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This study uses two numerical approaches to analyze the filling behavior of micro
patterns on micro-injection molding for V-grooves pattern which cannot be
simulated with conventional CAE packages. The parametric studies have been
performed to examine the fidelity of micro patterns with respect to temperature,
pressure, inlet velocity and pattern location on the mold according to the
boundary condition from the macro pressure and velocity data which can be
obtained by conventional CAE packages. Through these numerical approaches,
the filling behavior of polymer melt in micro patterns can be understood, the
quality of replication can be predicted, and the V-groove pattern can be shaped

Filling behavior

V-groove

uniformly during the process of injection molding.

1. Introduction

The polymer products have many potential applications in
modern component industry where IT, BT and NT rise up as
a new leading technology. Especially, the new approach of
injection molding is proposed to manufacture the micro
features on the large surface, instead of conventional micro
patterning method such as photo—lithography“’z]. Through the
Injection molding process, the micro polymer patterning
process with high efficiency and low cost can be realized.
However, the conventional CAE packages such as C-Mold
and MoldFlow are based on a generalized hele-shaw (GHS)
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model in which xy-dimensional elements are used to represent
the three-dimensional geometry neglecting the inertia and the
gap-wise velocity component for polymer melt flow in the
thin plate™. Due to these limits of GHS model, the filling
behavior of micro pattern can not be predicted. Therefore, a
set of the governing equations which is composed of the
conservation of mass, momentum, energy and corresponding
constitutive equations should be solved simultaneously to
consider such out-of-plane phenomena when molding with
micro features on the large surface. Injection molding for
plastic processing consists of three distinctive stages, such as

filling, packing and cooling stages. When molding a thin-wall
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cavity, the effect of packing by holding pressure on the
replication is less and the micro patterning is generally
completed during the filling stage. But, the filling behavior
into V-grooves is yet to be clarified, and also the micro
injection molding on large surface is difficult to predict in
conventional analysis. Hence, it is desirable to confirm the
analysis using a new simulation approach. In this study, a
local analysis based on Navier-Stokes equation is performed
according to the specific local boundary condition from the
global analysis to thoroughly understand the filling flow in
micro patterns. An understanding of the process

involving the filling of polymer melt is important not only

for understanding but also for further improving.

2. Simulation Procedure

2.1 Goveming Equation

In this study, the polymer melt flow is considered to be
two-dimensional because continuous V-groove patterns are
considered for micro scale patterns and the width of the mold
is assumed to be much larger than the thickness. It was also
assumed that the flow is incompressible[5’6]. For the polymer
melt flow, the governing equations consist of mass, momentum
(Navier-Stokes equation) and energy conservation equationsm.
Due to the injection molding is processing in non-isothermal
condition between mold surface and polymer melts, the energy

conservation equation is also considered.

Mass, momentum, and energy conservation can be written

as follows:
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and j = 1, 2). Here, ¢ is the time, u, is the velocity component

in x; direction, p is the density (1.O6e3 kg/m3), n is the
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viscosity, f; is the body force component in z;. o;; and d;,
denote the stress and the strain tensors. And 7, C,, k, ¢ and
¢ are temperature, specific heat, thermal conductivity, rate of
internal heat generation and the viscous dissipation in the

fluid, respectively. The viscous dissipation term is the following;

& =2nd; d,;

i “

Above set of governing equations should be solved
numerically. Finite element method was used to discretize the
equations. The rectangular 4-node element based on penalty
formulation was employed[gl. In order to deal with the moving
boundary problem, the volume of fluid (VOF) method was
used to trace the free surface. In the VOF method, the
The

fractional volume is used to divide the total domain into the

fractional volume is defined for element variable.

fluid occupied and empty regions. The values of the fractional
volumes in fully filled cells, partially filled cells, and empty
cells are given by unity, between zero and unity, and zero,
respectively. The fractional volume is then computed and

updated at each time step using the advection equation as

follows
oC oC

where C is the color function (fractional volume)®. The
process of free surface construction consists of three steps: first,
the flow field is solved at one time step. Then the fluid volume
flux from one element to the neighboring element is calculated™”.
Finally, the fractional volume is updated. This process for

each time step is repeated until the desired time is reached.

