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Abstract

Non-uniform temperature distribution is developed in the thickness direction of the film insert molded
(FIM) product during filling and cooling stages due to retardation of the heat transfer through the solid film.
Since the non-uniform temperature distribution causes non-uniform shrinkage of the product after ejection
and warpage is generated by the non-uniform shrinkage, warpage of the FIM specimen is larger than that
of the injection molded specimen. A new mold design was suggested in this study in order to prevent
warpage of FIM specimens. Warpage of FIM specimens obtained by using the new mold was smaller than
that of FIM specimens obtained by using the conventional mold. Fiber reinforced polymer resins were also
used as the substrate to prepare the FIM specimens. Warpage of the FIM specimens with the fiber composite
substrate was reduced with increasing the fiber loadings. Warpage of the FIM specimens with carbon fiber
(CF) reinforced PC (polycarbonate)/ABS (acrylonitrile-butadiene-styrene) blend was predicted by con-
sidering anisotropic material properties such as fiber orientation, thermal expansion coefficient, Poisson's
ratio, and elastic modulus.
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1. Introduction

Manufacturers try to produce good appearance products

without increasing the production cost to satisfy the mod-

ern consumer's trend. In manufacturing industry for plastic

parts, various attractive and inexpensive products are pro-

duced by using film insert molding, e.g., automotive inte-

rior parts, cellular phone cases, toys, etc. (Kim et al., 2009-

1). The typical film insert molding process is that molten

hot polymer resin is injected to the cavity after an insert

film which has been preformed is attached to one of mold

walls. During the filling and cooling stages, the insert film

is slightly molten by the injected hot resin and adhesion is

generated between the insert film and the injected substrate

(Leong et al., 2006 and 2007). Therefore, the film insert

molding is an advanced injection molding process without

post treatments such as heat-induced labeling, screen print-

ing, etc., and it gives us high quality surface by using the

insert film. However, non-uniform temperature distribution

is developed in the thickness direction of the product during

filling and cooling stages because two different polymers

are used as the insert film and filling substrate, respectively,

and the heat transfer through the solid film is different from

that through the steel mold wall. The non-uniform tem-

perature distribution causes non-uniform shrinkage of the

product after ejection and warpage is generated by the non-

uniform shrinkage.

There have been reported many studies on warpage of

FIM parts. Numerical analysis for the film insert molding

processing was firstly proposed in the previous study (Kim

et al., 2008-1). The warpage reversal phenomenon (WRP)

was observed, i.e., the FIM specimen was bent such that the

film side protruded after ejection and the warpage was

reversed gradually during annealing of the specimen due to

the combined effect of thermal shrinkage of the insert film

and relaxation of residual stresses during annealing (Kim et

al., 2009-2). Further studies revealed that warpage of the

FIM part depended on processing parameters such as pack-

ing pressure, mold wall temperature difference, injection

speed, melt temperature, and packing time. Proportional

relationship between warpage of the FIM part and shrink-*Corresponding author: jaeryoun@snu.ac.kr
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age of the injected substrate was also observed. Shrinkage

of the substrate and residual stresses of the entire part were

identified as key factors for warpage of FIM specimens

after ejection. Warpage of the annealed specimen was more

dependent on the annealing conditions such as pre-anneal-

ing of the insert film and annealing time than injection

molding parameters (Kim et al., 2008-2 and Baek et al.,

2008). The optimized processing conditions for minimum

warpage of FIM specimens were obtained after both ejec-

tion and annealing by using the Taguchi method (Kim et al.,

2010). Although the optimized injection molding condition

was obtained by the Taguchi method, additional modifi-

cation was needed to reduce the warpage of FIM specimens

because that of the FIM specimen was still large.

Many studies have been reported on shrinkage and

warpage of typical injection molded parts with reinforcing

fillers without any insert film. In the previous studies

(Kikuchi and Koyama, 1994 and 1996-1~3), injection

molded center-gated discs of mineral particle filled nylon

66 and glass fiber filled nylon 66 with filler loadings of

40 wt% were prepared. The minerals used for the studies

had an average aspect ratio of 4.0 while the glass fibers had

an average aspect ratio of 55. It was observed that the

warpage of the molded part with high aspect ratio glass

fibers was two and a half times greater than that of the

mineral filled parts. Mlekusch et al. (1999) reported that

the warpage is strongly influenced by the process param-

eters of the molding in the case of non-reinforced ther-

moplastics. On the contrary, the anisotropy plays a

dominating role for warpage of the short fiber reinforced

thermoplastics (SFRT). DePolo and Baird (2006) sug-

gested that the most common belief is that warpage of

injection molded thermoplastics is primarily attributed to

residual thermal stresses associated with thermal contrac-

tion of the parts, and therefore, flow-induced stresses gen-

erated during mold filling do not play a significant role.

