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Abstract: In micro-injection molding, it is important to make each cavity filled uniformly. However, there are several factors
that cause deviation in cavity filling. These factors include the mold temperature differential between runners and the
diameter differential of gates or runners caused by mold manufacturing tolerances. In this study, we conducted numerical
analysis to identify the major factors that cause cavity filling deviation and suggest a considerably robust design for micro-
injection mold to minimize the deviation. In the numerical simulation, we used thermophysical property values of EP-7000,
one of the polycarbonate series polymers used for injection molding. The Cross-Arrhenius model was adopted with regard to
the viscosity of the polymer. To model the specific heat and the thermal conductivity, we used the piecewise-linear method.
Further, the volume of fluid method and the piecewise-linear interface scheme were used to visualize the polymer flow.
Sixteen-cavity injection mold was modeled, and simulations were done for four different variations (the mold temperature,
the runner diameter, the gate thickness, and a combination of the mold temperature and the runner diameter). Numerical
analysis indicated that the case of mold temperature exhibited a difference of up to 28 % in instant cavity filling rate and the
case of combination showed a difference of up to 33 %. We suggested designs employing convergent runner and resin
reservoir to reduce deviation. As a result, the convergent runner design could reduce the instant cavity filling rate deviation by
20 %, while the resin reservoir design reduced the deviation by 18 %. The combination of these two could reduce the
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deviation by up to 22 %.
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Introduction

Micro-injection molding (MIM) is one of the key process
for manufacturing thermoplastic microproducts or microparts
and is widely used as a cost effective replication method for
mass production [1]. For a good replication of microparts,
there are certain major process parameters: mold temperature,
injection speed, injection pressure, holding time, holding
pressure, etc. [2-5]. These parameters are directly related to
the factors that determine the quality of microproducts.
Especially, surface quality is an important factor for micro-
optical products such as microlens.

MIM comprises largely of the following three steps: (a)
the mold cavity equipped with a microstructured tool (mold
insert) is closed, evacuated, and heated above the glass
transition temperature of the polymer. (b) an injection unit
heats the polymer and presses the viscous polymer into the
mold. (¢) the polymer (and the tool) is cooled below its glass
transition temperature and demolded from the tool [6].
Several surface defects may be obtained while the resin is
being filled in the second step. Several of those defects are
complimented by the high pressure in the packing stage after
the second step, but some defects like weld lines, sink
marks, and flow marks remain after the packing stage [7].

Recent studies are focused on establishing the cause of the
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surface defects or decreasing them by changing the parameters
in experiments and visualizing unstable flow front using
CFD simulations. However, in multi-cavity system, the
balance regarding the filling of each cavity is also important.
Different studies investigate the relation between the
parameters and cavity filling [8,9], or the effect of mold
geometry on cavity filling [10,11], but there are not many
studies focused on cavity filling deviation of multi-cavity
systems.

Thus, our study is focused on observing the major process
condition that causes flux non-uniformity in multi-cavity
micro-injection molding system and suggesting the flow
network for complementing the cavity filling deviation. We
refer to this flow network as robust design. We constructed
16-cavity micro-injection mold and investigated the relation
between the cavity filling deviation and three parameters:
wall temperature, runner diameter, and gate size. Moreover,
based on these results, we propose three robust designs:
convergent model, reservoir model, and complex model
(combination of the convergent and reservoir models), and
observed the effect of these models on reducing the cavity
filling deviation.

Theory

Governing Equations
The motion of polymer resin is governed by the



376  Fibers and Polymers 2019, Vol.20, No.2

conservation of mass and momentum. These conservation
equations can be written for laminar flow as

op, pu)  3(pv)  A(pw) _ ¢ (1)
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Equation (1) is the general form of the mass conservation
equation and is valid for incompressible as well as com-
pressible flow. p is the density, u, v, and w are the velocity
components in the x, y, and z directions, respectively, and S,,
is the mass added to the continuous phase from the dispersed
second phase (for example, due to vaporization of liquid
droplets). In this study, we did not consider phase changes,
thus, we assumed that S,=0. And the material is assumed to
be incompressible during the filling stage for convenience.
This assumption means that the density of the polymer resin
is constant, so the first term of the equation (1) is neglected.

