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ABSTRACT: Complex automotive parts were produced
by film insert molding and the ejected parts were annealed
to investigate the viscoelastic deformation. Warpage of the
part was predicted by numerical simulation of mold filling,
packing, and cooling stages with non-isothermal three-
dimensional flow analysis. The flow analysis results were
transported to a finite element stress analysis program and
the stress analysis was performed by using time-tempera-
ture superposition principle to investigate viscoelastic de-

formation. Predicted residual stresses, viscoelastic
deformation, and warpage showed good agreement with
experimental results. Thermal shrinkage of the inserted film
and relaxation of the residual stress affected the viscoelastic
deformation of the part significantly during annealing.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 118: 2530-2540, 2010
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INTRODUCTION

Polymeric materials have been used in automotive
industry and the total amount has been increased sig-
nificantly. Because they have low density and excel-
lent mechanical properties, polymers are used as raw
materials for automotive parts to improve the fuel
economy without sacrificing safety. For last decades,
lighter and tougher automotive interior parts have
been produced by the automotive industry. Because
emotional design concept requires automotive parts
with fine details, some automotive interior products
are manufactured by film insert molding (FIM).

FIM is a new injection molding method in which
molten polymer is filled into the cavity after a film
is attached to one side of the mold walls. The
inserted film is preformed and attached to the cavity
wall for decoration of the part instead of traditional
screen printing or painting. Surface quality of the
injection molded products can be improved by the
decorated film. Moreover, adhesion between the film
and the substrate may be enhanced because the
injected hot molten resin can re-melt the film par-
tially."™ FIM is preferred to other surface decoration
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methods because it is a one-step process without
extra post-processing that will increase the produc-
tion cost. Therefore, FIM has been widely applied to
various products and will be explored continuously
for production of automotive interior parts, cellular
phone cases, logo design of plastic products, etc.

There are some disadvantages of the film insert
molded products because there is a possibility of wash-
ing off of printed ink, unexpected weld line, wrinkling
of the inserted film, non-uniform shrinkage, and warp-
age of the part. In particular, serious problems such
as non-uniform shrinkage and warpage have been
reported because they occurred frequently when the
FIM was used for a large part with complex geometry.
In general, non-uniform shrinkage is generated by com-
plex mold geometry and can cause significant deforma-
tion of the geometry.” Although there have been many
studies on warpage and shrinkage of injection molded
parts®® and film insert molded parts with simple
geometry,”? investigations on warpage of the film
insert molded products with complex geometry seldom
have been reported. Therefore, it is necessary to under-
stand why the film insert molded parts may experience
large deformation or fracture when the product is used
long time or exposed to high temperature.

Numerical analysis is effective in understanding the
processing procedure and physical properties of the
final product beforehand. In the previous study,”'* nu-
merical flow analysis was performed for the FIM pro-
cess by using a commercial finite element analysis code
(Moldflow) with the capability of part insert. Time-de-
pendent viscoelastic stress analysis was also performed
by using a commercial stress analysis code (ABAQUYS)
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Scale (600mm)

Figure 1 (a) Installed automotive interior part (center panel of Santa Fe model, Hyundai Motor Co., Korea). (b) Diagram
of runner, multiple gates, cooling channel, and molded shape of the film insert molded automotive interior part. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

for flat and simple geometries. However, the numerical
analysis has been rarely applied to huge, bulk, and
complex automotive interior parts produced by FIM.
Because the product considered in this study has the
length of about 90 cm and numerous ribs, at least
400,000 finite elements were needed for three-dimen-
sional flow and stress analyses.

Automotive interior parts were prepared by FIM in
this study to investigate warpage of the parts and were
annealed to evaluate the thermoviscoelastic deforma-
tion. Three dimensional flow and structural analyses
were performed to predict residual stresses in the prod-
uct and to evaluate long-term viscoelastic deformation
of the film insert molded part by using time-tempera-
ture superposition principle. Weld line locations, resid-
ual stresses, and deformed geometry were obtained by
the numerical analysis and the numerical predictions
were compared with experimental results.

