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Experimental studies of polymer melt flow in the filling and post-filling stages of the
injection molding process were performed using the sequential injection of transparent
and colored polystyrene resin. Effects of fountain flow in the filling stage, geometrical
factors caused by edges and corners, as well as flow through contractions and expan-
sions, were identified. Significant polymer melt flow which increases with increased
packing pressure was observed in the post-filling process. The melt flow is more concen-
trated around the gate area than away from the gate. It was also found that the polymer
melt flows across the gap center, resulting in partial annihilation of the weld line. Simu-
lations based on the control-volume/finite-element method employed within each gap-
wise layer combined with the dual-filling-parameter technique were developed to trace
the advancements in melt fronts for both skin and core materials. Numerical simula-
tions show reasonable consistency with experimental results in both skin and core mate-
rial distribution. If the edge effect is taken into account using a shape factor as a

geometrical correction, the simulation accuracy is further improved.

Introduction

Injection molding, being a versatile operation for the mass
production of complex plastics parts, is one of the most widely
employed methods of polymer processing. The injection
molding process consists of three major stages including fill-
ing, packing, and cooling. In the filling stage, hot molten
polymer is injected into the mold cavity. Once the cavity is
filled, additional polymer melt is forced into the cavity under
high pressure in order to compensate for the subsequent
shrinkage due to the solidification.

As a result of the extensive application of plastics in all
areas of industry, there is not only an increasing need for
injection molds, but also a strong request of high quality parts
with special features normally unavailable by means of con-
ventional molding methods. Recently, innovative injection
molding processes have been developed for this purpose.
Coinjection molding (also named as sandwich molding) is one
such innovative molding technique. In the coinjection mold-
ing process, a skin polymer melt and a dissimilar but compat-
ible core polymer melt were simultaneously or sequentially
injected into a mold cavity so that the core material was em-
bedded within the solidified layers of the skin material (Es-
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cales, 1970; Eckardt, 1985, 1986; Kreisher, 1990). This
process was originally designed to provide flexibility in part
design and manufacture by utilizing the optimal properties of
each material. For example, low-cost or recycled plastics can
be used as core material sandwiched within thin, expensive,
rigid skin plastics, or skin material can be used with formed
core material to reduce part weight and part residual stress.
Generally speaking, if the coinjection molding process is
properly designed, part weight, part cost, injection pressure,
residual stress, and warpage can be reduced and the modifi-
cation of part properties can also be achieved. On the other
hand, when a transparent skin material and a colored core
material of the same brand are used, flow information may
be obtained directly by viewing the coinjection molded parts.
To perform a more rigorous. investigation on polymer melt
flow, sequential injection, one of the capabilities of the coin-
jection molding technique, can be utilized. The sequential in-
jection molding process is illustrated in Figure 1.
Visualization techniques of polymer melt flow have been
developed to study molding dynamics (Schmidt, 1974; Coyle
et al.,, 1987; Vos et al., 1991; Yokoi et al., 1991, 1992). Schmidt
first applied a tracer technique in the injection molding
process to observe fountain flow. Around the melt front re-
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Figure 1. Sequential injection molding process.

gion, polymer melt decelerates in the direction of flow and
acquires a transverse velocity, spilling outward from melt core
toward the cavity wall. This is known as the fountain flow
effect. Later on, Coyle et al. (1987) and Vos et al. (1991)
experimentally investigated the flow field near the fountain
flow region in more detail. Among these methods, visualiza-
tion with laser light or high-speed video camera in a glass-in-
serted mold has recently been used by Yokoi et al. (1991,
1992). Although the dynamic visualization technique using a
transparent mold can investigate time-sequential molding
phenomena for the thick cavities in detail, it is also subject to
the limitations of the maximum allowable injection pressure,
the limited observation area, as well as the complexity and
the expense in mold construction. Therefore, it is difficult to
apply such a technique to thin cavities which require high
injection pressures. Moreover, all these studies focused only
on melt flow in the filling process. Research concerning melt
flow in the post-filling stage has yet to be reported. In view of
this, the present researchers have proposed an alternative way
of studying polymer melt flow in the injection molding pro-
cess using the sequential injection capability of the coinjec-
tion molding machine.