However, in the case of TLCP/PP composites, since ther-

mally induced residual stresses decreased with an increase

in the fiber loading while the flow-induced residual

stresses increased, the flow-induced residual stresses must

be accounted for in order to predict the warpage of fiber-

reinforced thermoplastics accurately. It was also observed

that warpage of the part was increased about 25~30% and

shrinkage of the part was reduced by about 10% when

glass fibers were added. However, study on warpage of

FIM composite parts was still in just a rudimentary stage.

Since shrinkage of the substrate is one of the most impor-

tant parameters influencing warpage of the FIM specimen

and it is expected that the warpage will be reduced by

selecting a substrate polymer material of low shrinkage, the

following three experiments were conducted in this study:

(1) Warpage of the FIM specimen with semi-crystalline

polymer substrate was investigated in order to clarify the

relationship between warpage of the FIM specimen and

shrinkage of the substrate. (2) A newly designed mold

which was named as the 4-pillar-mold was examined in

order to reduce the warpage of ejected FIM specimens. The

4-pillar-mold had concave pillars in the four corners of a

dog-bone shape cavity such that the concave pillars should

support the dog-bone shaped tensile specimen against the

mold cavity and shrinkage of the injected tensile specimen

be prevented. (3) Fiber reinforced polymer composites were

employed as the substrate material and FIM specimens with

fiber reinforced substrate were prepared because it is well

known that fiber reinforced polymers shrink less than pure

polymers and have good dimensional stability and high

stiffness. Three-dimensional flow analysis was conducted

for the three specimens and the predicted warpage results

were compared with experimental results.

2. Experimental

2.1. Materials
The insert film has a laminated structure that consists of

ABS and polymethylmetacrylate (PMMA) layers as sup-

plied by the manufacturer (Nissha Printing Co., Ltd.,

Japan). Thickness of the PMMA layer was 0.05 mm and

that of the ABS layer was 0.45 mm. Polybutylenetereph-

thalate (PBT, LUPOX GP-1006FD, LG CHEM, Ltd.,

Korea) and a polymer blend (HP-1000X, Cheil Industries

Inc., Korea) of PC and ABS were used as the semi-crys-

talline and amorphous polymer substrates for film insert

molding. Mold shrinkage of PC/ABS and PBT were

0.6~0.7% and 1.2~2.0% according to ASTM D955. Car-

bon fibers (CF, HexTow, Hexcel, USA) with the length of

6.4 mm, manufactured from PAN fibers, were used as the

reinforcing fillers. Reinforced PBT composites (LUPOX

GP-2150, LG CHEM, Ltd., Korea) with 15 wt% glass

fibers (GF) were also used as the substrate. 

2.2. Preparation of the mold and CF reinforced
PC/ABS composite

The CF reinforced PC/ABS composites were prepared

by melt-compounding. Melt compounding was performed

with a counter rotating twin screw extruder (TEK20, SM

PLATEK Co., Ansan, KOREA). The extruder was oper-

ated at the screw speed of 400 rpm with three different

temperature zones of 260oC, 250oC, and 240oC at the feed-

ing, melting, and die sections. The extruded melt was

quenched in water and pelletized. A newly designed mold

named as the 4-pillar-mold was built and tested in order to

reduce the warpage of ejected FIM specimens. The 4-pil-

lar-mold had concave pillars at the four corners of a dog-

bone shaped cavity. Shape of the FIM specimen obtained

by using the 4-pillar-mold is shown in Fig. 1.

2.3. Film insert molding
The film was annealed at 80oC for 2 days in order to
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minimize the effects of thermal shrinkage and residual

stresses on the warpage of FIM parts. The PC/ABS blend

and PC/ABS composites reinforced with carbon fibers

were dried at 80oC in a vacuum oven for 4 hours. The PBT

resin and glass fiber reinforced PBT composites were also

dried at 90oC in a vacuum oven for 4 hours before injection

molding to minimize the effect of moisture. The unan-

nealed pristine or annealed film was attached to one side of

the mold walls before injection of the resin. The polymer

resins or composites were injected into the dog-bone shape

cavity and the 4-pillar-mold cavity by using an injection

molding machine (Engel, Germany). Molding conditions

for various FIM specimens are summarized in Table 1 with

respect to film treatment, mold type, and molding con-

ditions and in Table 2 with respect to resin type, film treat-

ment, and filler loading. IM and GIM represent injection

molded specimens without film by using the typical mold

and by using the new mold while GFM and GAFM rep-

resent FIM specimens molded by using the new mold with

unannealed and annealed films. FMC and AFMC also rep-

resent FIM composite specimens with unannealed and

annealed films by using the typical mold.

