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Application of injection-compression molding to thin-walled polymeric parts
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In this study, we investigated the injection molding (IM) process for the production polymeric parts with
thin walls. The injection molding process was numerically modelled, and thin-walled polymeric parts were
injection-molded experimentally. In the case of polymeric parts with thin walls, it is critical to understand
flow and heat transfer behavior in the mold during the process. Injection-compression molding (ICM) was
adopted to fabricate the parts, and the resulting residual stress and warpage were evaluated. In addition,
birefringence of the molded part was analyzed to validate the numerical results.
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1. Introduction

Injection molding is a fascinating manufacturing process
that has many strong points, such as low cost, good pro-
cessability, high precision, and good surface finish (Gue-
vara-Morales and Figueroa-Lopez, 2014; Oh et al., 2011).
These days, the molding process is being used to fabricate
from nano-sized through macro-sized parts in manifold
applications, such as microelectronics, automobile, and
automotive (Hong et al., 2015; Oh and Song, 2015). In
particular, much effort has been made to manufacture
large areal, and thin polymeric parts, such as battery cases,
light guide panels, and plastic window using injection
molding (Min and Yoon, 2011). However, it still remains
a challenge due to relatively fast heat transfer in the mold
and low flowability of polymer melt (Chen ef al., 2013;
Guevara-Morales and Figueroa-Lopez, 2014; Isayev ef al.,
2006). In the injection molding process, polymer is solid-
ified and a skin layer is generated right after a polymer
melt is injected into a mold cavity (Oh and Song, 2017).
Basically, this acts as an inherent barrier to overcome for
the enhancement of the low moldability (Jiang et al,
2007; Kabanemi et al., 1998; Kamal et al., 2002). On the
other hand, injection compression molding (ICM) com-
bines injection molding with compression molding to pro-
duce large and thin polymeric components (Chen et al.,
1998). After the filling stage of injection molding, addi-
tional clamping force is applied to a mold, and the mold
cavity is squeezed. Even though the ICM process can
shorten the thickness of molded parts, significantly
enhanced residual stress necessarily arises from the addi-
tional pressure. As a result, structural deformation of parts
such as warpage and deflection is likely to occur (Ozcelik
and Sonat, 2009).

Numerical modelling of injection molding allows us to
understand the entire process in a more systematic manner
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(Teixeira et al., 2015; Weng et al., 2009a). For instance,
results of flow simulation can help design a mold and
determine flow velocity and pressure of injection molding
to avoid incomplete cavity filling and weld lines (Weng et
al., 2009b). Heat transfer in the mold and solidification
during filling and cooling can be simulated numerically.
Based on the results, operational processing conditions
such as cycle time, melt temperature, and mold wall tem-
perature can be controlled. Furthermore, this enables us to
design and manufacture optimal final products by manip-
ulating post-processing properties such as residual stress
and shrinkage.

In the current study, the ICM process was numerically
simulated. Thin and large battery cases were designed and
manufactured using the process. Flow behavior in the cav-
ity was analyzed with respect to time, and the pressure and
temperature distributions of parts were investigated. Then,
the residual stress was evaluated and compared with the
result of birefringence obtained experimentally.

2. Experimental

2.1. Sample preparation

Polycarbonate (PC) and acrylonitrile butadiene styrene
(ABS) copolymer supplied by SABIC Corporation
(CYCOLOYCX7240) were blended and used for the
injection molding. Before the process, the polymeric pel-
lets were fully dried by using a convection oven. Velocity/
pressure switching was applied when 98% of the cavity
volume was filled. The detailed processing conditions of
injection molding are listed in Table 1.

2.2. Numerical analysis

In this study, we exploited the ICM for the preparation
of thin battery cases. The ICM processes were numeri-
cally modelled using a commercial CFD software, Mold-
ex3D. The conservation of mass, conservation of linear
momentum, and conservation of energy were used as gov-
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Table 1. Processing conditions used in this study.

Filling time 03s

Packing pressure 80 MPa
Cooling time 20 s

Melt temperature 285°C
Mold temperature 106°C
Ejection temperature 94°C
erning equations (Oh and Song, 2015):
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wherep is the density, v is the velocity vector, P is the
pressure, 7 is the viscous stress tensor, g is the gravity
vector, C, is the specific heat at constant pressure, £ is the
thermal expansion coefficient, 7 is the generalized New-
tonian viscosity, and § is the heat flux vector. The mag-
nitude of shear rate tensor, y is simplified in the Cartesian
coordinate system as below:
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where (u, v) are the velocity components in the (x, y)
directions. The accurate location of the melt flow front in

the cavity was predicted using the following fluid con-

centration equation:
dF
ar_y 5
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where F is the fluid concentration. The flow property of
polymer melt was described with the 5 constant modified
Cross model:

UO(T > P )
L+ (T, Pyile) "

(T, v, P)= (6)
where 7 is the viscosity, 7, is the zero shear rate viscosity,
7" is the shear stress at the transition between the New-
tonian and the Power-law behaviors, and » is the Power-
law index. 7, can be represented as a function of tem-
perature using the Williams-Landel-Ferry (WLF) equa-
tion:

A(T-T'(P) J )

no(T, P) = D, exp(— P
A, +DyP+(T-T (P))

where T'(P) =D, + D,P. The material constants for Eqgs.
(6) and (7) are taken from Moldex3D.
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3. Results and Discussion

Figure 1 presents the melt front in the mold cavity with
respect to time. The eight gates were used for the resin
filling. It was found that the melt front filled the cavity
progressively. The multi-gates were employed for manu-
facturing large and thin parts. Therefore, several weld
lines were identified. Since the thickness of the part was
0.31 mm, relatively high filling pressure and short filling
time were needed to avoid the so-called ‘short-shot’. This
is one of the main reasons to adopt ICM, i.e., relatively
low filling pressure.

