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Abstract

In this work, a three-dimensional finite element flow analysis code is used to siudy the flow behavior
during sequential co-injection molding. Non-Newtonian, non-isothermal flow solutions are obtained by
solving the momentum, continuity and energy equations. Two additional transport equations are solved
for tracking polymer/air and skin/core polymers interfaces. Solutions are presented for the filling of a
spiral-flow mould for which experimental measurements are available. The numerical approach is shown
to predict the core advance stage during which the core flow front catches up on the skin flow front and
the core expansion phase when the flow fronts of core and skin materials advance together without
breakthrough. The breakthrough phenomenon is also predicted and the numerical solution is in good
agreement with the experiment, Those phenomena are hard to predict numerically and to our knowledge
this is the first attempt at simulating the three-dimensional meh behavior during core expansion and core
breakthrough. The predicted flow front behavior is compared to the experimental observations for various
skinfcore melt temperature, skinfcore viscosity ratio, and core injection delay. Simulation results are in
good agreement with experimental data and indicate comrectly the trends in seclution change when
processing parameters are changing.

1 Introduction

The co-injection process has been known for about twenty years, since Garner and Oxley [1]
first patented the process. Also known as sandwich molding, it consists basically in injecting in
the mold cavity more than one plastic material to form a part with skin layers surrounding a core
layer. The skin and core materials generally have different properties, but they must have a good
adhesion at the interface, be processible in a comparable range of melt temperatures and present
similar shrinkage characteristics. The first applications of the new process were in producing
less expensive and lighter thick parts by using a foamed or recycled plastic for the core and a
virgin plastic for the skin. Various other applications are in use today: skin or core made out of
engineering resins to improve physical properties of the part such as strength, heat deflection or
weather resistance, improvement of barrier properties of food containers, specifically multi-
layer preforms for plastic bottles, and in-mold painting. The techniques of injecting the skin and
core materials can be divided into two main methods: the one-channel technique which has a
control valve that lets the melts enter the cavity in a sequential order [2], and the simultaneous
injection which uses a two-channel nozzle [3]. The shortcomings of the one-channel technique
(pressure drop and stagnation at the switchover point resulting in a ‘hesitation line’ having the
shape of a dull ring) have been overcome by the two-channel technique, but the simultaneous
injection is mare difficult to control and require time-consuming trials.

Control of the flow fronts can be achieved by varying the core/skin ratio, processing
conditions and rheological properties of the skin and core materials. Previous experimental
studies on this subject dealt mostly with the role of the viscosity ratio of the two materials [4-7].
Few numerical simulations of the co-injection filling process have been attempted in the past
decade [8-13). All of them use the Hele-Shaw approximation to predict the interface evolution
between skin and core material during filling for the sequential injection, with the exception of
Lee et al. [12] who also considered the simultaneous injection. All these studies highlighted the
importance of the viscosity ratio and the rate of injection. While for parts with non-uniform
thick sections the Hele-Shaw approximation is clearly inappropriate, it is even more inaccurate
in predicting the relative material distribution between the skin and core section. As the core



polymer penetration is a three-dimensional phenomenon, it is important to provide not only the
depth of the core penetration, but also details on the core shape and polymer skin thickness.
Flow instabilities due to a rheological mismatch between the skin and core materials can be
difficult to predict and describe if one uses the Hele-Shaw approximation.

This contribution is an extension of our previous work on the three-dimensional
simulation of the co-injection molding process [14-18]. The objective of this work is to
investigate numerically the co-injection process in terms of the relative skin/core viscosity and
temperature to gain further basic understanding of the flow behavior of two polymers during
filling of a mold. The numerical approach provides the evolution of the polymer/air and
core/skin interfaces and the final shape and depth of the core. The resolution of the true 3D
mold-filling problem allows the computation of accurate and detailed information regarding the
shape and the size of the core material, as well as the thickness of the skin. Those results are
especially useful in critical regions such as near comers, obstacles, or in regions presenting
changes in part thickness. A robust and accurate solution algorithm will also provide the
framework for detailed analysis of the role played by different parameters determining the final
characteristics of the part. In such a way the prediction of an optimal design of the process using
simulation is a realizable task.

In this work we present solutions for a spiral-flow mold for which experimental
measurements are available. The focus is on the numerical prediction of hard to simulate flow
phenomena such as the core expansion phase during which the flow fronts of core and skin
materials advance together without breakthrough. The breakthrough phenomenon is also
predicted and the breakthrough point is compared with the experimental observation.

2 Model Equations

The equations governing the incompressible melt flow are the Stokes and continuity
equations
0=-Vp+V.(2ry(u), (D
-V.u=0, (2)
where f(u) = (Vu+(Vu)7)/2 is the strain rate tensor.
Heat transfer is modeled by the energy equation:

ﬂ-'p(%’i"+u'VT)=v.(kVT)+2’ﬂ:?'