3. Numerical Simulation

A set of unified governing equations based upon the gen-

eralized Hele-Shaw model were used for simulation of fill-

ing and packing stages assuming a compressible viscous

Fig. 1. Shape of the FIM specimen obtained by using 4-pillar-

mold: (a) side view and (b) bottom view.

Table 1. Continued

Sample

No.

Film

Treatment
Mold

Mold Wall 

Temperature

(oC)

Packing

Pressure

(bar)

AFM-1

Annealed
Dog-

bone

30 50

AFM-2

50

30

AFM-3 50

AFM-4 70

AFM-5 70 50

GAFM-1

Annealed 4-pillar

30 50

GAFM-2

50

30

GAFM-3 50

GAFM-4 70

GAFM-5 70 50

*The polymer resin used was PC/ABS blend. Melt temper-

ature, packing time, and injection speed were 250oC, 5 s, and

40 mm/s, respectively.

Table 1. Various FIM specimens with respect to film treatment,

mold type, and molding conditions

Sample

No.

Film

Treatment
Mold

Mold Wall 

Temperature

(oC)

Packing

Pressure

(bar)

IM-1

No
Dog-

bone

30 50

IM-2

50

30

IM-3 50

IM-4 70

IM-5 70 50

GIM-1

No 4-pillar

30 50

GIM-2

50

30

GIM-3 50

GIM-4 70

GIM-5 70 50

FM-1

Unan-

nealed

Dog-

bone

30 50

FM-2

50

30

FM-3 50

FM-4 70

FM-5 70 50

GFM-1

Unan-

nealed
4-pillar

30 50

GFM-2

50

30

GFM-3 50

GFM-4 70

GFM-5 70 50
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fluid and non-isothermal conditions. Three-dimensional

flow analysis was performed by assuming that rheological

behavior of the polymeric melt is modeled by the modified

Cross model with the following Williams-Landel-Ferry

(WLF) equation (Kennedy, 1993 and Macosko, 1994).

(1)

where η is viscosity, η0 is the zero shear rate viscosity, 

is shear rate,  is the shear stress at the transition between

Newtonian and power law behavior,  is the viscosity at

reference temperature,  is density,  is the density at

reference temperature,  is temperature, and  is the ref-

erence temperature. Typically  is chosen as the glass

transition and C1=17.44 and C2=51.6 K for many poly-

mers. Fiber orientation distribution was considered addi-

tionally for FIM composite parts by using the theory of

Folgar and Tucker (1984). Orthotropic closure approxi-

mation was used to express the fourth-order tensor in terms

of the second-order tensor (Cintra and Tucker, 1995).

Anisotropic thermal expansion coefficient and mechanical

properties such as anisotropic Young's moduli, Poisson's

ratios, and shear moduli were calculated by Chamberlain

(Karadeniz and Kumlutas, 2007) and Tandon-Weng mod-

els (Tandon and Weng, 1984) for determining the fiber ori-

entation tensor (Zheng et al., 1999). Heat conduction

through the mold polymer interface, viscous heat dissi-

pation during both filling and post-filling stages, and con-

vective heat transfer by the cooling liquid are accounted for

in the thermal analysis. PVT relation was described by the

modified Tait equation. Fiber orientation distribution,

anisotropic thermal expansion coefficient, and mechanical

properties are considered in the control volume approach to

handle the automatic melt front advancement by using a

hybrid FEM/ FDM scheme. An implicit numerical scheme

is employed to solve the discretized energy equation (San-

thanam et al., 1991).

The laminated PMMA/ABS film was treated as a homo-

geneous film by neglecting the PMMA layer because

thickness of the PMMA layer was small. Properties of

ABS (Techno ABS 545, Techno polymer) were used as

those of the film and properties of the PC/ABS polymer

blend (Staroy HP-1000X, Cheil Industries Inc., Korea)

were employed as those of the resin. Properties of a PC/

ABS composite compound (A220-HT, Parker Hannifin

Co., U.S.A.) were assumed as those of the CF filled PC/

ABS composite with the fiber weight fraction of 10%.

Properties of a PBT resin (Lupox GP-2000, LG Chemical

Co., Korea) were used as properties of the used PBT resin.

The selected material properties for the polymeric and

composite materials are summarized in Table 3 and pro-

cessing conditions for the numerical analysis were the

same as the experimental conditions shown in Table 1 and

2. The ejection step was dealt with by solving the elasticity

when fixed boundary conditions are removed suddenly.

