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Abstract 

  

Abstract 
This thesis was conducted in cooperation with a Swedish company that develops 
and manufactures plastic compounds. An increasing need for identifying material 
properties is seen within the industry in order to predict the outcome of the 
extrusion process by using simulations.  
 
The purpose of this study was to expand a material database with the results 
obtained through various measurements of the material parameters in order to 
enable simulations. The numerical descriptions would be analyzed and validated in 
relation to the obtained results and conducted methods to enable implementation 
of the material data into the industry.  
 
In order to fulfill the purpose, scientific methods was applied by chosen literature 
studies, research approaches and experimental research. Machine tests were 
conducted to collect relevant output data that was compared with the results 
obtained during the simulation process where the experimentally determined 
material parameters were applied in a material database. 
 
Typical injection molding qualities of PET, POM, PC/ABS, SAN and PA66 has 
been investigated by conducting measurement methods described by standards of 
the melt flow rate, specific heats, viscosity, crystallinity and melt- and glass 
transition temperatures. With exception of the viscosity, the material parameters 
are considered to have high external validity and high reliability and can be 
implemented into the industry. The bulk- and melt density was determined by 
adapted methods that need further investigations. The external validity is reduced 
until these methods and measurements have been validated. 
 
The determined material parameters proved to be able to generate reliable 
simulation results that indicate of how the extrusion process will turn out based 
on the output values investigated. The data obtained through machine tests was 
compared with the results that were achieved through simulations and deviated at 
most 10.9% from the actual outcomes. The viscosity is considered to be the main 
factor that affects the differences of the output data between the machine tests 
and the simulation results.  

 
Keywords 

Melt flow rate, density, heat, viscosity, standard, measurements, machine, 
extrusion, simulation, properties. 
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1 Introduction 
Within the plastic manufacturing industry, simulation tools are getting more 
accessible and contributes to that companies can be more efficient by predicting 
the outcome of processing. By customizing simulation tools with material specific 
data, more trustworthy and reliable results can be obtained. In an increasingly 
mass-producing world and rising economic communities, companies must 
develop through knowledge and new methods when the competition becomes 
harder. Simulation of compounding, extrusion and blow molding can help 
companies within the area of polymer processing to learn about the connection 
between manufacturing and material properties. Nowadays, simulation tools 
represent an important part of the working process and more knowledge about 
materials must be gained to take further advantage of these softwares. Conducting 
simulations of materials based on their specific qualities can generate more 
accurate simulation results and is a step towards a customized simulation process.  

 

1.1 Background 
The company meets the market’s demand for customer-designed plastic 
compounds. The production in Sweden comprises a number of extrusion lines 
based on double screw technology where the mixture of raw materials, fillers and 
additives are made and the packaging of the finished product take place. The 
company has its own laboratory that is equipped with machines that are used to 
make sure that the final product meets the requirements. 
 
In order to improve the productivity, the simulation program WinTXS has been 
implemented in the company. WinTXS is a twin-screw extruder simulator that 
allows visualization, management and simulation of polymer processing 
operations. The software saves time and effort when the user wants to explore 
and test certain processing conditions and it delivers approximate outputs for 
different kind of processing conditions.  
 
To adapt the software to the company’s product range, the material database 
needs to be consistent with the current product range the company has to offer. 
There are a lot of general data for polymer materials in the literature but an 
increasing demand to individually define the numerical descriptions of the quality-
specific parameters can be seen in the industry. This study is made in order to 
deliver reliable material parameters to supplement the material database necessary 
to carry out simulations in WinTXS. 
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1.2 Purpose and research questions 
The purpose of this project is to identify and define a number of material 
parameters for certain qualities among polymers. Material specific data for the 
polymers will be determined and will be used in order to conduct reliable 
simulations. The parameters are highly relevant in relation to the extrusion process 
and will decide how the manufacturing conditions should be conducted in order 
to process the materials. The purpose of identifying relevant material properties in 
relation to the extrusion process in the industry is to be more efficient, reducing 
the amount of waste material and create a greater understanding of the outcome 
by doing simulations at an early stage. Polymers are made of different structures 
and vary depending on the requirements of the material and the manufacturing 
conditions must be adapted to this. The aim of this study is to determine 
numerical descriptions of some material properties in order to generate reliable 
simulation results.  
 
Research questions 

• What are the values of the investigated material parameters that define the 
polymers? 

• Can the material parameters be considered valid? 
• Can the numerical descriptions of the materials be used to provide realistic 

simulation results and thus be implemented in industry? 
 

1.3 Delimitations 
• The choice of measurement methods will depend on the machines and 

tools that the company and the school has access to. 
• The only manufacturing method that will be treated is the co-rotating twin-

screw extrusion process using a line die plate. 
• Only the parameters required to perform simulations of the extrusion 

process will be addressed. 
• The material parameters that will be treated are those determined by 

various measurements.  
 

1.4 Outline 
This study is presented by the following outline: 
 
Part 1: Introduction, background and purpose. 

Part 2: Theoretical background regarding polymers, the extrusion process, 
simulations and the examined material parameters. 

Part 3: Description of the selected methods within research approaches, literature 
studies, experimental research and how these were implemented. 

Part 4: The findings are presented. 