Equation (2) is the momentum conservation equation
where p is the static pressure, 7 is the stress tensor, and pg
and F are the gravitational body force and external body
forces (for example, the ones that arise occur from
interaction with the dispersed phase), respectively. As the
phase change and the gravity force are neglected, =0 . The
stress tensor 7 is given by

7= y[(V\7+V\7T—§V-WH 3)

where u is the viscosity, / is the unit tensor, and the second
term on the right hand side is the effect of volume dilation.

To include heat transfer in our simulation, an additional
equation for energy conservation is solved.

9 (pE)+V - (V(pE+ ))=v-(k VT-ShJ+(3F »-7))
P PE*p eV T=2 i+ (Teg
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where K, is the effective thermal conductivity and 3 i is the
diffusion flux of species j. The first three terms on the right-
hand side represent the energy transfer due to conduction,
species diffusion, and viscous dissipation, respectively. And
E and / are given by,

2
E=h—1;+v5 (5)
h= zyjhj#/—; (6)
J

In equation (5), Y; is the mass fraction of species j and

T
hi= | C,,dT ™)
Tm:/

The value used for 7,,is 298.15 K.
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Models for Thermophysical Propertites of Polymer

The widely accepted Cross-Arrhenius model is adopted
with regard to the viscosity of the polymer material. The
non-Newtonian behavior of the molten polymer can be
characterized using this model. The Cross-Arrhenius model
has temperature and shear rate as dependent factors, and the
model is given by

n=H(H—21— ®)
1+(4y)
H(T) = exp[a(T_;To—Ta%)} ©)

where 77, is zero-shear-rate viscosity, A is time, y is share
rate, and » is power-law index. A is the inverse of the shear
rate where the fluid viscosity changes from Newtonian to
power-law behavior. H(T) is the temperature dependence,
known as Arrhenius law. ¢« is the ratio of the activation
energy to the thermodynamic constant and 7, is a reference
temperature for which H(7)=1. T, is the temperature shift,
and we set it to 0.

For characterizing the specific heat (Cp) and thermal
conductivity (k), we used the piecewise-linear method. The
piecewise-linear method is described for finding and optimal
segment approximation to specified functions from discrete
data by a number of connected straight-line segments [12,13].
For example of specific heat, we set 12 points of specific
heat as a function of temperature obtained from the
experimental procedures and assumed the values between
each point in the neighborhood to be linear. The thermal
conductivity is characterized by the same method. We
assumed that the properties of air and mold are constants.

Numerical Conditions

Values for Material Models

For the numerical analysis, we used the thermal characteristic
values of the polymer resin in the polycarbonate series. As
mentioned above, the polymer material is assumed to be
incompressible. So, the density of the polymer material is
constant in the entire simulation process, and its value is
given as, p=1250 kg/m’. The Cross-Arrhenius model constants
for the viscosity of the polymer material are shown in Table
1. Also, the piecewise-linear values of specific heat and

Table 1. Cross-Arrhenius model constants for polymer material

Symbol Quantity
Zero shear viscosity, 77, (kg/m-s) 5280
Power law index, n 0.269
Time constant, A (s) 0.009216
Reference temperature, T, (K) 530.1209
Activation energy/R, a(K) 17373.33
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Table 2. Piecewise-linear values of specific heats for polymer material
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Temperature (K) 304.15 341.15 363.15 376.15 384.15 392.15
Cp (J/kg'K) 1130 1310 1408 1470 1512 1570
Temperature (K) 400.15 405.15 410.15 420.15 477.15 533.15
Cp (J/kg'K) 1690 1794 1874 1913 2015 2082
Table 3. Piecewise-linear values of thermal conductivity for polymer material
Temperature (K) 310.65 325.25 345.25 365.35 385.55 405.65
k (w/m-K) 0.146 0.146 0.146 0.15 0.153 0.164
Temperature (K) 425.15 444.35 463.65 483.45 503.15 522.85
k (w/m-K) 0.192 0.192 0.192 0.192 0.193 0.197
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Figure 1. Cross-Arrhenius model for polymer material. Temperature (K)
Figure 3. Thermal conductivity for polymer material.
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2000 + /' the injection temperature of the polymer resin is 260 °C, the
< " substantive temperature range is approximately 200 °C to
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3 J the specific heat and the thermal conductivity of the polymer
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S .,-’ As mentioned before, the property values of the mold
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Figure 2. Specific heat for polymer material.

thermal conductivity for the polymer material are listed in
Tables 2 and 3, respectively.