In the above equations, ¢, w, p, T, p, 17, ¢, and k denote time, velocity vector, pressure,
temperature, density, viscosity, specific heat and thermal conductivity respectively.

3

The position of the polymer/air and skin/core polymer interfaces is tracked using a
pseudo-concentration method [19]). The approach defines smooth functions F;(x,f) such that
the critical value, F., represents the position of the interface. We consider i=1 for the
polymer/air interface and i=2 for the skin/core interface. A front tracking value greater than F,
denotes a region filled by the respective polymer, while a smaller than F, value corresponds to
an unfilled region. As two interfaces are present the various combinations are summarized in
Table 1. Front tracking solution identifies the skin, core and empty regions. Core breakthrough
is also predicted.

Table I: Definition of filled (skin/core) and empty regions

FzF F, <F,
F.>F Core Core breakthrough
2% 7¢ | Polymer skin material
Skin .
F.
2 <Fe Polymer Empty (air)




At each time step the pseudo-concentration function is obtained by solving a pure
advection equation using the velocity field provided by the solution of the momentum-
continuity equations:

%+U-VF}=O on Q
ot

Appropriate boundary conditions complete the statement of the problem. On the entry
section both velocity and temperature are imposed. No-slip boundary conditions are imposed on
the cavity walls filled by the polymer, while on the unfilled part, a free boundary condition
allows for the formation of the typical fountain flow. The heat transfer between the cavity and
the mold is given by

@

Gn =h(T-T,) on 4. 5
where h, is a surface heat transfer coefficient and T, is the mold temperature. For the front

tracking functions, homogeneous Neumann boundary conditions are considered on all
boundaries, except for the entry where Dirichlet conditions are imposed. Entry values change in
time and indicate whether skin or core polymers are injected.

3 Finite element solution procedure

Model equations are discretized in time using a first order implicit Euter scheme. At each time
step, the global system of equations is solved in a partly segregated manner. The solution
algorithm solves separately the systems of equations as follows:

f1]. Solve the incompressible momentum-continuity ecquations {(u-p).
[2]. Solve the energy equation (T).
[3]. Solve the front tracking equations (F;, Fa).

When the skin polymer is injected, only the front tracking function for polymer/air interface (F;)
is solved, while during the core polymer injection both front tracking functions are computed.
The finite element forrmulations of the equations are discussed hereafter.

The momentum-continuity equations (1) and (2) are solved using a Streamline Upwind
Petrov-Galerkin (SUPG) method [20]. This method contains an additional pressure stabilization
term compared with the standard Galerkin method. In such a way, the use of linear elements for
both the velocity and pressure is permitied.

For polymers, the Prandtl number takes large values. Therefore, during the filling, the energy
equation is dominated by the convection. However, cooling generated by the heat lost trough
walls, coupled with a low material diffusivity, determines apparition of high temperature
gradients in direction normal to the wall. Hence, the solution algorithm must correctly represent
both advective and diffusive mechanisms, which have highly different time scales. Here a
GLS/GGLS stabilized finite element method is used [20,21]. The GLS method stabilizes for the
convective tlerm, while the GGLS formulation is designed to deal with thin boundary layers on
materials having low conductivities. It reduces non-physical oscillations and improves the
accuracy of the numerical solution.

The front tracking equations are discretized using a SUPG finite element method. SUPG
provides smooth solutions when the convective part of the equation is dominant, as in the
present case. The front tracking functions are discretized using linear elements. The functions F,
and F; used to track the interfaces are reinitialized after each time step in order to improve their
smoothness and to insure mass conservation of the skin and core polymers.

4 Material properties

The materials for this work are three different grades of polycarbonate: Panlite L-1225L
{MFI=20) - low viscosity; Panlite L-1250 (MFI=8) — middle viscosity; Panlite K-1300 (MFI=3)



— high viscosity. Density, specific heat and thermal conductivity were considered constant,
equal to 1200 kg/m’, 2000 J/(kg-°C), and 0.25W/(m-°C) respectively. The viscosity was modeled
by the Cross-WLF model equations

_ Mo (6)
77_ . " -
1+(r]oylr )’
—A(T-T M
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where T" =D, +D;p, and A, =A, +D;p. The rate of deformation 7 is compuied from the

strain rate tensor as y = 1/21}' 1 ¥ . Viscosity model constants used for the numerical simulation
are summarized in Table 2.

