
International Journal of Recent Technology and Engineering (IJRTE)  
ISSN: 2277-3878 (Online), Volume-8 Issue-2, July 2019    

2085 

 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: B2301078219/19©BEIESP 
DOI: 10.35940/ijrte.B2301.078219 
Journal Website: www.ijrte.org 
 

 
Abstract: Thermoforming is one of the most utilized polymer 

processing technique, where heated sheet polymer sheets are 
transformed into useful products. These sheets are usually 
deformed at a temperature higher than the glass transition 
temperature of the polymer sheet. The physical and mechanical 
properties of the sheet change significantly at this temperature. 
Therefore, forming temperature is the key parameter governing 
the process output, and by monitoring it, process parameter can be 
decided for higher quality output and minimum rejections. 
Temperature monitoring usually carried out using sensors and 
thermal imaging system, which demands open access of the 
surfaces to be monitor. In the case of closed forming setups use 
temperature, monitoring devices are favorable. In order to cope 
with the mentioned scenario present study proposed to use finite 
element analysis for temperature monitoring. The objective of the 
present study is to investigate the heating stage of the 
thermoforming process for Poly methyl methacrylate (PMMA) 
sheet just prior to deformation carried out in close forming setup. 
Numerical studies were performed to study the temperature 
distribution across the sheet during its heating. In order to 
validate the proposed numerical model, experimental 
investigations were carried out, and good agreement was found 
between simulated and experimental result. The results obtained 
from the present study could be useful to determine the required 
process parameters such as deformation pressure. Moreover, the 
heating stage could be optimized to reduce energy consumption 
and cycle time. 
 
KEYWORDS: PMMA, Thermoforming, Transient Thermal 
Analysis, Finite element analysis.  

I. INTRODUCTION 

Polymers are highly utilized material, used by mankind 
since decades. Polymers are light in weight, high strength, 
corrosion resistant, and highly transparent, which makes them 
suitable for numerous applications. Automobile parts, 
medical devices, industrial applications, and aviation are the 
major area of polymer applications. Polymers are used in raw 
and processed form. Various methods are used to process the 
raw polymers into a useful product such as blow molding, 
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compression molding, and thermoforming. Among all stated 
methods, a huge amount of products were produced by 
thermoforming process due to the ease of processing and low 
cost of production. The thermoforming process is a secondary 
forming process, in which the readily available polymer 
sheets are heated at a particular temperature where the sheet is 
transformed from solid state to a pliable, flexible sheet. The 
temperature where the sheet is deformed into the desired 
shape is called the forming temperature, which is higher than 
the glass transition temperature of the polymer sheet being 
processed. Depending upon the mode of deformation, the 
thermoforming process is divided into three types, viz. 
pressure forming, vacuum forming, and contact forming [1]. 
In pressure forming, the differential pressure is created on the 
top sheet, and because of this, the sheet gets deform. In 
vacuum forming, a vacuum is created beneath of the sheet 
surface for deformation, while in contact forming, the sheet is 
deformed in required shape with the help of punch movement 
inside the die cavity. 

The thermoforming process starts with the heating of the 
polymer sheet above the glass transition temperature and ends 
with the cooling of the transformed polymer sheet to room 
temperature or temperature below from glass transition 
temperature. Due to higher energy consumption during sheet 
heating, investigation of the heating stage has gained 
importance in the past decades. Moreover, polymer properties 
are highly temperature dependent. With the change in 
temperature, especially above glass temperature, the 
mechanical response of the polymer material changes 
drastically [2]. The above reasons motivated the researchers 
to investigate the heating stage of such a process, in order to 
optimize it for minimum energy consumption and also to find 
out the optimum processing parameters.  