Figure 1 shows the Cross-Arrhenius model with respect to
values in Table 1. It indicates the viscosity of the polymer
material used in this study based on the temperature and
shear rate, and the temperature range in the entire simulation

conductivity, and the viscosity of air are 1.225 kg/m’,
1006.43 J/kg'K, 0.0242 W/mK, and 1.7894x10” kg/ms,
respectively.

Mold Geometry and Meshing

To observe the primary cause of cavity filling deviation,
we considered a multi-cavity micro injection mold. Figure
4(a) shows the model that we used for our simulation. As
can be seen, there is one sprue, intersection of first runners, 8
first runners, and 16 second runners. For each component,
different meshing skills were used. The resin is injected into
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(a)

(b) (©) (d)

Figure 4. (a) Model and meshing for simulation, (b) intersection
of first runners, (c) end of second runner, and (d) shape of gates.

the top of the sprue, and it flows through the first and second
runners, subsequently, it comes out to the gate outlet. We
assumed that the mass of each cavity is 5.6 mg, so if the
accumulated resin outlet mass flow of each outlet reaches
5.6 mg, we assumed the cavity is completely filled. The
number of elements is approximately 2.5 million. It can be

(@) Ref. 126°C

+4um

l

+6um

I 8um

(b) Ref.

(d)  Ref (1)
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observed that in Figures 4(b) and (c), there are air vents at
the end of the intersection and the second runners, and the
thickness of those vents is 50 um. Moreover, we placed the
gates at each end of the second runners and the shape of
these gates is shown in Figure 4(d). The gates are rectangular in
shape and the width is 1.26 mm.

Boundary Conditions

Figure 5 shows the boundary conditions used in the
simulations. In actual process for manufacturing multi-
system micro injection mold, it is hard to make all runners
and gates in exactly same size. And these errors can affect
the flow of resin polymer which causes cavity filling
deviation. In addition, keeping all runners at the same
temperature is not an easy process so there can be small
differences in the temperature of each runner. These small
differences in temperature can have a significant effect on
the behavior of polymer, so it can be the major factor for the
cavity filling deviation. Therefore, we used the following
three primary factors that cause cavity filling deviation:
mold temperature, runner diameter, and gate size. The
complex case illustrated in Figure 5(d) is the combination of
the mold temperature case and the runner diameter case. The
boundary conditions of this complex case are described in
Table 4 and the reason for using this combination without
the gate size case will be explained in the result section. We

- l4um

- 2um - 12um

- 6um

2

Figure 5. Boundary conditions for our simulation (a) mold temperature case (reference temperature is 140 °C), (b) runner diameter case
(reference diameter is 2.3 mm), (c) gate thickness case (reference thickness is 0.3 mm), and (d) complex case (reference mold temperature is

140 °C and reference runner diameter is 2.3 mm).
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Table 4. Boundary conditions for complex case
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No. 1 2 3
Conditions Original condition Wall temperature -4 °C Wall temperature -6 °C
(140 °C, 2.3 mm) Runner diameter -4 um Runner diameter -6 um

No. 4 5 6

Wall temperature -8 °C

Conditi .
onditions Runner diameter -8 u4m

Wall temperature -10°C
Runner diameter -10 4m

Wall temperature -12 °C
Runner diameter -12 um

set the reference boundary conditions same as general
process conditions for manufacturing micro lens and give
variety to other conditions. The range of runner diameter and
gate size are same as the errors in actual process, but we
exaggerated the runner temperature boundary conditions for
simulation convenience in comparison with the actual
process. In actual process, the range of runner temperature is
in less than 2 K.