Table 2: Cross-WLF model constants for the numerical modeling

Model constant L-1225L L-1250 K-1300

n: ' (Pa) 0.12; 8.5'10° 0.12; 10.0°10° 0.12; 12.0-10°

D, (Pa 5);D+(°C);Dy(°C/Pa) | 2.5:10°; 175.0, 0.0 | 10.5-10%; 175.0; 0.0 | 16.5:10%; 175.0; 0.0
A&, (°0) 22.0; 440 22.0; 44.0 22.0: 44.0

5 Numerical results

This application was the object of an experimental study by Watanabe et al. [24,25]. The mold
has a spiral-flow cavity with 20mm width and 2mm thickness (see Figure 1). The melt is
injected at 300°C and the mold is kept at 80°C. The core and skin materials were injected
sequentially. The core material is injected at 0.7s when the flow length of skin matenal is about
30mm.

The position of skin and core materials at various times during the filling is shown in
Figure 1 for the case when L-12251 was used as skin and core materials (S-L in Table 3). The
skin material is plotted in transparency in order for the skin to be visible. As can be seen the
core material advances more rapidly than the skin. As a result, the core catches up on the free
surface of the skin material. The numerical solution for the skin and core flow lengths is
compared with the experimental data of Watanabe et al. [25] in Figure 2. The numerical
solution recovers the four experimentally observed regions of flow behavior:

{I) Primary injection phase: only skin material is injected and skin flow front progresses inside
the cavity.

(II) Core advance region: the core material is injected and advances more rapidly than the skin,
catching up con the free surface of the skin.

(II1) Core expansion region: once the flow front of core material catches up on the one of the
skin material, the two flow fronts advance together without breakthrough.

{IV) Core breakthrough region: only the core material is found on the free surface. Because the
material from the free surface ends on the surface of the part, in the numerical simulation
breakthrough is identified by the presence of the core material on the surface of the part.

The numerical model results in very accurate predictions and indicates correctly the
core expansion phase between t = 1.1s and t = 1.4s. The material behavior during this period is
very hard to predict numerically since the flow front of core and skin materials advance together
without breakthrough. To our knowledge this is the first numerical simulation approach dealing
with this complex phenomena. Breakthrough occurs at about t=1.4s close to the experimental
observation. The numerical solution at the beginning of the core expansion phase and just prior
to breakthrough is shown in Figure 3.



The flow behaviour of the skin and core materials was then analyzed for various
temperatures and viscosities of the skin material. A summary of the simulations is shown in
Table 3. The case of skin material with higher viscosity was simulaied for skin temperatures of
300°C, 310°C and 320°C respectively {(C-300, C-310 and C-320 in Table 3). Also computations
were carried out for the cases for which materials with higher viscosity were used for the skin
(8-M in Table 3 for skin with middie viscosity L-1250 and S-H for skin with high viscosity K-
1300). Note that cases C-300 and S-H are the same.

Table 3: Summary of the molding conditions

Case Skin temnperature_| Skin viscosity | Core temperature | Core viscosity
C-300 300 High 300 Low
C-310 310 High 300 Low
C-320 320 High 300 Low
S-L 300 Low 300 Low
S-M 300 Middle 300 Low
S-H 300 High 300 Low

Solutions for various temperatures of the skin material are compared with the experimental data
in Figure 4. Simulations recover comrectly the beginning of the core expansion phase but
underestimate the length of the core expansion region especially for the case of skin material
injected at 310°C as seen in Figure 5. However the numerical model correctly indicates an
increase in the length of the core expansion region as the temperature of the skin material
increases.

The solutions obtained for various skin viscosities are compared with the experiment in Figure
6. In this case the agreement with the experimental observations is much improved. The length
of the core expansion region agrees well with the measured values as shown in Figure 7. For
skin materials having a higher viscosity the breakthrough occurs sooner and the core expansion
region is shorter. These results are in good agreement with the observations of Watanabe et al.
[25].

6 Conclusion

This work presents a three-dimensional finite element method for solving the co-injection
molding process. The procedure provides the evolution of the polymer/air and skin/core
polymer interfaces and the final shape and depth of the core polymer. Solutions were presented
for a spiral mold for which experimental data is available.

The proposed procedure is able to predict the core expansion phase, the core advance
phase and the core breakthrough. it deals with changes in part thickness or flow direction, and
provides all the needed information concerning skin thickness and core shape. It works in the
same manner for thin parts and for thick three-dimensional parts.

Solutions for the spiral mold indicate a very good agreement between the numerical results and
the experimental observations. Notably, the simulation predicts correctly the beginning of the
core expansion phase (the moment when the core material catches up on the front of skin
material) and the occurrence of core breaking through the skin. The influence of the material
viscosity ratio and of the skinfcore temperature is well recovered by the numerical simulation.
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Figure I: Spiral mold: evolution of the core penetration.
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