 In order to investigate the process, the researcher has used 
experimental as well as numerical techniques. The 
temperature dependent material response was investigated by 
the researchers. DMTA (Dynamic mechanical thermal 
analysis), uniaxial test, and drop weight impact were the some 
the mechanical characterization technique used by 
researchers to investigate the mechanical response of the 
material. Dong et al. [3] used DMTA and observed that the 
glass transition temperature of the polymer and investigate 
mechanical behavior at different temperature by performing 
uniaxial tests. The prime objective of the investigation was to 
generate required material data for realistic simulation. 
Whereas Liu et al. [4]  
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conducted impact tests at low-velocity and different 
temperatures to investigate the mechanical response of cast 
acrylic plates. Effect of type of loading on the mechanical 
behavior of PMMA/MWCNT composites was investigated 
by Jindal et al. [5]. Static, as well as dynamic mechanical 
behavior, was investigated. Effect of temperature on the 
dynamic behavior of PMAA was investigated by Suo et al. 
[6]. In their study, the mechanical behavior under varying 
temperature (299K, 313K, 333K, 353K, and 373K) and strain 
rates (550 s-1, 0.1 s-1and 0.001 s-1) were studied 
experimentally, and theoretically using ZWT material model.  
Experiments were conducted (quasi-statically) on an axial 
testing machine (compression), and dynamically on Split 
Hopkinson pressure bar. It was found that for a constant strain 
rate, the flow stress decreases with the increase in 
temperature, whereas for a fixed temperature with the 
increase in strain rate an increase in the flow stress was 
observed. McCool et al. [7] investigated the effect of different 
process parameter on the thickness distribution of the product. 
Sheet temperature, plug temperature, plug speed, plug 
displacement, air pressure, and plug shape were chosen 
parameters in their study. It was observed that the plug 
displacement, sheet temperature, plug temperature, and plug 
shape have a significant effect on thickness distribution of the 
final product, whereas plug speed and air pressure have a 
negligible effect on product thickness variation. 

In the case of thin products, temperature distribution across 
the thickness is nearly uniform during the heating process, 
which is not the same for the thick sheet products. In the case 
of the thick sheet products, the temperature distribution along 
the thickness is not-uniform, and special care should be taken. 
Labeas et al. [8] used FEM (Finite element method) to 
simulate the heating stage of a diaphragm thermoforming of 
carbon/polyethylenimine (PEI) sheets to calculate the sheet 
temperature distribution. Different parameters such as plate 
thickness, number of lamps, heating time were investigated to 
optimize the heating stage to achieve an isothermal state for 
the sheet. Later, a different type of infrared heat source was 
investigated by Schmidt et al. [9]. They have compared the 
efficiency of the short-wave infrared heater with medium 
range and long-wave emitter heater. It was observed from the 
experimental observations that the short-wave emitter has the 
highest efficiency for heating a thermoforming of PS sheet 
Heat transfer during the deformation of polymer sheet into the 
final product was addressed by the researchers, Choo et al. 
[10] investigated the amount of heat transfer between forming 
setup (die, clamping arrangement and punch) and the sheet. 
The experimental setup was built to determining the thermal 
contact conductance between mating surfaces. Aus Der 
Wiesche [11] simulated the thermoforming process used to 
produce an automobile fuel tank. They have predicted the 
wall thickness distribution of the automobile fuel tank by 
incorporating both the structural and thermal aspect in the 
numerical simulation. Furthermore, the effect of 
temperature-dependent thermophysical properties on the 
process was addressed. All three stages of thermoforming 
were simulated, and it was observed that the thermal aspect of 
the process should be incorporated for realistic results. Wang 
et al. [12] used temperature-dependent material properties for 
investigation of sheet heating. The inverse approach was used 

in their study, for the prediction of the initial temperature 
distribution of Acrylonitrile butadiene styrene (ABS) raw 
sheet. FEM, in conjunction with an optimization procedure, 
used to predict the optimum initial temperature distribution of 
the raw sheet. It was observed that the nonlinear behavior of 
the material is an important parameter for thickness 
prediction. From the literature review, it can be noted that 
polymer material behavior is highly temperature dependent 
and forming temperature is one of the key parameters 
determining the final output of the process (thickness 
distribution of the formed product). Therefore, in order to 
achieve the desired product quality with a minimum cost of 
production, the temperature of the polymer sheet prior to 
deformation must be predicted. Present work aims to 
investigate the heating stage of the pressure thermoforming 
process in order to predict sheet temperature with the help of 
numerical simulations.  