EXPERIMENTAL
Materials

The film used for FIM has a laminated structure that
consists of acrylonitrile-butadiene-styrene (ABS) sub-

strate and polymethylmetacrylate (PMMA) film. Thick-
ness of the PMMA layer was 0.05 mm and that of the
ABS layer was 0.45 mm when supplied by the manu-
facturer (Nissha printing Co., Japan). It is expected that
biaxial molecular orientation and residual stresses were
developed in the film during manufacturing process.
The received film was preformed to fit the mold cavity
by using thermoforming at 150°C because of complicate
shape of the automotive part. The polymeric resin used
for injection molding was a blend (STAROY HP-1000X,
Cheil industries, Korea) of polycarbonate (PC) and ABS
and had the MFR of 27.0 g/10 min at 250°C under the
load of 10 kg according to ASTM D 128.

Characterization of materials

Dimensions of the thermoformed film and the
annealed film treated at 80°C were measured. Linear
thermal expansion coefficient, o, of the film was
determined by the following equation.

Al

* T AT

1)

where Al is expanded length, I, is initial length, and
AT is temperature difference. For modeling of
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Figure 2 Injection speed used for FIM of the part with
complex geometry as a function of ram stroke.

viscoelastic properties of materials, relaxation mod-
uli of the film and substrate were measured by
using the dynamic mechanical analysis (DMA 2980,
TA instrument, New Castle, DE).

Film insert injection molding

The PC/ABS resin was dried at 80°C in a convection
oven for 4 h before injection molding to minimize the
effect of moisture. The film was attached to one side
of the mold wall before injection of the resin. The
polymer resin was injected into the cavity at 265°C by
using an injection molding machine (Engel, Ger-
many). Maximum clamped force and screw diameter
of the machine were 120 ton and 28 mm, respectively.
Maximum pressure and injection speed were 240
Mpa and 600 mm/s, respectively. The injection pro-
cess was performed by using runners, multiple gates,
and cooling channels as shown in Figure 1 and injec-
tion speed is exhibited in Figure 2. Mold temperature
at the interface between the inserted film and mold
cavity was 32°C and mold temperature at the inter-
face between injected resin and mold cavity was 43°C.
Multiple packing process was used such that packing
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pressure of 60 MPa was applied for the first 9.8 sec-
onds and 90 MPa for the next 0.2 seconds. After ejec-
tion, the molded part was annealed in a convection
oven at 80°C for 5 days to estimate viscoelastic defor-
mation of the part. Two abbreviations were used for
the specimens in this study, i.e., FIM-E and FIM-A
represent film insert molded specimen after ejection
and after annealing, respectively. The warpage was
measured before and after annealing by scanning the
parts with a 3D scanner (3D NEXTUS, Chung-ju City,
Chung Cheongbuk-Do, Korea).

Measurement of residual stresses

Various measurement methods have been developed
for determination of residual stress. The layer-
removal method, which was developed by Treutin
and Read" is one of the most commonly reliable de-
structive methods but is limited to the measurement
of residual stresses in flat plates. It is impossible to
apply the technique to an object with complex
geometry."*'® On the other hand, the hole-drilling
method is applicable to an object with a complex
geometry and have been used to evaluate residual
stresses in complex automotive interior parts.'”” The
hole-drilling method is a semi-destructive residual
stress measurement technique which was first pro-
posed by Mathar.'® When a hole is drilled and the
material is removed, a new stress equilibrium is
established around the hole by the stress relaxation.
Localized stress relaxation is caused by deformation
around the hole as soon as the stressed material is
removal. Generation of the strain caused by the de-
formation can be measured by using a specially
designed strain gage, rosette. The procedure is rela-
tively simple and has been standardized as depicted
in the ASTM Standard Procedure E 837.

