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Abstract: This paper presents an experimental and simulation study on the thermoforming of PC/PMMA multilayer
films. The thermoforming study was conducted using dome-shaped and cubic-shaped extruded molds. The thermoform-
ing experiments were performed at various film heating temperatures under a constant vacuum pressure. The optimum
thermoforming temperatures for the films were 165-175 C for the dome shape and 175-185 C for the cubic shape. The
deformation characteristics were quantitatively analyzed by measuring the area stretch ratio and thickness distribution of
the thermoformed films. In the thermoforming simulation, isotropic, orthotropic, and hyperelastic models were adopted
as material models. The simulation results showed that the stress in the thermoformed product decreased while the strain
tended to increase as the film heating temperature increased. The hyperelastic model showed the most similar tendency
to the experimental results among the three material models. The experimental and simulation results obtained from this
study are expected to provide useful guidelines for the thermoforming process optimization and product design for PC/
PMMA multilayer films.

Keywords: polycarbonate/polymethyl methacrylate multilayer film, vacuum thermoforming, area stretch ratio, thickness
distribution, hyperelastic model.
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Table 1. Materials for PC/PMMA Multilayer Film Fabrication

Glass Transition

Material Grade Supplier Temperature
PC L-1250Y Teijin (Japan) 1484 C
PMMA  VHOOIL Lotte MCC (S. Korea) 1123 C

Figure 1. Schematic drawings of the co-extrusion process for mul-
tilayer films: (a) co-extrusion process; (b) isometric view.
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Figure 2. Stress-strain curves of PC/PMMA multilayer film at various
temperatures: (a) room temperature (25 C); (b) 165 C; (c) 175 C.
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Figure 3. Two mold models used in this study: (a) dome type; (b)
cubic type.
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Figure 4. Thermoforming experiment procedure of PC/PMMA multilayer
film: (a) set a mold on the bed; (b) film fixation; (c) film heating;
(d) heater removal; (e) mold positioning; (f) vacuum application.
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Figure 5. Measurement locations of stretch ratio and thickness for
thermoformed film: (a) dome type; (b) cubic type.
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Figure 6. Measurement of area stretch ratio using 3D scanner: (a)
marking a grid on the film surface (5x5 mm); (b) deformed film
gecometry after thermoforming; (c) spray on the area at measurement
location; (d) scanning from multiple angles; (¢) 3D CAD area extraction.
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Table 2. Mesh Characteristics of Film and Mold Models

Mesh Film Dome Type  Cubic Type
Size (mm) 1 2 2
Nodes (EA) 40884 4006 10987
Elements (EA) 8575 1289 6055




Figure 7. Mesh generations for simulation: (a) film (quarter part);
(b) dome mold (quarter part); (c) cubic mold (quarter part).

* Fixed support
% Y.7:0

c\d +——— = Frictionless support
™ 4 5 o,
v Symmetry (2 Face)
* Vacuum pressure

z-axis: 0.0835 MPa

= Displacement - upward
z-axis : 10 mm

Dome type

Figure 8. Boundary conditions for computer simulation.
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Figure 9. Schematic drawings of vacuum forming procedure in
simulation: (a) film setting; (b) film heating; (c) mold moving; (d)
vacuum; (e) forming.
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Table 3. Orthotropic Property of PC/PMMA Multilayer Film

Film Thickness  Temp. Elastic Modulus (MPa) Poisson’s Ratio Shear Modulus (MPa)

(um) (©) E, E, E, Vi Ver Ve Gy G,, G,
25 1798 1660 1660 0.383 0.37 0.383 624.6 605.8 624.6
P(;/})%I\SAA 165 279 260 260 0.464 0.471 0.464 92 88 92

175 10 9 9 0.49 0.49 0.49 3.18 3.02 3.18
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Figure 10. Birefringence images of thermoformed PC/PMMA films
at various temperatures: (a) dome type mold; (b) cubic type mold.

Table 4. Isotropic Property of PC/PMMA Multilayer Film
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Figure 11. Isotropic and orthotropic thermoforming simulation results
in dome type mold: (a) equivalent stress; (b) equivalent strain.
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Figure 12. Isotropic and orthotropic thermoforming simulation results
in cubic type mold: (a) equivalent stress; (b) equivalent strain.
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Figure 14. Area stretch ratio and thickness distribution in cubic type
thermoforming film: (a) area stretch ratio; (b) thickness.
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