II. NUMERICAL MODEL (HEATING STAGE)  

The thermoforming process begins with heating of polymer 
sheet; sheet is heated to a temperature higher than the glass 
transition temperature of the polymer. About 60-70 % of 
energy is consumed during sheet heating, which should be 
optimized for higher efficiency. Three types of heating 
methods are mostly used by the manufacturer to bring the 
sheet to a formable state. Hot air is circulated around the sheet 
and because of convective heat transfer sheet gets heated. In 
the second type, sheets are allowed to make contact with the 
heated surface, which heats up the polymer sheet due to 
conduction. In the third type, thermal radiation is bombarded 
on the sheet surface, and by absorbing it, the sheet gets heated 
[13]. Among all heating source, it was found that heating of 
polymer sheet using radiative heaters is the most efficient 
heating source [14]. For the present study, a muffle furnace 
was used as a heat source.  Figure 1 shows the geometric 
model of heating of the pressure thermoforming process. 
Where forming setup is placed inside the heating cavity of the 
furnace and to avoid direct contact with furnace wall an 
insulating material is placed between the furnace wall and the 
bottom surface the of the forming setup. Heating of forming 
setup takes place due to the mixed type of heat transfer 
phenomenon, viz. radiant heating by the furnace walls, 
convective heating by hot air trapped inside the heating zone 
and direct heat transfer from the bottom the furnace wall 
through the insulating material. As heat transfer progresses, 
heated forming setup heats up the sheet by conduction and 
radiation. Therefore, in order to simulate the heating stage, all 
mode of heat transfer must be incorporated into the numerical 
model. A transient heating simulation of forming setup was 
carried out from room temperature to forming temperature of 
the sheet. Simulations were performed using a commercial 
finite element code ANSYS. 

2.1. Geometric model and discretization 

The geometric model for heating stage simulation is 
consists of the furnace walls and closed forming setup.  
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The forming setup comprises of the raw sheet, die, and 
clamping plate. In order to avoid direct contact with the 
bottom surface of the heating zone, a wooden plate is placed 
between the bottom surface and die surface. Forming setup 
placement is such that only half geometric model is symmetric, 
hence for numerical ease, the numerical domain is symmetric 
in nature. Figure 1 shows the considered geometric model for 
the heating stage. The geometric model was built using 
CATIA V5 CAD modeler. Required dimensions of muffle 
furnace heating zone and forming setup were taken from 
actual setups. The furnace has a heating volume of 200 × 200 
× 900 mm3, whereas pressure forming setup is cylindrical, 
having 200 mm diameter and 100 mm height. Forming setup 
has a hemispherical die cavity to produce a hemispherical 
dome of 55 mm dome height from a circular raw sheet of 160 
mm diameter and thickness of 5 mm.  

 
Figure 1: Geometric model. 

Discretization of the geometric model was carried out using 
a three-dimensional, higher order thermal bricks element. In 
order to limit the numerical error, discretization was carried 
out carefully. To make a balance between solution accuracy 
and computational cost mesh sensitivity analysis was carried 
to it was found that 95678 elements were optimum for present 
simulation. Figure 2 shows the zoomed view of the discretized 
geometric model. 

 

 
Figure 2: Discretized geometric model. 

2.2. Material model 

Exact material behavior is a key parameter for realistic 
simulations, and it was found that the accuracy of the 
simulation depends on the temperature dependency of 
material properties [11].  Therefore, temperature dependency 
must be incorporated into material models. As the present 
numerical study is purely thermal type, only thermophysical 
properties are required for simulation, which is the density of 
material (to account transient heat transfer), specific heat and 
thermal conductivity. Acrylic as sheet material, SS316 is used 
as a forming setup material. Insulating material like wood was 
placed between furnace wall and die surface. The main reason 
behind placing insulating material is to allow maximum heat 
transfer by radiation. However, from a practical point of view, 

at higher temperature wood as insulating material should not 
be used. For the current study, wood properties were used for 
simulation purposes only. All required material properties 
(temperature dependent) was taken from available literature 
and ANSYS material library [15].  

2.2.1. Sheet material properties 

 
(a) Density Vs. Temperature. 

 
(b) Specific Heat Vs. Temperature. 

 
(c) Thermal conductivity Vs. Temperature. 

Figure 3: Temperature-dependent thermophysical 
properties of PMMA [15]. 

2.2.2. Forming setup Material properties 

 

 
(a) Density Vs. Temperature. 
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(b) Thermal conductivity Vs. Temperature. 

 
(c) Specific Heat Vs. Temperature. 

Figure 4: Temperature-dependent thermophysical 
properties of SS316[16]. 

