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Evaluation of the Plastic Film Thermoforming Process
and the Operation of the Forming Tool with a Thermal
Camera

Panu Tanninen', Sanaz Afshariantorghabeh!, Sami Matthews', and Ville Leminen'

! Lappeenranta-Lahti University of Technology LUT, 53850 Lappeenranta, Finland

Abstract. In creation of three-dimensional shapes, such as tray packages, from
plastic film with thermoforming process, the operation of the forming tool and
the heating arrangement play a key role. The previous research information re-
lated to the monitoring of thermoforming of plastic film materials needs to be
supplemented to enable more sophisticated process evaluation. During the
commissioning of the new mould tool, its operation was ensured by monitoring
the work cycle with a thermal camera and by making dimensional measure-
ments for the end-products. In trial runs, tray packages were produced from two
sample materials: monolayer PET-film and multilayer PP-film. Operation of
mould design from the processing perspective, reproducibility of shapes and
thickness distribution were observed as part of the package quality evaluation.
The objective of the study was to understand the operation of the manufacturing
process and the behaviour of the formed material more comprehensively by
monitoring the system features related to heating. Respectively, utilization pos-
sibilities of the thermal camera were studied in terms of production speed in-
crease. The versatile measurement data obtained with the properly adjusted
thermal camera monitoring setup proved to be useful for adjusting the ther-
moforming process and in the evaluation of the forming tool operation.

Keywords: Thermoforming, Plastic Film, Forming Tool, Heating, Thermal
Camera.

1 Introduction

Thermoforming is one of the packaging industry's main methods for manufacturing
plastic packages. The process has dominated the plastics industry due to its efficiency
in mass production along with its minimalistic thermal and pressure prerequisites [1].
The method is also widely used in other applications to fabricate diverse products,
encompassing food containers, medical apparatus, and automobile components [2].

In the thermoforming process, material sheets are heated and formed either by vacu-
um, air pressure or a combination thereof [3]. Mechanical stretching is carried out
using mould, thermoforming tools. When the thermoplastic film contacts with the
surface of the mould for some time, the softened material cools down and is held
against mould surface until the sheet become rigid [4]. Wall thickness distribution of



the formed product has a direct relationship with heat transfer from the heated materi-
al to the mould tool during thermoforming [5]. Material thickness distribution in the
ready-made product should be as uniform as possible in terms of product stiffness
properties. Especially the too thin areas created during forming endanger the function
of the package, increasing its sensitivity to fracture damage or at least the tendency to
buckle. Important element of a vacuum thermoforming mould is the vacuum channels
which traditionally are small diameter holes drilled through the mould body. The
proper diameter of the vacuum hole should not exceed the thickness of the sheet that
covers it [6]. The location and operation of the channels control the shaping of the
film material during processing.

The thermoforming process has been monitored utilising thermal imaging in studies
related to pressure forming [7] and vacuum-assisted forming [8] of thicker thermo-
plastic sheets, but research data concerning the form—fill-seal (FFS) process monitor-
ing of thin plastic films is not available.

The plastics used to make the tray packages must fulfil the rheological and mechani-
cal demands of the application. Two commonly used plastic materials are PET (Poly-
Ethylene Terephthalate) and PP (PolyPropylene) which have required processability
related properties for the mass production of high-stiffness thermoforming trays
[9,10].

The objective of the study was to evaluate the operation of the new thermoforming
mould during its commissioning. The mould was tested with two different plastic
films and its operation was ensured by monitoring the work cycle with a thermal
camera and by making dimensional measurements for the end-products. By monitor-
ing the heat-related system features during production, it is possible to achieve addi-
tional information about process operation and the behaviour of the formed materials,
which can be utilized in process and package quality management.

2 Materials and methods

2.1 Materials

In the thermoforming experiments, two sample materials were used - the PET- and
PP-films were chosen from among the most common materials used in thermoform-
ing package manufacturing. Correspondingly, they were selected from different ends
of the mould’s material thickness specification, and one as mono- and the other as
multilayer film, to get a wider perspective of the operation of the mould tool. The
measured properties of the sample materials are presented in Table 1.

Table 1. Material properties of sample films.

Sample  Struc-  Thickness Gram- Tensile strength Elongation at break
Material ture mage  (ISO 527) (ISO 527)

MD CD MD CD
PP multi- 354 (£2.5) 326.1 373 (%£0.3) 36.6(x0.6) 1040.5 1078.1

layer pum g/m? MPa MPa (#203)% (#2249 %



PET  mono- 267(£7.9) 361.0 679 (£0.4) 682 (x04) 57(0.1) 5.8 (=0.1)
layer pum g/m? MPa MPa % %

2.2 Methods

An industrial thermoforming line, Variovac Primus (Zarrentin, Germany) FFS-
machine was used in the thermoforming experiments. In the tray production, the film
web is fed from a roll into the machine, after which it is clamped in the machine's
forming unit. After that the stationary film is heated from the bottom until it softens.
Next, the heated part of the film material is immediately transferred to the forming
station within approximately 1 s. It is positioned over the female mould that has ad-
justable forming depth and formed by applying pressure and/or vacuum. Finally, the
formed part, i.e. tray, that is still attached to film web (see Fig. 2), is transferred to the
cutting section of the machine and delivered out of the device for stacking [11]. It is
also possible to fill the trays and lid seal them with film (FFS machine), but these
functions were not used in the study.