In conventional injection molding which deals with a single
polymer material, there are many previously reported investi-
gations of both simulation and experimental work. Relevant
reviews can be found in Isayev (1987) and Tucker (1989). Al-
though a decade ago there were a few pioneering experi-
ments with the sandwich injection molding process imple-
mented with home-made equipment (Donovan et al., 1975;
White and Lee, 1975; Young et al., 1980), research on the
coinjection molding process almost ceased until recently,
when the promising feature of this process was rediscovered
by industry (Eckardt, 1985, 1986; Kreisher, 1990). Theoretical
investigations concerning the coinjection molding process are
also very limited. Numerical simulation using the concept of
a residence time approach has been developed by Advanced
CAE Technology (Turng and Wang, 1993; Peters et al., 1994)
very recently. A method for particle tracing was described at
the fountain flow region of the skin melt using a simplified
model for gapwise velocity distribution and the residence time
concept (Turng and Wang 1993; Manas-Zloczower et al,
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1987). This particle-tracing approach can provide an approxi-
mate description of the flow field around the flow front and
is useful for the curing-kinetics calculation in reactive injec-
tion molding. However, solving the residence time distribu-
tion for complex coinjection of molded parts is not straight-
forward, and the study of more sophisticated schemes is still
in progress (Turng and Wang, 1993; Peters et al., 1994).

In this article, recent experimental work and simulation of
polymer melt flow during the sequential injection molding
process are both presented. Experimental work was carried
out using a Battenfeld coinjection molding machine equipped
with a microprocessor and a closed-loop control. The ma-
chine can provide various molding capabilities, as well as reli-
able molding experiments. Phenomena for the polymer melt
flow in the filling stage, including the fountain flow effect,
geometry factors such as edge effect and corner effect, as
well as flow under contraction and expansion geometry, were
identified. Characteristics of the polymer melt flow during
the post-filling stage were also investigated. A numerical al-
gorithm based on the concept of the control-volume/finite-
element method employed within each gapwise layer and the
dual-filling-parameter particle-tracing technique were imple-
mented to simulate both the core and skin melt front ad-
vancements. Both simulated and experimental results are il-
lustrated and discussed.

Experiments

One three-cavity mold, shown in Figure 2, was built to con-
duct the process studies. Cavity I consists of three regions
with a thickness varying from 4 mm to 2 mm and back to 4
mm. [t was designed to observe the fountain flow effect un-
der abrupt contraction and expansion geometry. Cavity II
consists of a block insert to form the weld line and to intro-
duce the asymmetric melt flow conditions. The thickness
variation is described in Figure 2. Cavity III is a line-gated
plate with a uniform thickness of 2 mm. At the end of the
sprue, the mold was designed with several valve inserts so
that each of the three cavities can be injected individually or
simultaneously. In the present experiment, each cavity was
injection molded independently.
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Figure 2. Geometry of the plate moid of three cavities.
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Figure 3. Skin and core melt fronts and skin-core interface in the cross-sectional view.

A 75-ton Battenfeld 750/750 coinjection molding machine
was used for the present experiments. Transparent
polystyrene (PS) resin was utilized as the skin material,
whereas green-colored PS of the same batch was used as the
core melt so that the final distribution of both materials could
be seen easily by viewing the molded parts. The melt temper-
atures for both skin and core resin were 220°C or 230°C. The
mold temperature was 60°C. The switchover in injection se-
quence from the skin melt to the core melt and the core melt
back to the skin melt were varied according to the geometry
of each mold cavity.

Process Formulation and Simulation
Formulation

It has been generally accepted that the Hele-Shaw type of
flow model provides a reasonably accurate description of
polymer melt flow in three-dimensional thin cavities. As a
result, the relevant governing equations for the inelastic,
non-Newtonian fluid flow under nonisothermal conditions are
similar to those used in conventional injection molding
(Hieber and Shen, 1980; Wang et al., 1986; Chen et al., 1988)

aP J Ju
;;=—(T[a—z-) (1)

P 9 av
3;=5(775) (2)

J J
E (bu) + 3_y (b0)=0 3)

