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ABSTRACT
In this work, Polystyrene (PS) sheets were thermoformed in predetermined conditions. Wall thickness distributions obtained by experimental method in PS thermoformed products. Then the same thickness distributions were predicted by using Geometric Element Analysis (GEA). The thickness results were obtained experimentally,
compared to thickness distributions which were predicted by GEA. It has been found
that GEA does not precisely reveal thickness distributions.
Keywords: Geometric Element Analysis (GEA), wall thickness distribution, polystyrene, thermoforming.

INTRODUCTION
Manufacturing products from plastic sheets
and films has been possible for almost a century.
Technological developments in manufacturing
industry and polymers have made thermoforming
one of the most competitive processes.
Thermoforming is used to produce parts for
industries such as food, medical, appliance, signage, and automotive. Thermoforming is used
in both high and low volume production operations after sheet-fed and roll-fed thermoforming
machines have been used. The major advantages
of the process are its low initial tooling costs and
low equipment costs when compared to other
competitive processes such as extrusion, blow
molding, and injection molding [2].
Thermoformed part’s quality can be defined
by a combination of several parameters. One of
these parameters is thickness distribution that affects thermoformed package’s gas permeability,
which can effect such things as shelf life of the
food in the packaging. Thickness distribution
has an influence on the package’s rigidity too.

Uniform thickness distribution is not possible
in thermoforming but more uniform thickness
distribution means rigid and stable packages [9,
11]. Thermoforming simulation can be utilized so
that a thermoformed product has more uniform
thickness distribution. Some engineering packages that are based on Finite Element Analysis,
are Ansys Polyflow, Abaqus, T-sim, Pam-form
etc. Using simulation software is very effective to
estimate how plastic deforms before real thermoforming operations especially in terms of lowering tool costs [3, 5, 8, 14]. Heat transfer during
heating plastic, applying positive or negative air
pressure, including plug assist, deformation behavior of plastic material is possible to simulate
by engineering packages mentioned before [3, 8,
14]. If boundary conditions can be precisely defined, thermoforming simulation may reveal accurate results about thermoformed product. Thermoforming simulation can be used in prediction
of thickness distribution in final product too.
Different types of plastics can be formed
by thermoforming. Semi-crystalline and amorphous thermoplastics, thermoplastic matrix

139

Advances in Science and Technology Research Journal Vol. 11 (3), 2017

MATERIALS AND METHOD

Fig. 1. Thermoforming machine used in this work

composites, nanocomposites even bioplastics
[14]. Some additional process parameters affect
the wall thickness distribution in thermoforming. Coefficient of friction, shape of clamping
rings, use of plug assist, and temperature distribution on the heated sheet, mold design and
manufacturing can be counted as part of these
parameters [1, 4, 6, 7, 10].
In this study, thickness distributions in conical and cylindrical thermoformed products were
obtained. In each product thickness, values were
predicted by using GEA too. Thickness results
obtained by experimental method (using digital
caliper, resolution: 0.01 mm) compared to thickness profiles predicted by GEA. It can be said
that GEA did not predict thickness distributions
accurately for conical and cylindrical products.
As a result, there is significant difference between the experimental results and GEA predictions. GEA can be used only to show the trend
for thickness variation of the product through
the mold [12, 13].

In this work, PS sheets extruded from SABIC®
PS 825E High impact polystyrene for Thermoforming granules were used. These sheets were cut
in dimensions of 30x30 cm2. Each sample is 2 mm
thick.. Two different thermoforming molds have
been employed in forming operations. These molds
have been placed in the Lab-scale thermoforming
machine produced by YENIYURT Machine Corp.
Lab-scale thermoforming machine was designed
and produced only for experimental laboratory applications. Productivity and automation has been
neglected because of cost. That thermoforming machine can be called as sheet fed thermoformer. Each
sheet sample that is prepared to the desired dimensions is placed on to the mold one at a time by the
operator. Then the sheets are heated. After heating,
a vacuum is applied. After cooling, the semi-finished product can be released from the mold. One
of the differences of this machine is that sheets or
films can be formed by using just a vacuum. On
the other hand, in the other machines vacuum and
positive air pressure may be used together. With lab
scale thermoforming machine used in this work,
cylindrical and conical female molds were used. In
Fig. 1. Lab-scale machine is shown.
Thermoforming machine has four ceramic radiant heater elements that heat 30x30 cm2 surface
area. The heaters temperature were adjusted to
350°C. After an appropriate waiting time for heating, temperatures were measured on the heated
sheet by a thermal imaging cam (Testo). Heating temperature was measured approximately as
150°C. Then the heaters were turned off. Vacuum
was applied and the sheet was formed by the aid of
a vacuum. Vacuum value was obtained as between
720-730 mmHg from vacuum display. After cooling, the samples were released from the mold.