η
η0

1
η0γ

·

τ∗
--------

⎝ ⎠
⎛ ⎞

1 n–( )

+

------------------------------  
η0θ∗ρ∗

η∗θρ
------------------log,

C1 θ θ∗–( )–

C2 θ θ∗–( )+
-----------------------------= =

γ
·

τ∗
η∗

ρ ρ∗
θ θ∗

θ∗

Table 2. Sample preparation of various FIM specimens with

respect to resin type, film treatment, and filler loading

Sample

No.
Resin Film

Filler Loading

(wt.%)

IMC-1

PC/ABS

No

0

IMC-2 0.5

IMC-3 1

IMC-4 3

IMC-5 5

IMC-6 10

IMC-7
PBT

0

IMC-8 15

FMC-1

PC/ABS

Unannealed

0

FMC-2 0.5

FMC-3 1

FMC-4 3

FMC-5 5

FMC-6 10

FMC-7
PBT

0

FMC-8 15

AFMC-1

PC/ABS

Annealed

0

AFMC-2 0.5

AFMC-3 1

AFMC-4 3

AFMC-5 5

AFMC-6 10

AFMC-7
PBT

0

AFMC-8 15

*Molding conditions of PC/ABS samples were melt temperature

of 230oC, packing time of 30 s, injection speed of 70 mm/s,

mold wall temperature of 43oC and packing pressure of 70 bar.

Also, molding conditions of PBT samples were melt temperature

of 250oC, packing time of 20 s, injection speed of 40 mm/s, mold

wall temperature of 60oC and packing pressure of 80oC.
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4. Results and Discussion

Effects of packing pressure on warpage of PC/ABS FIM

specimens are shown in Fig. 2. Warpage of the FIM spec-

imen was reduced with increasing packing pressure irre-

spective of the mold conditions because shrinkage of the

injected polymer resin was reduced as the amount of

injected polymer resin was increased with increasing pack-

ing pressure. Effects of mold temperature on warpage of

PC/ABS FIM specimens are shown in Fig. 3. Previous

study (Kim et al., 2008-2) reported that warpage of the

FIM specimen was increased with increasing mold wall

temperature difference due to development of asymmetric

thermal residual stress distribution. However, warpage of

the FIM specimen was decreased with increasing mold

temperature in this study because thermal shrinkage of the

injected polymer resin which was affected by the tem-

perature difference between the melt and mold tempera-

tures was reduced by increasing the mold temperature. 

In Figs. 2 and 3, warpage of the FIM specimen obtained

by using the 4-pillar-mold was clearly smaller than that of

the FIM specimen obtained by using the typical mold and

flat FIM specimens can be obtained at specific injection

molding conditions. Warpage of the PC/ABS FIM spec-

imen can be controlled by using the 4-pillar-mold because

shrinkage of the injected polymer resin was reduced.

Warpage of the FIM specimen with the pre-annealed film

was larger than that of the FIM specimen with the unan-

nealed film due to thermal shrinkage of the unannealed

film during injection molding. In the previous studies, Kim

et al. (2008-2 and 2009-2) reported that warpage of the

FIM specimen with the annealed film was larger than that

Table 3. Material properties of polymer resins, composite substrate, and film used for numerical simulation

PC/ABS blend

(Lupoy HR 5007AB)

PC/ABS and CF composite

(A220-HT)

PBT

(Lupox GP-2000)

Film

(Techno ABS545)

Elastic modulus (MPa) 2780 9153 2600 2240

Poission's ratio 0.23 0.456 0.437 0.392

Melt density (kg/m3) 1003.6 1074.7 1078.3 943.9

Solid density (kg/m3) 1136.7 1227.2 1312.4 1054.1

Thermal expansion 

coefficient (K-1)
6.7×10-5 1.968×10-5 7.75×10-5 8×10-5

Thermal conductivity 

(W/m·K)
0.21 (at 79oC) 0.251 (at 68oC) 0.19 (at 250oC) 0.116 (at 75oC)

Specific heat (J/kg·K) 2205 (at 265oC) 2077 (at 255oC) 2262 (at 250oC) 2202 (at 200oC)

Fig. 2. Measured and predicted warpage of PC/ABS FIM spec-

imens with respect to packing pressure and mold type

(SGFM represents numerically predicted GFM speci-

mens).

Fig. 3. Measured and predicted warpage of PC/ABS FIM spec-

imens with respect to mold temperature and mold type.
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of the FIM specimen with the unannealed film due to ther-

mal shrinkage of the unannealed film which had biaxial

molecular orientation induced by the film extrusion pro-

cess. Warpage of the SGFM specimen was in good agree-

ment with that of the GFM specimen, indicating that

effects of the 4-pillar-mold on warpage of the FIM spec-

imen can be predicted by the numerical procedure.