The research work was part of the commissioning of the new thermoforming mould
tool. The mould tool, that was installed in the thermoforming machine for monitoring,
produces rectangular trays with dimensions of: width 316 mm, length 260 mm and
height 18 mm. The tool is manufactured by CNC-machining from tool grade alumini-
um (EN AW-5083, temper H111) with high strength properties (tensile strength 275
MPa) and resistance to corrosion.

Moulding surfaces of the tool are lightly polished after machining. The operation of
the design and surface treatment of the moulding surfaces was examined from the
processing and end-product quality perspectives. Special attention was paid to the
operation of air channels (validity of the number and placement of channels) and the
heating/cooling features was assessed.

The package quality analysis was particularly focused on the reproducibility of the
shapes - the geometry of the mould tool must be transferred to the tray package in
detail and the level of forming must be complete at all points. In particular, the copy-
ing of the sharp tray corners and wall bends/folds was observed. In addition, defects
formed to the trays during processing were eliminated or reduced by process control.
The objective was also to minimize the time spent on forming in order to increase the
production speed without compromising package quality.

A Flir A8201sc high sensitivity thermal camera (Flir Systems Inc., Wilsonwille, Ore-
gon, USA) with a 25 mm objective was utilized in monitoring of thermoforming pro-
cess. The thermal camera operates in wavelength of 3-5 um, has thermal sensitivity of
<0.02 °C and is capable of maximum refresh rate 50 Hz in full resolution of
1024x1024 pixels. The camera was placed on top of the thermoforming device in
such a way that when the forming chamber opened and the film web moved forward
in production, a video image of the temperature overview of the newly formed tray
packages was immediately obtained and the cooling rate could be monitored. The Flir
Research Studio -software was used to analyse the saved videos.



The cooling of the package is quicker at the points where it has touched the cold
mould surfaces, and therefore based on the heat distribution pattern it is possible to
deduce the degree of forming and thus the transfer level of patterns/shapes from the
mould surface to the tray package in different locations.

As the geometry of the mould is symmetrical, the tray package can also be assumed to
be one when the mould is working as desired. This was verified by dimensional
measurements, where special attention was paid to thickness changes in different
areas of the package. Two aims were pursued in measuring thickness change over the
sample: 1) The functionality of mould tool for use in a selected range of thicknesses
without causing excessive thinning of sample materials and 2) the symmetry of thick-
ness distribution across the formed sample package. Material thickness was measured
using digital micrometre (Messmer Biichel model 49-56, Veenendaal, Netherlands) in
eight different parts of the sample package.

3 Results

3.1 Optimization of thermoforming process parameters

The adjustment of the process parameters of the thermoforming started with prelimi-
nary tests, where the forming and preheating temperature (kept the same in both phas-
es) at which forming started at a sufficient level was determined for both sample ma-
terials. For PP sample material starting temperature of the forming trials was deter-
mined to be 160°C and 100°C for the PET sample.

In the optimization of the process parameters, the goal was to produce high-quality
tray packages, of which the tray made of PET material as an example in Fig. 1.

Fig. 1. Thermoformed and edge-cut PET-tray.

In forming tests with PP-material, it was discovered that film could nearly replicate
the mould shape with initial parameters (Fig. 2 on the left), but small areas in the tray
corner radiuses are still in higher temperatures which means that the material could
not reach to the mould surfaces on those parts. By adjusting the process, high temper-
ature areas got smaller (a larger area of the film touched the mould during the cooling
phase), which resulted in slightly smaller corner radiuses (Fig. 2 on the right).



Fig. 2. PP trays produced with different process parameters. (Left picture: 160°C forming and
preheating temperature, 1 second forming and preheating time, vacuum only; Right picture:
160°C, 2 seconds, 1.6 bar pressure and vacuum).

Combination of vacuum and pressure was tested with various parameters combina-
tions (pressure 1.6-2.0 bars), but results indicated that effect of temperature was more
effective. By forming PP-material with 170°C forming and preheating temperature, 2
seconds forming and preheating time using only vacuum, best outcome shown in Fig.
3 on the left was achieved. Using combination of pressure and vacuum caused
wrinkling to the centre of the tray bottom (Fig. 3 on the right) which was the same
phenomena observed when the forming time was increased, which can be seen in Fig.
4 on the right.