Fig. 2. Dimensions of half conical and cylindrical thermoformed products in mm
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Quarter sections from vacuum formed samples were cut and taken by machining. Then wall
thickness measurements were performed on these
quarter samples. Thickness measurements were
made with a digital caliper (Mitutoyo, resolution:
0.01 mm) on selected profiles. Thickness values
were measured on more than 30 points at determined sections. Then thickness distribution results were predicted by GEA. In Fig. 2. cylindrical and conical half samples can be shown clearly.
The wall thickness measurements were repeated on at least three different samples for cylindrical and conical products. Thicknesses were
measured along a vertical cut passing through
the center of the product from point 1 to point
2. Thicknesses were predicted between the same
points by GEA too. These thickness distributions
were compared to each other.

RESULTS AND DISCUSSION
Obtained and predicted thickness distributions for conical and cylindrical products are
shown in Fig. 3 and Fig. 4. Thicknesses were
measured from point 1 to point 2 at more than
30 points. As understood from Fig. 3. measured
thickness distribution on conical product has
showed a slightly decreasing trend and then increased to a thickness of 2.21 mm on the last
point (Point 2). Although initial sheet thickness
is 2 mm, measured thickness value on Point 2 is
greater than 2 mm. It is because of the overlapping and thickness accumulation on the sidewalls.
The same phenomenon can be seen in Fig. 4 for
the cylindrical product due to the same reasons.
Minimum thickness was measured as about 0.4
mm in conical sample but predicted as 0.704 mm.
Although obtained and predicted min. thickness-

Fig. 3. Comparative thickness distributions obtained
on conical sample by GEA and Experimental method

Fig. 4. Comparative thickness distributions obtained
on cylindrical sample by GEA and Experimental
method

es are different, the points where min. thicknesses
were obtained and predicted, are nearly the same.
In Fig.4. measured thickness distribution in cylindrical sample showed a constant variation firstly.
Then thickness distribution increased to 2.19
mm on last point(Point 2). Min. thickness was
measured as 0.42 mm, calculated as 0.53 mm by
GEA. Predicted thickness distributions may have
closer values to measured thickness distributions.
But this does not mean that the GEA method is
good at estimating the thickness results precisely.

CONCLUSIONS
In this study, the accuracy of GEA and the
correlation between the experimental methods
have been investigated. GEA predicted closer
thickness results to the measured thicknesses on
some points. However, GEA could not predict
thickness distributions in cylindrical or conical
samples precisely. Results show that GEA can
only give an idea of where the min. thickness
value occurs. On some points, especially arc
length values of 170 mm, 175 mm and 180 mm,
thickness values were measured greater than 2
mm, whereas initial sheet thickness was 2 mm.
This is because of the overlapping on the radius
in cylindrical and conical products. Because of
this, thickness accumulation occurs on the radius that is at the top of the sidewalls. Not only
minimum thicknesses but also maximum thicknesses were not predicted accurately by GEA.
Although GEA is a practical method of producing quick solutions for thermoforming, its usage decreases day by day due to ignoring the
required material parameters and not considering required boundary conditions. Instead of the

141

Advances in Science and Technology Research Journal Vol. 11 (3), 2017

GEA method, thermoforming simulation engineering packages that include material models,
rheological and mechanical properties of materials and advanced boundary conditions can be
employed in complex forming operations.
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