Results and Discussion
Cavity Filling Deviation
First, in Figure 6, the outlet mass flow rate of the resin is

presented. The yellow box in this figure refers to the time
when each cavity is completely filled. Therefore, the start
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line of the yellow box is the time when the first cavity is
completely filled, and the end line of that box is the time
when the last cavity is completely filled. The width of the
yellow box refers to the difference in time when the first and
the last cavity is completely filled, and we call it “filling time
delay.” Further, the time deviation when each flow reaches
the gate outlet can be observed; the time deviation of the
mold temperature case and the runner diameter case are
similar, but the gate size case exhibits the smallest time
deviation.

When the first cavity is completely filled, we named the
filling rate of other cavities at that time as “filling fraction,”
and it is presented in Figure 7. The square dots in this figure
represent the delay time: cavity filling time differences
between the first cavity and each subsequent cavity. So, the
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Figure 6. Resin outlet mass flow rate in gate of each runner (a) mold temperature case, (b) runner diameter case, and (c) gate size case.
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Figure 7. Delay time and filling fraction of each cavity (a) wall temperature case, (b) runner diameter case, and (c) gate size case.
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Figure 8. Delay time and filling fraction of each case.

Table 5. Boundary conditions for results in Figure 8

biggest delay time is the same as the filling time delay.
Similar to the result in Figure 6, the gate size exhibits the
smallest differences in both filling fraction and delay time
deviation. Thus, we decided that the primary causes of cavity
filling deviation are the differences of wall temperature and
runner diameter, so we combined those two cases in the
complex case.

The results of three cases - mold temperature variation,
runner diameter variation, and complex case are described in
Figure 8. The specific boundary conditions for Figure 8 is
shown in Table 5. It is noted that considering the actual
process condition, the difference in wall temperature
between each runner is a bit exaggerated. As expected, the
complex case has the worst filling uniformity. This case had
the smallest filling fractions and delay times on every
boundary condition in comparison to other cases. The
numerical values regarding the filling time delay and the
highest filling fraction difference are shown in Table 6. The

No. 1 2 3 4 5
Wall temperature case -10°C -8°C -6°C -4°C Ref
Runner diameter case -10 um -8 yum -6 yum -4 yum Ref

Complex case Wall temperature -10 °C

Wall temperature -8 °C
Runner diameter -10 #zm Runner diameter -8 ym

Wall temperature -4 °C
Runner diameter -4 um

Wall temperature -6 °C
Runner diameter -6 um

Ref
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Table 6. Filling time delay and biggest filling fraction difference of each case

Simulated cases Wall temperature Runner diameter Gate size Complex condition
Filling time delay 3.65 ms 3.11 ms 1.43 ms 3.99 ms
Biggest filling fraction difference 28 % 26 % 10 % 33%
() (b) (©)
gt
Ist runner 2nd runner Reservoir
(original condition) (original condition)
Figure 9. Geometry of robust designs (a) and (b) convergent runner model, and (c) reservoir model.
filling fraction difference was 33 % and filling time delay 16X 10"
was 3.99 ms in the complex case. o Convargent channel
1.4 4 o -
] -~

Robust Design for Reducing Cavity Filling Deviation

To reduce cavity filling deviation we simulated and suggested
three new models - convergent runner model, reservoir
model, and complex model, which is the combination of the
other two models. The geometry of these models is described in
Figure 9. Figure 9(a) and (b) shows the convergent runner
model, (c) is the reservoir model, and the complex model is a
combination of both. Using the three models, we calculated
their effects on reducing cavity filling deviation. For
comparison, we used boundary conditions of the complex
case that we simulated.

In order to demonstrate the effectiveness of the robust
model, we considered the head loss of a convergent channel.
Head loss is defined as the energy loss by friction between
the fluid and wall. The head loss in a channel with variable
cross-sectional area is given by [...]

N = [ md,dl = [, 2224 (10)

&
where % is the head loss, 7, is the shear stress at the wall
surface, / is the length of the runner, u is the viscosity of
fluid, Q is the flux, and d is the diameter of the runner. For a
convergent channel, the head loss grows non-linearly with
the distance. This is in contrast to the case of a channel with
constant cross-section as illustrated in Figure 10.