T aT oT T
at dx dy 922

pCp(—+u—+a—— =k—5+ny*? €]

where P, T, u and v represent pressure, temperature and
melt velocities in the x and y directions, respectively. The
half thickness of mold cavity in the gapwise direction z is
designated by b. Correspondingly, # and © designate gapwise
averaged velocities for » and v. In addition, v, 0, p, C, and
k represent shear rate, viscosity, density, specific heat, and
thermal conductivity, respectively, for the polymer melt. The
governing equations for the melt delivery system can also be
written in a similar way in cylindrical coordinates. Details have
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been previously reported (Wang et al., 1986; Chen et al., 1988;
Hsu, 1994). It is also assumed that a sharp interface exists
between the skin and core materials, as depicted in Figure 3.
Therefore, shear stresses and heat fluxes are continuous along
the skin-core interface,

Ju B du s)
(n—a—z_)skin_ (le)core
ov _ av
(n_z)skin— (n‘?_z)core (6)
T aT
( E)skin_( a—z)core (7)

The viscosity of the polymer melt is described by a modi-
fied-Cross model (Wang et al., 1986) with Arrhenius temper-
ature dependence, that is,

T)Q(T, P)

_— 8
1+ (o) " ®

n(T,y)=

An adjacent El t
Control Volume C Jacery Hlemen

Element Centroid

Figure 4. Control volume centered at node A.

Control volume is constructed by connecting the centroids
of all the adjacent finite elements around node A.
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Figure 5. Dual filling parameters used to identify the skin and melt front locations at a specified layer in the

thickness direction.
with
T,
(T, P) = Bexp (7) exp( BP) ©

For polystyrene (CHI MEI/PG33), the material constants
in the modified-Cross viscosity model are n =(.2838, 7% =
1.791E+04 Pa, B = 2.591E-07 Pa-s, T, =11,680 K, and B is
taken to be zero assuming the small pressure dependence of
viscosity. The density, specific heat, and thermal conductivity
of PS are 940 kg/m>, 2,100 J/kg-K, and 0.18 W/m-K, re-
spectively. Density and specific heat were measured by the
Material Research Laboratory of Industrial Technology &
Research Institute following ASTM procedures, and thermal
conductivity measurement follows procedures reported by
Lobo and Cohen (1988).

Equations 1 and 2 can be combined with Eq. 3, making
appropriate nonslip and symmetry boundary conditions, re-
sulting in a governing equation for pressure

J JP a JP
——(S——)+— S—1=0 10)
ax ax ay ay
with § defined by
22 22
S+ [zt [Pz (11)
0 Teore by Thskin

where b, is the half thickness of the core melt in the gapwise
direction and 7. and 7, are viscosity values for the core
and skin melts, respectively. S can be considered as the flow
conductance or fluidity of the molten plastics. In the region
where only skin melts exist, then b, =0.

Numerical algorithm and simulations

For solving the pressure field during skin melt injection,
Eq. 10 of the elliptic form is discretized using the standard
Galerkin finite-element method. The control volume ap-
proach can also be employed directly to obtain the same dis-
cretized form (Wang et al., 1986; Chen et al., 1988; Hsu, 1994).
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The net flow g{® that enters the control volume centered at
node A (see Figure 4) from an adjacent element £, can be
represented by

2o0r3

gtH=sb. ¥ .Di(kl).plgl’) (12)
k=1

where i is the local index for node A in the element £ and
i=1, 2, or 3 for triangular elements and i =1 or 2 for rodlike
elements. Subscript k& denotes the local node index in ele-
ment £ and DS is the influence coefficient of the nodal
pressure to the net flow in element {. At the entrance, the
net flows from all adjacent elements must satisfy the follow-
ing relationship

(13)

MR

Yaf=
7

where Q is the total volumetric flow rate of polymer melt.
For the interior nodes, the net flows from all adjacent ele-
ments obey the conservation of mass law and are equal to
Zero, i.e.,

Side Wall

Total Area of [[]] =A
Total Area of =B
2A+B

Shape Factor (SF)= SA

Figure 6. Definition of the shape factor used to correct
the additional heat transfer caused by the side
walls of the cavity.
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Sample No. SS4-2
Skin Melt Temperature
Core Melt Temperature
Skin Injection Length
Core Injection Length
Packing Pressure

(a)
Figure 7. Sequential injection of skin and core melts.