2.2.3. Wood material properties 

 
(a) Density Vs. Temperature. 

 
(b) Specific Heat Vs. Temperature. 

 
(c) Thermal conductivity Vs. Temperature. 

Figure 5: Temperature dependent thermophysical 
properties of wood[17]. 

2.3. Boundary conditions 

The ability of the numerical model to reproduce a 
particular phenomenon exactly depends on the type of 
boundary conditions imposed to solve the numerical model. 
Therefore, for realistic simulations, realistic boundary 
conditions must be imposed. For present numerical study, 
heating of forming setup using the furnace as a heat source is 
simulated. The considered furnace as a heat source is a muffle 
furnace which is sophisticated equipment usually used for 
isolated heating. In case of muffle furnace dominating heat, 
transfer mode is radiation emitted by the furnace wall inside 
the heating zone. Heating of furnace walls is mainly because 
of resistance heaters placed inside the furnace wall. Once a 
sufficient amount of currents passes, heaters get heat up and 
start emitting the heat radiation which heats the material 
inside the heating cavity. For the present study, it was 
assumed that furnace is maintained at the desired 
temperature., whereas the heating zone and furnace walls 
have a temperature of  250 oC. In order to allow radiative heat 
transfer among the different components, the emissivity of 
each surface and surface temperature is imposed on the 
respective surface (the method used to calculate surface 
emissivity is described in a subsequent section). Along with 
dominating radiative heat transfer, the air inside the heating 
zone also contributes to the heating process. A convective 
heat transfer coefficient of 10 W/m2K [18] was imposed on 
respective die surfaces for convective heating. The initial 
boundary condition of 28 oC body temperature was imposed 
on forming setup ( sheet, die, clamp, and wooden piece). 

2.3.1. Surface emissivity 

Most important boundary condition in radiation heat 
transfer is emissivity of surfaces and their temperature. The 
emissivity of each surface taking part in radiative heat transfer 
is determined with the help of a thermal imaging system[19]. 
In order to measure surface emissivity, first of all, the surface 
was cleaned and marked with thermal black paint having 
know emissivity of 0.90. In order to determine the emissivity 
of the surface at a  known temperature, the first thermal 
camera is focused on region marked with black paint and 
emissivity in the thermal camera is manually set to 0.9. Later, 
the focus of the thermal camera is slightly shifted away from 
the marked area, and emissivity is changed until the surface 
will show the known temperature. For the present study, it was 
observed the variation in the emissivity with temperature is 
negligible and emissivity measured at 100 oC is imposed on 
respective surfaces. The measured emissivity of the different 
surfaces was tabulated in table 1. 

Table 1. Emissivity of Components. 
Component Emissivity 

Aluminum block 0.15 

Die surfaces 0.4 

Furnace wall 0.93 

Acrylic sheet 0.9 
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III. NUMERICAL PROCEDURE 

A transient heating simulation of pressure forming setup 
was carried out into two steps to represent the actual heating 
stage. In actual practice, forming setup is placed inside the 
pre-heated furnace, a similar approach is followed in 
simulation. In the first step, simulation is stared with initial 
conditions of forming setup where the furnace wall is at 250 
oC, and setup is at 28 oC. As simulation progress heat transfer 
takes place among the different component and forming setup 
start heating, which later heats up the sheet clamped on the die 
cavity. 

 In actual practice, after a sufficient amount of heating, the 
power supply of the furnace is switched off which stop the 
future heating of the forming setup by the furnace walls. To 
simulate a similar kind of effect, radiative and convective 
heating of the die surface is neglected in the second step of the 
simulation. Where heating of the sheet is mainly due to the 
thermal mass of the forming setup, heating of the sheet is due 
to the thermal energy stored by die. With the time 
progression, stored energy transfers into the sheet by the 
conduction and radiation among the internal surface of the die 
and sheet surface. 

