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Abstract

Vacuum-assisted thermoforming is one of the critical steps for successful application of film insert molding (FIM) to
make parts of complex shape. If the thickness distribution of the formed film is non-uniform, then cracking, deformation,
warpage, and wrinkling can easily occur at the injection molding stage. In this study, the simulation of thermoforming was
performed to predict the film thickness distribution, and the results were compared with experiments. Uniaxial tensile tests
with a constant crosshead speed for various high temperatures were conducted to investigate the stress-strain behavior. An
instance of yielding occurred at the film temperature of 90°C, and the film stiffness increased with increasing crosshead
speed. Two types of viscoelastic models, G'Sell model, K-BKZ model, were used to describe the measured stress-strain
relationship. The predicted film thickness distributions were in good agreement with the experimental results.
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Fig. 1 Specimen for uniaxial tensile tests
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Table 1 G’Sell parameters of ABS film
90°C 110°C 130°C | 150°C

Parameter

k 20.1091 |16.1540
2.2636
0.1908

0.9147

22.7974 |6.9275
0.6986

0.2137

14.5950 0.4313
0.2031

0.6578

w
m 0.0626
h

0.7660 0.5741

(a) v (mm/min)
—+— 50 (Experiment)
— =250 (Experiment)
—+=—500 (Experiment)

50 (Curve-Fit)

« 250 (Curve-Fit)

+ 500 (Curve-Fit)

True stress (MPa)

True strain

(b) v (mm/min)
—-«=— 50 (Experiment)
80 |- | —+—250 (Experiment)
—-=—500 (Experiment)
50 (Curve-Fit)
6 (| - 250 (Curve-Fit)
= 500 (Curve-Fit)

True stress (MPa)

0.0 0.2 0.4 06 o8 1.0 1.2 1.4 1.6 18
True strain

Fig. 3 Comparison of theoretical and experimental
curves at film temperatures of (a) 90T, (b)
110C

Hvh10~12].

o(e, &) = kL - exp(-we) exp(he®)(é/ 40)" (3)

L-exp(-we)l = o-¢

T2 vepd Ao,

o714 k& vlEdgeln
Al 271999 A
exp(he’)& 7}—3

al (g/g'o)””%

<= TH].

@ AT WFE FE(E)F Adshe %
Aol A whEo7l PAWA ok FH WHE &
174 /t= 24 71g3 o5 X[ /M 22# H3F, 20134

2=
@2+ 2eHe]

I~ =
e

o
E
ofk
Q
w2
@,

= Al
=

o] o
=

2 \ m
o = K[1-exp(—we)] exp(he )(m) @)

oo
i)
—r
s ¥ 9
e
o
X
tjo
}L -
o K olo
yo
B
ﬁd —Q oft
o
> o
K o=
N HT | Ho p2 © 2
tlo e 1 > % Rty
ro i N

0,

2 1L rlo & & oop
it
2

Table 1 3} Zt},
Aske shebnl e s

3 dold s Hag oo,

e
B o
w K
—lm' rlo Flr
Q
&
= ofe

i
ot ge e S

5

»n XN
e, 1
1o o QL
oo
)
o

'
oflt

AN

offt

tio
i

‘0,
ol
)

©

o
oo ol
[0 oo

f

ol
ol
¥o,
Ho
N )
ot
Lok
2 o
T ook o
X
A
T2
(g
ol
(i

il o
p

e

4 Lo g ko

3.2K-BKZ 2
K-BKZ #&d Hednde ~
A=+ UrH13]

4 @ el %

o =—pl+ L u(t-t)h(l3, 12)Bt-t)dt’ ()

A7 o ARl SHEA, pe 9, |

= unit 1A, u(t—t') & A7k nﬂgafg#, h(l3,15)
= 284, B(t—t)= Finger 984 ®lA, 18]
I g1y = 217 Finger M8& "M 13 H 2
=} invariento] t},

AzE e g
29E Abgate] 4

u(t—t') = Lodge WMEH=A
®)2 Zol xdE F 3l

ut-t) = Z —exp(
i=17% 7

71X Gj= SHolYAT, 7= olgAtE



AN ASLE FARS e d3 54 2 234 4

" Temperature=110C 7
140 L 4.,?:5/&:0 1s™ .| Heater cartridge
- . d£/dt=0:5 . Cooling channel
gwr ¥ g Al
= de/dt=1.0s
.
= 100 - .
C
ﬁ &r e
= A
g ™ S
2 .
’: 40 2 "
T .
or e = 1 Fig. 5 3D shape of a vacuum mold
== . . . . .
o0.0 02 04 06 08 10 12 14 16
True strain(e) Clamping line
Fig. 4 True stress vs. true strain under various strain
rates
Pressure Vacuum
i area line
Table 2 Relaxation spectrum
Parameters | i=1 | i=2 | i=3 | i=4 i=5 i=6

i) |100 | 10 | 1 |01 | 001 |0.001

G; (MPa) (0.163 [0.503 |0.746 [0.662 | 0.269 |0.186

No pressure area

Fig. 6 Schematic of geometry and boundary conditions
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Fig. 9 Locations of film thickness measurement

Table 3 Comparison of experiment and simulation

No. | Experiment | Simulation | Difference | Error
(mm) (mm) (mm) (%)