Sample No. SS4-3
Skin Melt Temperature
Core Meclt Temperature
Skin Injection Length
Core Injection Length
Packing Pressure

:220°C
220 °C
: 13 mm
: 14 mm
: 0 MPa

(b)

Skin melt was first injected for a 46.4% of the full injection stroke followed by a core melt injection of: (a) 28.6%, (b) 50% the full injection
stroke. Finally, skin melt of the left stroke (a) (25%) and (b) (3.6%) was injected.

Yal=0 14)
l'

At the melt-front nodes, the nodal pressures are equal to zero
(gage pressure). To distinguish the entrance node and the
interior nodes from the melt-front nodes, a filling parameter
fun is defined and calculated during all analyses. For the
entrance node and the interior nodes, fu;, is equal to 1,
whereas 0 < f,;, <1 for melt-front nodes. When f; is 0,
the node is designated as an empty node. This node defini-
tion is shown in Figure 5. At the melt-front nodes, the net
flow entering the control volume from neighboring elements
filled with melt can be computed. The analysis interval is
chosen so that only one melt-front node gets filled per step
(Wang et al,, 1986; Chen et al., 1988). Once the pressure field
is solved, the gapwise velocity profile and the associated shear

Figure 8. Core and skin melt material distribution when
the melts flow through contraction and expan-
sion geometry.
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rate values can be calculated. At the melt fronts, a uniform
temperature profile and velocity profile of the gap average
are usually assumed to account for the fountain flow effect in
most simulation works, for example, in the reports by Krueger
and Tadmor (1980) and Turng and Wang (1993).

When the core melt is injected into the cavity, the same
algorithm employed for the node identification mentioned
above can also be applied. However, the filling parameters
now must be defined on each gapwise layer of the element
with each divided into ten layers along the thickness direc-
tion. In addition, during the analysis of the core melt front
advancement, it is necessary to identify the upstream nodes
that are already filled with core melts. That is, among the

Sample No, SHIVI-1
Molding Conditions

Skin Meclt Temperature 2220 °C
Core Mclt Temperature 220 °C
Total Filling Time 1 2,10 sec

Switch from Skin to Core : 1,18 sce
Packing Pressure 1 0 MPa

Figure 9. Sequential injection molded plate (cavity ll)
showing strong edge and corner effects.
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Molding Conditions
Skin Melt Temperature
Core Mclt Temperature
Total Filling Time

Skin to Core Switch Time
Core to Skin Switch Time
Packing Pressure

1230°C
:230°C
: L.31 sce
: 0.60 scc
: 0.45 sec
s 0 Mpa

Sample No.  §7

(a)
Molding Conditions
Skin Meclt Temperature  :230°C
Core Melt Temperature 230 °C
Total Filling Time : 1.31 sce
Skin to Cove Switch Time : 0.60 sec
Core to Skin Switch Time : 0,45 sec
Packing Pressure : 30 Mpa

- ; | 1

gn_plc No. S8

(b)

interior nodes filled with either melt, it is necessary to distin-
guish them by skin-only interior nodes, core melt-front nodes,
and core-only interior nodes. This can be achieved by using
the second filling parameter f_.... Dual filling parameters for
the melt-front tracing technique is illustrated in Figure 5. The
net flow rate that enters a control volume from an adjacent
clement £ in the jth layer can be obtained from the gapwise
velocity profile defined at the centroid of the element ¢
(Figure 4). The analysis interval is chosen so that only one of
the core melt-front nodes or the skin melt-front nodes on
each gapwise layer becomes filled per analysis step (Wang et
al., 1986; Chen et al., 1988).

In solving the temperature field, the same method re-
ported previously by Wang et al. (1986) and Chen et al. (1988)
is used. The calculation of nodal temperature is basically

AIChE Journal

Molding Conditions
Skin Melt Temperature
Core Melt Temperature
Total Filling Time

1230°C
$230 °C
s 1.31 sce

Skin to Core Switch Time : 0.60 see
Core to Skin Switch Time ¢ 0.45 scc
Packing Pressure

: 60 Mpa

Sample No. S9

()

Figure 10.

