with the warpage under median
temperatures shown in Fig. 4. It can be seen from the
figures that compared with melt temperature, mold
temperature has a much greater effect on warpage. It is also
interesting to note that gravity play a significant role in the
warpage development. As shown in Fig. 7 for the warpage
of a DOE run, the result from the simulation including the
gravity effect is much closer to the experimental data.

Conclusions

The hybrid finite element/finite difference method
originated by Chiang et al [1] to solve the temperature and
pressure fields of a non-isothermal compressible flow for
the simulation of injection molding is extensible to
injection-compression molding. While the mold and melt
temperature have similar effects on birefringence, the mold
temperature has a much greater effect on the magnitude of
warpage. For the optical grade polycarbonate considered,
the thermally induced birefringence caused by the warpage
of the disc is significant, the neglect of which will cause
significant prediction errors. Since warpage in injection and
injection-compression molded parts is almost always
present, much attention should be paid to the influence of
the warpage when performing simulation and validation of
birefringence.

With an improved understanding of the process and
quality dynamics, it is possible to produce optical media
with greater data density and bonded layers.
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Fig. 1 Mold displacement at different mold
temperatures: (a) experiment (b) simulation.
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Fig. 2 Mold displacement at different melt temperatures:
(a) experiment (b) simulation
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(c)
Fig. 3 Path difference as a function of radial location:
experiment vs. simulation. (a) Tmelt=300oC and
Tmold=100oC. (b) Same as (a) except for Tmold=114oC. (c)
Same as (a) except for Tmelt=320oC.
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Fig. 4 Warpage of a disc under median processing
condition. The error bars are the 95% confidence
intervals for the measured warpage.
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Fig. 5 Warpage of discs at different mold temperatures:
(a) Tmold=100oC (b) Tmold=114oC. The error bars are the
95% confidence intervals of the measured warpage.
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Fig. 6 Warpage of discs at different melt temperatures:
(a) Tmelt=300oC (b) Tmelt=320oC. The error bars are the
95% confidence intervals of the measured warpage.
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Fig. 7 Comparison of measured warpage and simulated
warpage with and without gravity effect.
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