The experimental set-up used previously for the
hole-drilling method was used.”*® A special three-
element strain gage, rosette (062UL type, Measure-
ment Group, Culver City, CA), was installed on the
surface of the parts at the point where residual

Figure 3 Complex automotive interior part showing the location where the residual stress distribution was measured.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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stresses were to be determined. Figure 3 shows the
complex automotive interior part and the location
where the residual stress distribution was measured
with respect to depth by using the hole drilling
method. A precision milling guide (RS-200, Measure-
ment Group) was attached to the part and centered
accurately over a drilling target in the rosette. The
induced strain can be measured at each drilling step
and the relationship between the principal strain and
stress is considered to determine the level of residual
stresses.””* In the present study, the integral method
was used to measure the residual stresses because it
was appropriate to evaluate the residual stress varia-
tion for each increment in thickness direction during
the incremental hole-drilling.***

The elastic strain, ¢,,, was measured by the rosette
at the periphery of the hole and is related to the
principal stresses by the following equation:

&r = (A + Bcos2B)Omax + (A — Bcos2B)omin,  (2)
b

a(l+v) b
2E’

2E

(well

A=

®)

where Gpax and omin are principal stresses, B is an
angle measured counterclockwise from the maxi-
mum principal stress direction to the axis of the
strain gage, A and B are calibration constants, 2 and
b are dimensionless constants, E is Young’s modu-
lus, and v is Poisson’s ratio. Magnitude and direc-
tion of the two principal stresses are obtained in
terms of the measured strains.

€1 + €3 - \/(282 — &1 —&3)°+ (g1 — &5)°

Omax; Omin =
4A 4B
4)
_1 1 282—81—83]
p=tan [ — 5)

where ¢, &, and ;3 are relaxed strains measured by
the strain gage.%_28

NUMERICAL SIMULATION

Three-dimensional numerical analysis was used to
predict melt front advancement into the cavity and
development of residual stresses of the part because
the film insert molded part consists of film and sub-
strate domains. Three-dimensional simulation of the
injection molding was required especially for numer-
ical analysis of the viscoelastic deformation of the
film insert molded part. A mesh generating pro-
gram, HyperMesh, was used to generate two dimen-
sional finite element meshes for film and substrate
domains of the part. The two dimensional finite ele-
ments were created separately for each domain and

TABLE I
Material Properties of the Film and Resin Used for
Numerical Simulation

Film Resin

(Techno (Lupoy HR

ABS545) 5007AB)
Elastic modulus (MPa) 2240 2780
Poisson’s ratio 0.392 0.23
Melt density (kg/m?) 943.9 1003.6
Solid density (kg/m?®) 1054.1 1136.7
Thermal expansion 8 x10°° 6.7 x 107°

coefficient (K™ (or —4.2 x 107%)

Thermal conductivity 0.116 0.21 (at 79°C,

(W/m-K) (at 75°C, temperature
temperature dependent)
dependent)

Specific heat (J/kg-K) 2202 (at 200°C, 2205 (at 265°C,
temperature temperature
dependent) dependent)

three dimensional finite elements were fully gener-
ated after they were transported to Moldflow and
combined together.

Flow analysis

The governing equations for the flow analysis in the
mold cavity are the conservation of mass, conser-
vation of momentum, and conservation of energy
equations® as shown below.

Dp
E—FP(V'U)—O (6)
Do
— — _VP . 7
PD; VP +V -1+ pg (7)
DT DP .
pcpﬁ:BTﬁ—i—nyz—i—V-q (8)

where p is density, v is velocity vector, P is pressure,
T is viscous stress tensor, g is gravity/body-force
vector, C, is specific heat at constant pressure, B is
expansivity, v is generalized Newtonian viscosity, ¢
is heat flux, and 7 is the shear rate,

. ouy? (dvy?