As the flow front in the runner goes downstream, due to
the increased head loss, the speed of flow front slows down.
Therefore, even if there exists a difference in the flow front
location among runners in the beginning, this difference
tends to become smaller as the flow front advances in the
convergent runner.

Thus, we set the diameter of every end of the second
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Figure 10. Head loss increase comparison between normal channel
and convergent channel.

runners as 2 mm and changed the diameter of the entrance of
each first runners same as the complex case in the previous
simulation, which subsequently rendered all runners
convergent. The boundary conditions regarding wall
temperature are same as the complex case. For the reservoir
model, we introduced the reservoir on the first runner
intersection of our system. The diameter of this reservoir
was 7.8 mm and the thickness was 0.5 mm. The boundary
conditions of the reservoir model were same as the complex
case.

The effects of the proposed robust designs are summarized
in Figures 11 and 12. In the convergent model, there exists a
new interval (0.225-0.232 ms) when the deviation between
the outlet mass flow of each gate decreases. After that time,
the deviation increases again, but when we consider the
mass of the cavity (5.6 mg), all cavities are fully filled before
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Figure 11. Outlet mass flow of each model (a) convergent model, (b) reservoir model, and (c) complex model.
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Figure 12. Filling fraction and delay time of robust designs.

the difference of flux increases more than the normal
channel model. Subsequently, the cavity filling deviation in
convergent channel is reduced in comparison to normal
channel.

Moreover, the arrival time of the flow front to the gate and
the difference between each runner decreased. Compared
with the result of the original complex case, the deviation of
the arrival time and cavity filling time decreased by 62 %
and 48 %, respectively. Also, the largest filling fraction
deviation decreased by 20 %. In the reservoir model, there is
similar interval (where the deviation between outlet mass
flow of each gate decreases) with regards to the convergent
model in 0.224-0.232 ms. After that time, the deviation
between the outlet mass flow was more stable than the
convergent model. The deviation of the arrival time and the
cavity filling time decreased by 48 % and 46 %, respectively,
and the highest filling fraction difference decreased by 18 %
in comparison to the original complex boundary condition. It
is because the resin flow pooled into the reservoir until it

reached a certain amount. Subsequently, the flows with
similar amount proceeded from the reservoir through each
runner. Further, the reservoir shortened the runner length
which had non-uniformity, and it made the resin flow stable.
For the complex model, the most stable outlet mass flow
was observed, the arrival time was the fastest, and the
deviation between each runner was the smallest. The
deviation of the arrival time, cavity filling time, and the
highest filling fraction difference decreased by 60 %, 62 %,
and 22 %, respectively, and this was the best result obtained
from our models.

Conclusion

We studied the cavity filling deviation in micro-injection
molding with 16 cavity models by using numerical analysis.
Considering the actual process condition, the effect of the
wall temperature on the cavity filling deviation was not
important. On the other hand, considering the actual process
condition function, the difference in runner diameter of
approximately 10 pm the highest filling fraction difference
was 26 %. Based on these results, we noted that the cavity
filling deviation is considerably dependent on the runner
diameter. The effect of the gate size was also insignificant.
For the worst, we combined the wall temperature case and
the runner diameter case into the complex case. In this case,
the filling fraction difference was 33 % and the filling time
delay was 3.99 ms and the cavity filling deviation was
indeed higher than the other cases.

To reduce the cavity filling deviation, we suggested three
robust models: convergent channel model, reservoir model,
and complex model. Because of the equilibrating effect
regarding the flow front in the convergent channel, the
cavity filling deviation decreased in the convergent model.
Moreover, the reservoir model had certain effect on reducing
the cavity filling deviation. The combination of the two
models exhibited the best result in reducing cavity filling
deviation; the deviation of the arrival time, cavity filling
time, and the highest filling fraction difference decreased by
60 %, 62 %, and 22 %, respectively.

The mold temperature difference and the runner diameter
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difference can be the major cause of cavity filling deviation
in multi-cavity micro-injection system. To reduce such
deviation, we proposed three robust designs, and observed
the effects of those designs. The convergent runners and the
reservoir in multi-cavity mold can be a satisfactory solution
for reducing cavity filling deviation in multi-cavity micro-
injection systems. The combination of those two designs led
to even better improvement.
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