Fig. 3. PP tray produced with optimal process parameters. (Left picture: 170°C, 2 seconds,
vacuum only) and PP tray with wrinkles caused by excessive material elongation (Right pic-
ture: 1.6 bar pressure with vacuum, otherwise similar parameters).

With optimal thermoforming parameters, sharp and clearly defined corner shapes
could be achieved, which can be seen in Fig. 4 on the left. By adding air pressure to
support vacuum forming, slightly more precise corner roundings could be created but
wrinkling tendency of the film prevents the utilization of the method.



Fig. 4. PP tray produced with optimal process parameters. (Left picture: 170°C, 2 seconds,
vacuum only) and PP tray with wrinkles caused by excessive material elongation (Right pic-
ture: 3 second forming and preheating times, otherwise similar parameters)

Thermoforming of PET-film was much more straightforward and manageable to con-
duct. For this material, level of forming was primarily dependent on the temperature.
time and pressure did not play a big role. In fact, the material could be formed with
0.5 second of preheating/forming time and only with vacuum. It was deduced that a
smaller thickness of PET-film compared to PP makes it easier to draw this material to
small corner radiuses using only vacuum. When PET-film was formed with 100°C
forming/preheating temperature, the material did not fully contact the mould surfaces
in bottom edge areas which can be seen in Fig. 5 on the left. With 140°C forming and
preheating temperature, as can be seen in Fig. 5 on the right, material could contact
the mould surfaces in all areas. When 120°C temperature was tested, the corner edges
were not as sharp as in 140°C samples and it was estimated that optimal mould con-
tact requires 140°C temperature.

Fig. 5. PET trays produced with different process parameters. (Left picture: 100°C, 0.5 sec-
onds, vacuum only; Right picture: 140°C, 0.5 seconds, vacuum only).

Higher temperatures caused local colour variation, marks visible in Fig. 6 on the left,
the amount of which decreased as the temperature was dropped, but level of for-
mation was prioritized in the selection of optimal parameters (Fig 6. on the right)
since these marks do not endanger functionality of packages.



Fig. 6. Corners of PET sample trays. (Left picture: 140°C, 2 seconds, vacuum only; Right pic-
ture: 0.5 seconds, other parameters the same).

With the optimized parameters presented in Table 2, the high-quality and precise
forming shown in Fig. 6 on the right was achieved. The figure also shows how every-
thing, down to the openings of the air channels and the interfaces of the mould, is also
copied into the final product.

Table 2. Optimized thermoforming process parameters.

Process parameter PP PET
Forming temperature 170°C 140°C
Preheating temperature 170°C 140°C
Forming time 2 seconds 0.5 seconds
Preheating time 2 seconds 0.5 seconds
Mould pressurization Only vacuum Only vacuum

The material thickness values measured in eight different parts of the sample packag-
es produced with various process parameters are presented in Figure 7. The change in
thickness was symmetrical on different sides of the trays in all experiments. The re-
sults show that there was only minor thinning in the flange area (A-B) of the tray
packages. In outer edges of the tray bottom area (C-D and E-F), significant thinning
(i.e. greatest stretch) was detected which was quite similar for both materials. The
biggest differences between the sample materials were found in the central area of the
tray bottom (G-H), where PET had thinned much more than PP.



Relative change in thickness of materials
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Fig. 7. Relative change in thickness of materials with various process parameters and location
of measurement points on the tray.

4 Conclusions

The objective of the study was to evaluate the operation of the new thermoforming
mould during its commissioning and to understand the operation of the manufacturing
process, including tools and formed materials, more comprehensively. The mould was
tested with PET- and PP-films and its operation was ensured by monitoring the work
cycle with a thermal camera and by making dimensional measurements for the end-
products.

It was possible to optimize the thermoforming parameters for both materials and to
produce good quality tray packages. At the same time, it was found that the mould
tool functions as targeted with both materials, although due to the differences between
the film materials specific parameter setups were required. Level of elongation was
found to be more uniform throughout the tray area with the PET making it more man-
ageable to thermoform. Wrinkling tendency of PP made its process window narrower.
The behaviour of the materials in terms of thickness change uniformity correlates
with the challenge of adjusting the production run. The initial thickness of the materi-
als was also assumed to affect adjustments. The differences between the forming re-
sults and the material property measurement results made at room temperature em-
phasize the effect of heat and the need for production scale forming experiments.

The functionality of the novel mould tool was found to be as targeted, as it was possi-
ble to thermoform symmetrical trays in terms of material thickness distribution, and it
was found that the shapes transferred from the mould surfaces to the manufactured
packages in full detail when processing parameters were optimized. Thus, the mould’s
heat transfer capacity and air ducting were found to work as desired.



Based on the results, the monitoring method enables a more detailed analysis of the
operation of the manufacturing process and the behaviour of the film materials. To
conclude, the versatile measurement data obtained with the properly adjusted thermal
camera monitoring setup proved to be useful for adjusting the thermoforming process
and in the evaluation of the forming tool operation.
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