=y () () )
where u and v are the velocity components in the x
and y directions. The flow front in the cavity is

tracked using a fluid concentration equation, which
can be expressed as

PE_y

Dt
where F is fluid concentration. Because inserts are
treated as a rigid body with no deformation or
displacement, mass and momentum conservation
in inserts are ignored. However, heat exchange

(10)
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Figure 4 Normalized relaxation moduli of (a) the

PMMA/ABS laminated film and (b) PC/ABS blend
substrate.

between the inserted film and mold or polymer melt
needs to be evaluated. Hence energy balance in the
process must be taken into account. The only equa-
tion relevant to the insert is the conservation of
energy. By using the assumption that the insert is a
rigid body, the conservation of energy equation for
the cavity given in eq. (8) can be simplified for
inserts and is represented as,”

aT
pCp i V-q (11)
Three-dimensional flow analysis was performed by
assuming that rheological behavior of the polymeric
melt satisfies the modified Cross model with the fol-

lowing Williams-Landel-Ferry (WLF) equation.”*"

Mo
1+ (%) Y

N p* _ -G (6-6")
nop Co+(6-6%)

n= (12)

log

Journal of Applied Polymer Science DOI 10.1002/app

KIM ET AL.

where 1 is viscosity, 1 is zero shear rate viscosity, 7 is
shear rate, T is shear stress at the transition between
Newtonian and power law behavior, n* is viscosity at
reference temperature, p is density, p* is density at ref-
erence temperature, 0 is temperature, and 0" is refer-
ence temperature. Typically 0 is chosen as the glass
transition and C; = 17.44 and C; = 51.6 K for many
polymers. Heat conduction through the mold polymer
interface, convective heat transfer by the cooling lig-
uid, and viscous heating during both filling and post-
filling stages should be considered in the thermal
analysis. The modified Tait equation is used as the
PVT relationship. The thermal and flow fields are cal-
culated with the control-volume approach to handle
the melt-front advancement by utilizing a hybrid
FEM/ FDM scheme. An implicit numerical scheme is
used to solve the discretized energy equation.”’

Residual stresses were calculated by using the
hybrid model.*

Gé/ = b10p + bz‘f + b3

Gj‘ = bsop + b5t + bg (13)
where o}/ and o, are the corrected principal
stresses in the directions parallel and transverse to
flow respectively, op is the predicted residual stress,
bi's (where i = 1,...6) are constants to be determined
and 7 is a measure of orientation in the material.*
The laminated film was treated as a homogeneous
film by neglecting the PMMA layer because the
PMMA layer is relatively thin. Properties of ABS
(techno ABS 545, techno polymer) were used as
properties of the film and those of the polymer resin
(Lupoy HR5007AB, LG Chemical) were selected as
properties of the injected resin for flow analysis.
Selected material properties of the polymer resin
and film are summarized in Table I. Molding condi-
tions for the numerical predictions are the same as
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Figure 6 Comparison of (a) weld lines observed by the experiment and (b) predicted by the numerical simulation. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

the experimental conditions. At the end of the flow
analysis, the output data was exported to the stress
analysis program and the interface between the film
and the substrate was joined. The in-mold stress
condition of the part was exported to the stress sim-
ulation code and used as the initial condition for
structural analysis of the film insert molded part.

Stress analysis

Residual stress distribution and deformation of the
ejected FIM parts were predicted by applying elastic
properties of the solid polymer. However, it is well

known that viscoelastic properties must be applied
to predict time-dependent deformation of polymeric
parts, which are exposed to various environmental
conditions. For prediction of long-term viscoelastic
behavior of the polymeric part, it was assumed that
the viscoelastic polymer material was isotropic and
the temperature effect on material behavior was
explained by the thermo-rheological simplification.
Constitutive equation of the generalized Kelvin
model was selected as the constitutive equation for
the linear thermoviscoelastic material. The linear
thermoviscoelastic constitutive equation is repre-
sented by hereditary integrals and the effect of

Journal of Applied Polymer Science DOI 10.1002/app
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temperature is considered by the following equa-
tion.*>%

«(t) = Go(6) [v— / gR@(s))v(t—s)ds] (14)

where the instantaneous shear modulus G; is tem-
perature dependent and 7 is the shear strain.

§r(§) = dgr/dg
gr(t) = Gr/Go (15)

where Gg(t) is the time dependent shear relaxation
modulus that characterizes the material’s response
and gg(f) is dimensionless relaxation modulus. &(t) is
the reduced time defined by the following equation.