IV. VALIDATION OF THE NUMERICAL MODEL 

In order to validate the proposed numerical model, 
experiment of heating aluminum block inside the muffle 
furnace (maintained at 250 oC) was conducted. The aluminum 
block has of dimension 31×31×82 mm3 and was placed inside 
the furnace on a wooden block, as shown in figure 6(a). For a 
longer heating time, instead of wood other insulating material 
such as thermal brick is recommended. In the present study, a 
wooden block serves the purpose without any degradation. 
For temperature measurement, during the heating of the 
aluminum block, thermocouples were used. For accurate 
measurement of temperature, two thermocouples were 
attached through a drill hole, as shown in figure 6(b). During 
heating, temperature data were recorded with a one-minute 
interval. In order to simulate the process, above mentioned 
boundary conditions were imposed along with material 
properties taken from ANSYS material library. Figure 7 
shows the thermal history of the aluminum block during 
heating, where solid line is thermal data obtained from 
numerical simulation, and the dotted line is averaged 
experimentally measured temperature. It can be noted that the 
numerically obtained temperature is in good agreement with 
experimentally measured temperature. Thus, the imposed 
boundary conditions can be used to simulate the heating of the 
pressure thermoforming setup. 

V. RESULT AND DISCUSSION 

Heating stage of the thermoforming process was 
simulated with the required material properties and boundary 
condition. Heating process was simulated for 7200 seconds, 
to heat the forming setup from 28o C to 250o C. As mentioned 
above, furnace heating was captured using a two-step 
analysis. In the first step, the furnace wall heats the die 
surface, which ultimately heats the sheet. In the 

penultimate step, heat transfer will happen because of pure 
conduction and radiation within the forming setup. 

 
(a) 

 
(b) 

Figure 6: (a) Geometric model of heating of aluminum 
block, (b) Experimental heating setup. 

 
Figure 7: Change in temperature of aluminum block 

throughout heating. 

5.1. First step 

Figure 8 shows the thermal history of the thermoforming 
setup during the first step of the simulation. At the beginning 
of heating, very less amount of heat was transferred from 
furnace walls and die surface. This can be noted in figure 8(a) 
where temperature rise of die setup is very small, and the sheet 
has a maximum temperature at the outer edge. The die surface 
heats up rapidly, which is closer to the furnace wall, which 
further heat up the sheet region 
heat to the furnace wall.  
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With an increase in heating time, more amount of heat 
energy was absorbed by the die and sheet. Heat is transferred 
in the radial direction, which can be observed in figure 8(b). 
At the end of heating time, the maximum amount of energy 
had transferred from furnace walls to the sheet. However, it 
can be noted that the sheet has a non-uniform temperature 
distribution. Clamped sheet region has a maximum 
temperature, whereas the central sheet region was at the 
lowest temperature.                                                                                                     

5.2. Second step 

In the second step, heating by the furnace walls was 
stopped, and the heat was transferred from hotter die region to 
the sheet. As heat transfer progress, there was a decrease in 
die temperature, and the sheet tends to achieve an isothermal 
state. For the present study, the desired thermal state of the 
sheet is when the sheet temperature variation is less than 5oC, 
which can be observed in Figure 9. After 7200 seconds the 
average sheet temperature is 133.45oC, which is more than the 
glass transition temperature (120 oC) of acrylic sheet. At this 
state, the sheet can be formed to the desired shape. 

  

(a) Temperature distribution of setup at 300 sec. (b) Temperature distribution of sheet at 300 sec. 

  
(c) Temperature distribution of setup at 1800 sec.  (d) Temperature distribution of sheet at 300 sec. 

  
(e) Temperature distribution of setup at 3600 sec. (f) Temperature distribution of sheet at 3600 sec. 

Figure 8: Thermal history of forming setup during the first step. 
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(a) Temperature distribution of setup at 600 sec. (b) Temperature distribution of sheet at 600 sec. 

  
(c) Temperature distribution of setup at 1800 sec.  (d) Temperature distribution of sheet at 300 sec. 

  
(e) Temperature distribution of setup at 3600 sec. (f) Temperature distribution of sheet at 3600 sec. 

Figure 9: Thermal history of forming setup during the second step. 

VI. CONCLUSIONS  

Numerical investigation of the heating stage of 
thermoforming has been addressed successfully. It was 
observed that with proper boundary conditions and 
discretization criteria, prediction of sheet temperature is 
possible. Finite element method could be used to predict the 
sheet temperature, where experimental sheet temperature 
measurement is not possible. Furthermore, it was observed 
that radiative heat transfer is highly meshed size dependent 
and for accurate results, special care should be taken to mesh 
the surfaces which involved in heat transfer by radiation. 
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