Figure 2 shows the sprue pressure, flow rate, clamping
force, volume fraction, and total weight for the cavity
during filling in the process. As shown in Fig. 2a, the
sprue pressure was first gradually increased over time
until the runners were fully filled. After then, the sprue
pressure was dramatically increased up to 98.52 MPa.
Consequently, the flow rate was remarkably increased and
then reversed (Fig. 2b). This was ascribed to the compres-
sion. The clamping force was also sharply increased and
decreased as a function of time (Fig. 2¢). Figure 2d
demonstrates that a volume fraction of 73% of the cavity
was filled in the resin injection stage and the remaining
volume (i.e., 37%) was done in the compression stage.

(a)

Filling_Melt Front Time
x10 -2 ]lsel:l
— g 24T

2373 R

2270 ¢> iy

2167 p. -

2,063 r (}

1.960 4
1857 O

Melt Front al  0.025 sec

1.753
1650
1.546
1443
1340
1.236
1433
1.030
— = 0.928 Maldex

z " ity
Lt_x iﬂ 00 50.0 mm

(b)

Filling_Medt Front Tieme
®10-1 [sec]
1384

1200 -
1212 —_

1126
1.040 ‘
- 5 2
0.781 \ .

y

Medt Front al 0,138 sec

0.523
0.437
0.351
0.265
0479
- ZIZI.INZ Maldex
Wy, I; 00 500
- =0

Fig. 1. (Color online) Melt front of polymer in the mold cavity
with respect to time: (a) 0.025 s and (b) 0.138 s.
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The total weight changed over time, which was similar to
the result of flow rate (Fig. 2e). In the injection molding,
the fill time was set at 0.3 s. The pressure distribution
during ICM is presented in Fig. 3. The sections with a rel-
atively lower thickness (0.31 mm) was found to have
higher pressure values. After the filling step (0.3 s), the
pressure was dropped rapidly. The temperature distribu-
tion during ICM is displayed in Fig. 4. As expected, the
sections with a lower thickness were cooled first and fro-
zen.
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Fig. 2. (Color online) Injection compression molding:
(a) Sprue pressure, (b) flow rate, (c) clamping force,
(d) volume fraction, and (e) total weight.

Figure 5 shows the percentage of frozen layer during
ICM. It turned out that the thinner part was frozen at 0.6
s first, and the entire part was followed at 10 s. The warp-
age of the molded part in the thickness direction is pre-
sented in Fig. 6. The numerically predicted warpage was
found to be about 1.3 mm. In general, the residual stress
of injection molded parts is explained with two mecha-
nisms, ie., flow induced residual stress and thermal-
induced residual stress. The former arises from the orien-
tation of molecules by hydrodynamic stress, and the latter
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Fig. 3. (Color online) Pressure distribution during ICM: (a) 0.215 s and (b) 0.473 s.
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Fig. 5. (Color online) Percentage of frozen layer during ICM: (a) 0.215 s, (b) 0.473 s, (c) 0.548 s, (d) 0.569 s, (e) 0.813 s, (f) 1.092
s, (g) 1.191 s, and (h) 10.004 s.
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Fig. 6. (Color online) Warpage of the molded part in the thick-
ness direction.
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Fig. 7. (Color online) Residual stress of the molded part: (a)
Thermal-induced residual stress and (b) flow-induced residual
stress.

is due to the non-uniformity of temperature distribution
during process. Figure 7 shows the residual stress distri-
bution of the molded parts. The results revealed that the
thermally induced residual stress was higher than the flow
induced residual stress. These results were compared with
the birefringence result as shown in Fig. 8. It was shown
that the birefringence pattern was quite similar to the
image of the residual stress presented in Fig. 7. This indi-
cates that this numerical simulation accounts for the ICM
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Fig. 8. (Color online) Birefringence image of the molded part.

process successfully.
4. Conclusions

We exploited the ICM process in order to manufacture
thin-walled polymeric parts. A battery case was designed
and injection-molded experimentally. The molding pro-
cess was numerically simulated to understand flow and
heat transfer behavior in the mold cavity. The resulting
filling pressure, clamping force, filling time, pressure,
residual stress, and warpage were analyzed. In addition,
birefringence of the molded part was measured and com-
pared with the result of the residual stress obtained numer-
ically. We expect that this study provides meaningful
insight into ICM for wider applications of the process.
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