Eods
&(t) = /0 o (16)

where A(0(t)) is a shift function at time ¢. Tempera-
ture dependence of the reduced time is usually
referred to as the thermo-rheologically simple (TRS)
temperature dependence. The shift function is often
approximated by the WLF form.

B £y  —Ci(6—-67)
log(A) = log [%] = m (17)

where 0 is the reference temperature at which the
relaxation data are provided and Cj and C, are cali-
bration constants obtained at the temperature.

q-— S
14 (6" —6,)/C5

C,=C+0" -0, (18)

where C} and CS are universal constants, which are
17.4 and 51.6 K, respectively. Normalized relaxation
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moduli of the substrate and the film were measured
as shown in Figure 4 and used for the isotropic
viscoelastic stress analysis. The relaxation moduli
were measured by varying the temperature from 25
to 100°C and the master curve was constructed by
applying the shift function.**

The ejection step was established by solving an
elastic problem when fixed boundary conditions are
eliminated suddenly and the annealing step was
dealt with by assuming that the part was kept at
80°C for 5 days. Thermal expansion coefficient of the
inserted film was determined by experiments as
~1.826 x 10°°® K' for numerical modeling of the
annealing until the first annealing step was over.
The thermal expansion coefficient was negative
because the film shrank due to irreversible relaxa-
tion of the molecular orientation, which had been
developed by biaxial drawing during film manufac-
turing. Figure 5 shows the dimensional change of
the film with respect to increasing annealing time
when annealed at 80°C. The thermal expansion coef-
ficient was obtained from the experimental data by
using the eq. (1). After the first annealing step, ther-
mal expansion coefficient of the film was reset by
that of the annealed film (8 x 107° K™') because
most of the molecular orientation in the film had
been released during annealing.

RESULTS AND DISCUSSION

Precise flow analysis of the FIM process is important
for accurate prediction of residual stresses and visco-
elastic deformation of film insert molded parts. The
flow analysis can predict weld line locations, which
are usually observed experimentally. Because of
complex geometry of the part, quadruple gate sys-
tem was used and three weld lines were generated
in the part. Figure 6 shows weld lines observed in

—%— After annealing-predicted
—w— After annealing-measured
4 —@— As molded-measured
—O— As molded-predicted

FH

B

1A

'8 T T T T
00 0.2 04 06 08 1.0
Depth from surface (mm)

=

Residual stress (MPa)
[—]

Figure 8 Residual stress distribution of the molded auto-
motive part and the annealed part treated at 80°C for 20
days.
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Figure 9 Deformed geometry of (a) the FIM-E part after ejection, (b) the FIM-A part annealed at 80°C for 5 days, and (c)
longitudinal length difference between FIM-E and FIM-A specimens. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

the molded part and predicted by the flow simula- Residual stresses should be analyzed to predict and
tion. The weld lines are located almost at the same  understand deformation of the molded parts. Resid-
positions when the predicted results are compared  wual stress distribution of the unannealed pristine film
with the experimental results, which implies that the = as well as the thermoformed film is shown with
flow analysis was performed properly. respect to the depth in Figure 7. Although the residual

Journal of Applied Polymer Science DOI 10.1002/app
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915.579mm

(b)

908.542mm

(©)

915.579-908.542mm
Difference:7.037mm

Figure 10 Numerically predicted geometry of (a) the FIM-E part after ejection, (b) the FIM-A part annealed at 80°C for
5 days, and (c) longitudinal length difference between FIM-E and FIM-A specimens. The lines (1) and (2) are explained in
Table II. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

stress distribution of the unannealed pristine film was
varied as compression, tension, compression, and ten-
sion from the PMMA layer to the ABS layer, that of
the thermoformed film was varied as tension and
compression. The result was attributed to the fact that
the residual stresses in the unannealed film had been
relaxed during thermoforming process and new re-
sidual stress distribution was developed in the film
by the different thermal expansion between PMMA
and ABS layers. As shown in Figure 5, thermal shrink-
age of the film was observed in the early stage of
annealing because of thermal relaxation of the molec-
ular orientation generated by the biaxial drawing per-
formed in the film manufacturing. The residual stress
of the film annealed for 12 h was also varied from
tension to compression with respect to the depth.
Larger tensile stresses of the PMMA layer can be also
explained by the relaxation of the PMMA layer dur-
ing annealing process.