It is shown that warpage of the FIM specimen can be

controlled by fiber reinforced polymer resin, which can

reduce shrinkage of the substrate part. Warpage of the PC/

ABS FIM specimen which was prepared by using the typ-

ical dog-bone shape mold is shown in Figs. 4 and 5 with

respect to the fiber loading. Warpage of the ejected PC/

ABS FIM specimen reinforced with carbon fibers was

reduced as increasing fiber loading because shrinkage of

the injected substrate was reduced almost linearly with

respect to the fiber loading. As shown in Table 4, shrinkage

of the FIM specimen was decreased linearly with respect to

the fiber loading. Flat FIM specimens with the unannealed

film were obtained in the case of 5 wt% fiber loading and

those with the annealed film were obtained in the case of

10 wt% fiber loading because thermal shrinkage of the

unannealed film was larger than that of the annealed film

during film insert molding.

Fig. 4. Warpage of PC/ABS FM specimens using unannealed

film with respect to CF loadings: (a) 0 wt%, (b) 0.5 wt%,

(c) 1.0 wt%, (d) 3.0 wt%, and (e) 5.0 wt%.

Fig. 5. Warpage of PC/ABS AFM specimens using annealed film

with respect to CF loadings: (a) 0 wt%, (b) 0.5 wt%, (c)

1.0 wt%, (d) 3.0 wt%, (e) 5.0 wt%, and (f) 10.0 wt%.

Table 4. Shrinkage of PC/ABS blend and CF composites as

increasing fiber loadings

Sample Carbon Fiber loading (wt %) Shrinkage (%)*

PC/ABS_0 0 0.207

PC/ABS_0.5 0.5 0.178

PC/ABS_1 1 0.142

PC/ABS_3 3 0.024

PC/ABS_5 5 -**

PC/ABS_10 10 -

*Shrinkage of the composites was obtained by using the equa-

tion of the longest length of the specimen: 

**Unmeasurable shrinkage

εT l∆ l0⁄=

Fig. 6. Warpage of PBT FIM specimens with respect to mold

type and GF loadings: (a) typical mold and 0 wt%, (b) 4-

pillar-mold and 0 wt%, and (c) typical mold and 15 wt%.
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Warpage of the PBT FIM specimen is shown in Fig. 6

with respect to the mold type and glass fiber loading.

Warpage of the pure PBT FIM specimen produced by

using the typical mold is larger than that of the pure PC/

ABS FIM specimen because shrinkage of the PBT resin is

larger than that of the PC/ABS blend during injection

molding. It is contrary that warpage of the PBT FIM spec-

imen obtained by using the 4-pillar-mold was quite large

compared with that of the PC/ABS FIM specimen. How-

ever, the PBT FIM specimen reinforced with 15 wt% GF

did not show any deformation after ejection from the typ-

ical mold. It was shown that fiber reinforcement was more

effective for reducing warpage of FIM specimens than

using the 4-pillar-mold.

Numerically predicted warpage of the FIM specimen

obtained by using the typical mold is shown in Fig. 7. The

numerical results shown in Figs. 8 (a) to (c) are consistent

with the experimental results shown in Figs. 4 (a), 5 (f) and

6 (a). All the numerical results were accorded well with the

experimental results, in especial, warpage of the CF rein-

forced PC/ABS FIM specimen was predicted exactly.

Anisotropic material properties caused by the carbon fibers

were considered in the three-dimensional flow and struc-

tural analysis.

5. Conclusion

Warpage of the FIM part was investigated in order to

reduce the warpage and to produce flat FIM specimens. A

new mold called “4-pillar-mold” was built and examined.

Flat PC/ABS FIM specimens were obtained under specific

injection molding conditions by using the new mold. How-

ever, warpage of the PBT FIM specimen was quite large

even when the new mold was employed. Fiber reinforced

polymer resins were chosen to prepare the FIM specimens.

Warpage of the FIM specimen was reduced significantly as

increasing the filler loading irrespective of resins and fill-

ers. Since flat PBT FIM specimens with glass fibers were

obtained under specific injection molding conditions by

using the typical mold, fiber reinforcement was more

effective than using the new mold. Warpage of the pure

and CF reinforced PC/ABS FIM specimen was predicted

by the three-dimensional flow and structural analysis. The

predicted results were in good agreement with the exper-

imental results because anisotropic properties of fiber rein-

forced polymer materials such as fiber orientation, thermal

expansion coefficient, and mechanical properties were con-

sidered properly.
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