2.2 Rheological behavior

The Cross-WLF model for viscous flow is adopted to
describe the non-Newtonian behavior of polymer melt. For the
given temperature 7, the corresponding viscosity function
n(L,T) takes the following form!'2:

n()(T)
L4+(n(T) « L/7)' "

n(57)

(©6)
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Table 1 Data of constants in the Cross-WLF model for PMMA

T @) | A K | A (K |D (Pas)| D (K)

377.15

0.3973 35607 31.081 51.6 6.13e+12

where n, = Diexp[— A,(T—D,)/(A,+ T—D,)] for T> D,
and 7’< D, for n,=oco. Here, D, D,, A,, A, and 7 are
constant values that should be determined from experimental
measurements for a specific polymer. The data of constants
used in simulation for PMMA (polymethylmethacrylate) are
in Table 1.

2.3 Micro-scale effect

Even though the viscosity of injection molding is known as
relatively high value from the Cross-WLF viscosity model,
the surface tension effect and contact angle boundary are
considered due to the large surface-to-volume ratio on

(8] The surface tension effect was

micro-scale configurations
considered by Brackbill's CSF model formulation™* which

converts surface force to body force as

_Vvc
v

g

=10

kVC, k=—(V e n), n

@)

where [C] denotes the jump of C across the interface. Here,
o is the surface tension coefficient (29.7 mN/m) and « is the
curvature of the interface. The static contact angle which is
assumed by 70° for wall adhesion condition based on the

empirical data is applied in numerical analysis.

2.4 Numerical Approach

Micro and macro flows are coexist in micro injection
molding!">'%, The micro flow in V-groove pattern on mold
wall and the macro flow between top and bottom, its should
be analyzed simultaneously to understand the process behavior.
But, due to the limited computational memory and time, it is
not efficient to simulate the whole domain as micro pattern
scale. Therefore, in order to analyze the injection molding
with micro features on the large surfaces, a sequential analysis
is needed. It includes the global analysis based on GHS model
using conventional/commercial CAE packages which dose not

consider micro pattern as a computational domain and the
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Fig. 1 Schematic diagram of numerical approaches

local analysis based on Navier-Stokes equation for polymer
melt flow in micro V-groove pattern on mold wall. While the
global polymer flow affects the boundary condition of the
local polymer flow, the reverse effect can be negligible due
to the fountain flow characteristic of polymer melt. Accordingly
these can be conducted step by step from global analysis to
local analysis.

As a global analysis, a well-known commercial package can
be used to obtain the boundary condition for a local analysis.
And then, assuming the local boundary condition from global
analysis data such as pressure and velocity profile, the micro
scale domain can be analyzed to observe the filling behavior
or predict the fidelity of patterns (Fig. 1). From the global
analysis data such as pressure and velocity, the local analysis
of micro pattern can be simulated by two kinds of approach.
The first approach is the pressure driven filling in single
cavity according to the macro pressure. And the second
approach is the inlet velocity boundary condition in several
micro cavities according to the macro velocity profile. In fact,
the filling of micro pattern might be affected by the
combination of specific portions of two approaches above
because the boundary condition cannot be divided perfectly
as a pressure and velocity profile. But, the main boundary
condition can be characterized depending on the position of
mold domain. In this study, the filling behavior of polymer
melt in micro pattern was simulated to optimize process

parameters using two numerical approaches.
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3. Results and Discussions

3.1 Pressure Driven Filling — Single Cavity

The pressure driven filling in single cavity assuming the
previously filled macro region and the constant pressure
boundary condition represents the cases of fast macro inlet
velocity, narrower cavity width and single cavity geometry.
The boundary condition of pressure driven filling is explained
in Fig. 2. The bottom area is initially filled and the flow of
micro filling is occurred by the constant pressure boundary
conditions. To compare the filling degree of micro cavity, the

corresponding fidelity variable is defined as follows.

(Filled Area)
(Cavity Area)

)

Degree of Filling=

The parametric study is performed with three pressure
variation ranging from 100KPa to 500KPa at different mold
wall temperature (7)) and initial melt temperature (7).
Basically, the better filling results are observed in the high

pressure and temperature case. Furthermore, the cavity filling
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Fig. 2 Pressure driven filling — boundary condition : (a) flow
region BC, (b) temperature region BC

is more successful in high initial temperature (7, =150C,
7. =200°C) rather than in high mold temperature (7, =100C,
7.=2507C) as shown in Fig. 3, because the temperature

distribution of micro cavity is more affected by initial
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Fig. 3 Degree of filling in single cavity : (a) typical of flow
in single cavity shape and (b)-(d) parametric study
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temperature of macro region rather than mold wall temperature.
Based on this approach, the filling of single cavity according
to specific pressure on the mold can be understood and

predicted.