Sequential injection molded part (cavity II):
(a) without applied packing pressure

{b) with applied packing pressure of 30 MPa
(c) with applied packing pressure of 60 MPa.

weighted from the subvolumes of all adjacent elements. How-
ever, the convection term considers only the contribution of
the upstream elements. An implicit method is used for the
conduction term, whereas the convection and viscous-heating
terms were evaluated at the earlier step. The iteration’crite-
ria and algorithm are also similar to those in conventional
injection moldings as reported by Wang et al. (1986) and Chen
et al. (1988).

Since Hele-Shaw flow assumes a two-dimensional flow of
infinite domain, the side walls of the mold cavity may intro-
duce additional heat transfer and stresses during the polymer
flow. To take the edge effect into account, shape factor val-
ues are used. The shape factor (SF) is calculated according to
the ratio of the area for those mesh elements adjacent to the
side walls plus the area of the side wall to the area of mesh

June 1996 Vol. 42, No. 6 1711



weldline on part
surface

(a)

melt flow penetrate
weldline

(b)

Figure 11. Enlarged view of the weld line area for sequential injection of the moided part (cavity Ii): (a) without
applying packing pressure; (b) with applied packing pressure of 60 MPa.

elements adjacent to the side walls. The shape factor calcula-
tion is shown in Figure 6. Once the shape factor value is ob-
tained, it can be combined with the thermal conductivity of
the polymer melt to take the additional heat transfer from
the side walls into account. The shape factor can also be
combined with fluidity S. However, the physical meaning is
not so straightforward.

Results and Discussion
Polymer melt flow in the filling stage

The fountain flow effect can be identified from the se-
quential injection molded plate of cavity III as shown in Fig-
ures 7a and 7b, respectively. In these two cases, transparent
skin melt was injected first with a fixed stroke followed by the
injection of green core melt with different strokes. It is evi-
dent that the core melt front is catching up with the skin melt
front. Because of fountain flow effect, the velocity around
the skin melt front is uniformly distributed in the gapwise
direction and is smaller than the velocity of the core melt
front located at the gap center of the cavity. As a result, the
core melt front will advance faster than skin melt front once
the core melt was injected. This phenomenon is also seen in
all other experiments indicating that the fountain flow effect
does exist and dominate the skin melt front movement. Al-
though the fountain flow effect has been observed by other
methods (Schmidt, 1974; Coyle et al., 1987; Vos et al., 1991),
the present study provides an alternative method for observ-
ing the fountain flow effect. For the nonuniform thickness
plate (cavity I), the asymmetric fountain flow of the core front
in the gapwise direction was observed when flowing through
the expansion juncture, as seen in Figure 8. Basically, the
injected core melt will penetrate the hot core of skin melt
through the gap center if the temperature on both cavity walls
is the same, Under expansion geometry such as the juncture

1712 June 1996 Vol. 42, No. 6

shown in Figure 8, the core melt front penetrates at a loca-
tion slightly above the gap center. This indicates that when
the skin melt flows through the expansion juncture, the melt
temperature is higher at the top side of the gap center. The
edge effect can easily be identified by the thin, solidified
transparent skin material along the cavity side wall, as shown
in Figure 9. The same phenomenon was also found in the
molded plate I and piate III. The corner effect, which shows
a faster core melt front advancement around the inner cor-
ner, was also clearly observed.

SIv2-1

Sample No.
Molding Conditions

Skin Melt Temperature
Core Mclt Temperature
Total Filling Time
Switch from Skin to Core
Packing Pressure

1220°C
1220°C
: 1.52s¢c
1 0.67s¢ce
: 0 MPa

Figure 12. Experimental result showing core melt front
location and core material distribution for the
molded plate of cavity lIi.
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Polymer melt flow in the post-filling stage