1 0.21 0.215 -0.005 2.38

2 0.39 0.416 -0.026 6.67

3 0.42 0.415 0.005 -1.19

4 0.42 0.440 -0.020 4.76

5 0.42 0.434 -0.014 3.33

6 0.49 0.465 0.025 -5.10

7 0.34 0.365 -0.025 7.35

8 0.42 0.430 -0.010 2.38

9 0.48 0.476 0.004 -0.83

10 0.48 0.460 0.020 -4.17

11 0.47 0.432 0.038 -8.09

5 24 &

ABS HEWEo| tiate] £Esl AuLREe] W
Stell W& SSHAGAIE FAsL, Gsell B K-
BKZ H&td RHE& AE&d 39Y-Hid& #AE
EEagith AHEAE Eol aHAM g 3
349 Mg Fgeta A nasgon, o



£ F3to] dojd A8 va3 gk

(1) 2EL2% 0TAAE F33 FEsHo|
Ehon, 35wt S dalgre] o
ol AA Yewth 53], JdA&EEI mESE
SEIFAe] =4 Yewen, A& Aol T8
= HEA AsS 2S5 A

(2) GSell 222 AFo] FJHAFS HH
o= A7 oy, dAdFo] o] Fox = TE
=X 10Co A e FSAANE FgatA 13
shal S & 5 A

®)

o]

o5

(1]

(2]

(3]

(4]

L=
W slAe] oAb of 8% UEhEton, a4l
= 5 J_l]‘

2
0004698) 7}, 47
2 wob £99 A

KBKZ A%4 mulo] mpe $e.ugs
O [ez] 3L
= [e)

>
juiec)
w0 oo o

ARz Agel o

ERES 2012 AR (S84 Ay

15 A eh-2012-

L o,
B
o
o
LT
>
>
s
lo
>
0,

k2
A} 7l=dAdA
?_

REFERENCES

E. Gimenez, J. M. Lagaron, L. Cabedo, R. Gavara,
J. J. Saura, 2004, Study of the Thermoformability
of Ethylene-vinyl Alcohol Copolymer Based
Barrier Blends of Interest in Food Packaging

Applications, J. Appl. Poly. Sci., VVol. 96, No. 6, pp.

3851~3855.

E. Gimenez, J. M. Lagaron, M. L. Maspoch, L.
Cabedo, J. J. Saura, 2004, Uniaxial Tensile
Behavior and Thermoforming Characteristics of
High Barrier EVOH-Based Blends of Interest in
Food Packaging, Polym. Eng. Sci., Vo. 44, No. 3,
pp. 598~608.

S. Poller, W. Michaeli, 1992, Film Temperatures
Determine the Wall Thickness of Thermoformed
Parts, SPE ANTEC, Vol. 38, No. 1, pp. 104~108.
A. Aroujallan, M. O. Ngadi, J. P. Emond, 1997,
Wall Thickness Distribution in Plug-assist Vacuum
Formed Strawberry Containers, Polym. Eng. Sci.,
Vol. 37, No. 1, pp. 178~182.

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

S. C. Chen, S. T. Huang, M. C. Lin, R. D. Chien,
2008, Study on the Thermoforming of PC Films
Used for In-Mold Decoration, Int. Commun. Heat
Mass Transfer, VVol. 35, No. 8, pp. 967~973.

G. Kim, K. Lee, S. Kang, 2009, Prediction of the
Film Thickness Distribution and Pattern Change
during Film Insert Thermoforming, Polym. Eng.
Sci., Vol. 49, No. 11, pp. 2195~2203.

J. K. Lee, T. L. Virkler, C. E. Scott, 2001, Effects
of Rheological Properties and Processing
Parameters on ABS Thermoforming, Polym. Eng.
Sci., Vol. 41, No. 2, pp. 240~261.

J. K. Lee, T. L. Virkler, C. E. Scott, 2001,
Influence of Initial Sheet Temperature on ABS
Thermoforming, Polym. Eng. Sci., Vol. 41, No. 10,
pp. 1830~1844.

Y. G. Yoo, H. S. Lee, 2011, Effects of Processing
Conditions on Thickness Distribution for a
Laminated Film  during  Vacuum-Assisted
Thermoforming, Trans. Mater. Process., Vol. 20,
No. 3, pp. 250~256.

C. G'Sell, J. J. Jonas, 1979, Determination of the
Plastic Behaviour of Solid Polymers at Constant
True Strain Rate, J. Mater. Sci., Vol. 14, No. 3, pp.
583~591.

C. G'Sell, N. A. Aly-Helal, J. J. Jonas, 1983, Effect
of Stress Triaxiality on Neck Propagation during
the Tensile Stretching of Solid Polymers, J. Mater.
Sci., Vol. 18, No. 6, pp. 1731~1742.

C. G'Sell, N. A. Aly-Helal, S. L. Semiatin, J. J.
Jonas, 1992, Influence of Deformation Defects on
the Development of Strain Gradients during the
Tensile Deformation of Polyethylene, Polym., Vol.
33, No. 6, pp. 1244~1254,

B. Bernstein, E. A. Kearsley, L. J. Zapas, 1965, A
Study of Stress Relaxation with Finite Strain,
Rubber Chem. Technol., Vol. 38, No. 1, pp. 76~89.
Acuuform, 2005, Computer Simulations of
Transforming and Blowing Molding, http://mwww.t-
sim.com/index.html.

M. H. Wagner, 1976, Analysis of Time-Dependent
Non-Linear Stress-Growth Data for Shear and
Elongational Flow of a Low-Density Branched
Polyethylene Melt, Rheol. Acta., VVol. 15, No. 2, pp.
136~142.

ok

bR ot ets| x| /M 22A M35, 2013H/177