3.2 Inlet Velocity & Pattern Location Effect

The inlet velocity boundary condition instead of pressure
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Fig. 4 Inlet velocity & pattern location — boundary condition
: (a) mold gate, (b) mold end
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Fig. 5 Inlet velocity profile (fully developed state)

driven filling is more suitable in the case of slow macro inlet
velocity, wide cavity and continuous several cavities. The
whole boundary condition assuming continuous four cavities
is explained in Fig. 4. Two kinds of boundary condition such
as mold gate and mold end are considered to view the filling
effect respect to the pattern location. And two inlet fully
developed velocity profile curves which are assumed from the
specific macro velocity are shown in Fig. 5.

In this approach, the four micro cavities (200um) are
analyzed as a computational domain samples. And the bottom’s
boundary is set to be adiabatic condition and the 50um
thickness of macro region which is 2.5 times of cavity's height
is set as a computational geometry in order to consider the
temperature cooling effect of molds wall.

The parametric study is performed at constant mold wall

temperature (7, =100C) and initial melt temperature
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Fig. 6 Inlet velocity (case I) & mold gate : (a) advancing flow
front, (b) degree of filling (average ~78.7%), (c) typical
temperature contour in circular dotted line region
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Fig. 7 Inlet velocity (case II) & mold gate : (a) advancing flow

front, (b) degree of filling (average ~84.9%), (c) typical
temperature contour in circular dotted line region

(7, =200C). The degrees of filling for each cavity area is
plotted in Figs. 6-9 including the flow front shape respectively
with typical time step and the temperature contour of fourth
region at the end of cavity filling. Also, the average values
of degree of filling for cavities are indicated as a representative
value of this numerical approach.

In the case of slow inlet velocity, while the first cavity near
the inlet boundary shows better filling due to the absence of
backpressure effect in mold gate case (Average~78.7%), the
fourth cavity shows better filling due to the backpressure from
the wall of end case mold (Average~84.9%). But, as the inlet
speed is faster, the degree of filling of three cavities become
more uniform and the backpressure effect becomes more
dominant in fourth cavity due to the low viscosity at a few

temperature drop during filling process. As the result, almost
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Fig. 8 Inlet velocity (case I) & mold end : (a) advancing flow

front, (b) degree of filling (average ~81.5%y), (¢) typical
temperature contour in circular dotted line region

perfect filling is observed on fourth cavity with inlet velocity
at the end of case mold (Average~98.1%) in Fig. 9. By
observing the temperature contour on Fig. 6-9, it can be
figured out that the viscosity which is related with the
temperature drop along side the mold wall is the key parameter
of cavity filling process. From this approach, the continuous
filling of several cavities can be predicted statistically by
averaging the representative value of degree of filling on the

entire specific position of the mold.

4. Summary

We have presented two kinds of numerical approach of the

filling behavior on the injection molding with micro patterns
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Fig. 9 Inlet velocity (case II) & mold end : (a) advancing flow
front, (b) degree of filling (average ~98.1%), (c) typical
temperature contour in circular dotted line region

for a non-Newtonian polymer melt based on Navier-Stokes
equation. The analysis involves two distinctively different
length scales. Global flow was analyzed first to provide the
boundary conditions for the flow into the micro patterns. A
sequential numerical approach was necessary to analyze the
fidelity of micro injection molding on the large surface and
the two kinds of approach are adopted and simulated with
various boundary condition. Therefore, from the global
analysis data including pressure and velocity profile with
conventional CAE package, two kinds of filling analysis such
as pressure driven filling and inlet velocity boundary condition
were simulated to examine the fidelity of micro patterns.
Parametric studies which are temperature, pressure, inlet

velocity and pattern location on the mold are affected in micro

filling process. It was found that the viscosity which is related

with the temperature drop along side the mold wall is the key

parameter of micro filling process. And the pattern location
additionally affects the fidelity of micro patterns. Through
these numerical approaches, the filling of micro pattern can
be predicted efficiently on the entire specific position of the
mold and the micro injection molding can be optimized to
develop mold design and process conditions. And the proposed
method can predict transcription fidelity with a reasonable
number of elements. The numerical approach presented in this
paper would enable more efficient analysis and thus better
understanding of the filling behavior during injection molding

for micro patterns.
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