Journal of Applied Polymer Science DOI 10.1002/app

Figure 8 shows both measured and predicted resid-
ual stress distributions of the ejected parts and the
annealed parts treated at 80°C for 20 days. Residual
stress distribution of the unannealed part was varied as
tension, compression, and tension from the PMMA
layer to the upper PC/ABS layer and the residual stress
distribution of the annealed part was varied as tension
and compression from the surface. Large tensile
stresses were observed at the surface of the annealed
part due to the relaxation of remained biaxial molecular
orientation in the PMMA layer of the thermoformed
film. Residual stresses in the film and substrate had
been relaxed during annealing and the measured resid-
ual stress distribution was in good agreement with the
predicted results. Therefore, numerical analysis of the
FIM can be used for prediction of the geometry and re-
sidual stresses of the molded part.

Deformed geometry of the ejected part can be pre-
dicted by considering residual stresses developed in
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TABLE 1I
Length of the Lines (1) and (2) Shown in Figure 10
(a): Comparison Between Experimental and
Numerical Results

After ejection After annealing

Lines Exp. Num. Exp. Num.
1) 177.66 177.15 174.04 174.24
2) 167.77 167.32 164.81 165.01

the part and viscoelastic structural analysis can be
carried out by applying the deformed geometry and
time-temperature superposition principle. Deformed
geometry of the molded part after ejection (FIM-E)
and that of the part annealed at 80°C for 5 days
(FIM-A) are shown in Figure 9(ab), respectively.
The FIM-E was deformed such that the surface at
the film side was protruded because shrinkage of
the solid film was lower than that of the other side
where polymer melt had been solidified by the cold
surface of the mold. However, shape of the FIM-A
was bent in the opposite direction such that the film
surface was intruded. In Figure 9(c), difference in
the longitudinal length of the part between FIM-E
and FIM-A samples is displayed in one figure to
identify annealing effect and the difference was
7.228 mm. In the previous study,”'’ warpage rever-
sal phenomena (WRP) was observed, i.e., film insert
molded tensile specimens with the unannealed film
were bent such that the film side was protruded and
the warpage was reversed gradually during anneal-
ing such that the film side was intruded. The WRP
occurred by the combined effect of thermal shrink-
age of the inserted film and relaxation of residual
stresses in the specimen during annealing.

Deformed geometry of the FIM-E and FIM-A
specimens was calculated numerically and shown in
Figure 10(a,b), respectively. In Table II, predicted
and experimental results on the length of the parts
are compared after ejection and annealing of the
specimens. Although the film insert molded part is
large and has a complex shape, the numerically
predicted shape showed almost the same geometry
as the experimental one as shown in Figure 10.
Proper thermal expansion coefficients should be
determined for numerical analysis of FIM and the
WRP, which is caused by the irreversible relaxation
of the molecular orientation. Viscoelastic behavior of
the film insert molded part can be predicted by
using the shift function based on the time-tempera-
ture superposition principle. According to the previ-
ous studies,”'* numerical analysis on FIM of a sim-
ple tensile specimen was conducted and provided
good predictions on residual stresses and visco-
elastic deformation. Warpage of film insert molded
parts with complex geometry can be predicted by

using the three dimensional numerical analysis used
in this study.

CONCLUSIONS

Complex automotive interior parts were prepared
by the FIM to investigate development of residual
stresses and effects of viscoelastic deformation on
warpage of the part. Three dimensional flow and
stress analyses were performed for the large and
complex automotive interior part to predict residual
stresses, viscoelastic deformation, and warpage.
Experimental results showed that thermal shrinkage
of the inserted film and relaxation of the residual
stresses imposed significant effect on the viscoelastic
deformation of the part during annealing. Although
the film insert molded part is large and has complex
geometry, residual stresses, viscoelastic deformation,
and warpage of the part were predicted and the
numerical results showed good agreement with
experimental results.
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