The sequential injection molded plates (cavity II) are shown
in Figures 10a, 10b, and 10c, respectively, so that the polymer
melt flow during the post-filling process may be observed.
These parts are sequentially injected using a skin-core-skin
sequence under different applied packing pressures. The in-
jection sequence was designed so that the last injected trans-
parent skin material barely enters the cavity. The applied
packing pressures were set at 0 Mpa, 30 Mpa, and 60 Mpa,
respectively. It was also clearly seen that the area of the
transparent skin melt near the gate region increases as the
packing pressure increases. It is evident that during the pack-
ing process additional polymer melt was pushed into the cav-
ity due to the compressible nature of the melt. On the oppo-
site side of the gate where the weld line was formed, the first
injected skin melt and the core melt were also forced to flow
as the packing pressure increased. However, the flows were
less significant when compared with those near the gate loca-
tion, as seen from the movement of the skin-core interface at
the second skin melt front formed by the last skin melt injec-
tion. Interestingly, the melt flowed across the weld line around
the gap center during the packing stage. The core melt front
on the left side was located almost behind the weld line at
the end of the filling process when no packing pressure was
applied. If a 30 Mpa packing pressure was applied, the green
core melt front moved to the location just beneath the weld
line through the gap center where the melt temperature was
still high. If a 60 Mpa packing pressure was employed, the
core melt flowed farther ahead to cross the weld line slightly.
The enlarged pictures are shown in Figures 11a and 11b, re-
spectively.

Numerical simulation

Figure 12 shows one of the sequential injection molded
plates of uniform thickness (cavity III) from which the final
core melt front location, as well as the core material distribu-
tion, can be seen. Figure 13 shows the finite-element mesh
used for the simulation. Based on this mesh, the calculated
shape factor value is 1.2. Figure 14 represents the simulated
results for the final core melt front locations at the gap cen-
ter. The simulated location of the core melt front at the end
of the filling stage is slightly behind the observed one. The

N SN

1]
"~
\WAVAVAVANNANAN,

@\f\(\f\[\!\f\&[\/\/\/\/

Figure 13. Finite-element mesh used for the simulation
of cavity lll.
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111s 1255 1.39s 1.52s

]

Figure 14. Simulated result for the core melt front ad-
vancement in the middie plane of the cavity
gap for plate lil without using the shape fac-
tor as a correction.

consistency between the predicted value and the experimen-
tal data is reasonably good, indicating that the present nu-
merical scheme is an acceptable method for the simulation of
sequential injection molding. In addition, simulation using the
present particle-tracing scheme is not subject to limitations
of geometrical complexity as compared with that of the resi-
dence time approach which requires a simplified modeling of
the flow field around the fountain flow region. The latter
method is also difficult to apply to the post-filling stage when
the mold cavity is filled. However, if the core melt breaks
though the skin melt and flows to the part surface, the pre-
sent scheme cannot be applied.

Finally, the edge effect is taken into account using the shape
factor as a geometrical correction. The corresponding shape
factor values are calculated and employed to measure the ad-
ditional beat transfer from the side walls of the mold cavity.
The corrections result in a more accurate core melt front lo-
cation than that obtained without the geometrical correction.
The situation is depicted in Figure 15. The simulation accu-

(1)Experiment
(2)Present Simulation without Shape Factor --------
(3)Present Simulation with Shape Factor -

Figure 15. Comparison of simulated predictions and ex-
perimental results on the final core material
distribution for plate IV.

Simulated results both with and without using shape factor
correction are illustrated.
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racy is further improved using the shape factor correction.
However, since shape factor value is mesh-size dependent,
more systematic studies are required.

Conclusions

Experimental studies of the polymer melt flow in mold fill-
ing and post-filling stages of the injection molding process
were implemented using the sequential injection of transpar-
ent and colored polystyrene resin. In the filling stage the
fountain flow effect, geometrical factors such as the edge ef-
fect, the corner effect, as well as flow through contractions
and expansions were well identified. In the post-filling
process, significant polymer melt flow which increases with
increased packing pressure was observed. However, melt
flows more significantly around the gate area than away from
the gate. In addition, it was found that polymer melt flows
across the gap center resulting in partial annihilation of the
weld line. Simulations based on the control-volume/finite-
element method employed within each gapwise layer com-
bined with the dual-filling-parameter technique were devel-
oped to trace the melt front advancements for both skin and
core materials. Numerical simulations show reasonably good
consistency with experimental results in both skin and core
material distribution. However, if the edge effect is taken into
account using shape factor as a geometrical correction, the
simulation accuracy can be further improved.
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Notation

x =planar direction
y =planar direction
1, = viscosity constant, Eq. 8

Subscript

j =designation of gapwise layer index
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