Part 5: The choice of methods and findings are discussed and the conclusions are 
summarized. 
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2 Theoretical background 
In order to scientifically determine the polymer’s material properties, an overall 
picture of the factors involved must be discussed and treated. The areas covered 
in this section are the manufacturing process, simulation methods, and relevant 
material parameters and how they are determined. The information in this section 
forms the basis for the methods that are subsequently applied and the conclusions 
that has been drawn from them.  

 

2.1 What are polymers? 
Chemical compounds are usually divided into organic and inorganic compounds. 
Almost all polymers are organic compounds that are composed of carbon atoms, 
while inorganic are constructed of other types of element. An example of an 
inorganic plastic is silicone plastic, which mainly is composed of silicon and 
oxygen atoms. Polymers are composed of a repeating structure of monomers 
attached to each other creating long chains by using the chemical process 
polymerization. This process affects the molar mass of the polymer and in turn the 
thermodynamic properties (van Krevelen & te Nijenhuis, 2009). If a polymer´s 
structure consists of one kind of monomers, is it called homopolymer and if by 
many, copolymer. One thing that differs polymeric materials from other organic 
materials is that the molecular chains are considerably longer, which makes 
polymers to a material that can be applied in various different structural 
applications. Long primary chains leads to larger attraction forces between the 
molecules and makes the material stronger. The strong bonds between the chains 
have led to that plastics have become more integrated on the market and have 
replaced other materials in areas such as the automotive, packaging and 
construction industries. For a material to be called a plastic, it requires that the 
polymer have bonded with some form of additive. Common additives are 
pigments, stabilizers and lubricants that affect the material properties (Klason & 
Kubát, 2003). 
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2.2 Amorphous and crystalline structures 
Depending on the polymer's chemical structures, they are divided into the groups 
of amorphous and semi-crystalline thermoplastics. The amorphous polymers are 
characterized by its random structure and are rigid up to the glass transition 
temperature. If this temperature is exceeded, the polymer becomes moldable and 
is formed into a more and more fluid substance in relation to an increasing 
temperature. When the temperature has reached a higher value than the glass 
transition temperature, all numerical descriptions of the thermal properties of the 
polymer will change. The semi-crystalline structure comprises both crystalline and 
amorphous phases, which gives the material a melting range. The amorphous 
structure give rises to a glass transition temperature and the crystal phase causes a 
melting point at a certain temperature. The melting point defines the temperature 
at which the final crystalline phase melts and it should therefore be noted that the 
glass transition temperature of a semi-crystalline polymer does not specify a 
maximum user limit (Klason & Kubát, 2003). Depending on a material’s structure, 
the softening process differs and the physical changes that occur during heating 
are directly related to a material's structure and are important to consider along 
with the manufacturing method (Rosato, 1998). 

 

2.3 The extrusion process 
According to (Rosato, 1998), approximately 90% of the total consumption of 
plastic materials worldwide are thermoplastics and will be an even more important 
material in relation to an increasing population and will be available for several 
application areas. Thermoplastics soften during an increasing temperature but 
unlike thermosets, the chemical bonds are not destroyed allowing them to be 
processed by extrusion. 
 
The extrusion process is used world wide within the plastic industry in order to 
melt and mix polymers. According to (Rosato, 1998), the extrusion process is the 
most important production machinery within the plastic industry. The area within 
polymer processing has expanded greatly during the recent decades and along with 
simulation tools using individually defined numerical descriptions of the material 
properties (Holzer, 2012). 
 
It is estimated that around 65 wt. % of all plastics have been processed by 
compounding (Rosato, 1998). This process can be done to prepare the material 
for other manufacturing methods like injection molding and blow molding 
(Thompson, 2010). The purpose of compounding is to physically and/or 
chemically improve the properties of polymers by adding different polymers and 
additives together. This allows new plastics to be created that are adapted to meet 
certain product properties and because of the endless combinations of 
compounding, the mechanical and physical properties alter new values that open 
new application areas for plastics in new environments. (Klason & Kubát, 2003).  
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Depending on what kind of machine and extruder screws that are used, the 
schematic for the process differs. The principles are the same and the purpose is 
to create a homogeneous product with pre-determined properties. Twin-screw 
extruders were developed during the early 1930s because of higher pressures and 
temperatures were needed than single screw extruders could manage. Some of the 
more advantageous functions of the twin-screw extruder compared to the single 
screw extruder, is the high conveying capacity during low speeds, low frictional 
heat generation and low contact time in the extruder (Rosato, 1998). A typical 
extruder layout is shown in Figure 1. 
 
The material is dosed into the machine typically using a rotating screw and gravity 
at room temperature. Two rotating extruder screws are making sure that the 
inserted material is processed in direction of the die plate at the end of the 
machine. The screws are constructed of various screw elements that are placed on 
the screw shaft depending on the current processing conditions. The screw 
configuration depends on the machine and the materials processed and according 
to (Kohlgrüber, 2008), the processing zones can be divided into: solid feeding, 
melting, filler feeding, dispersing, homogenizing, degasing and discharging.  

 
 

 
Figure 1: A typical layout for a twin-screw extruder (Kohlgrüber, 2008). 

 
 
The solid feeding zone is designed to transport a large amount of material by 
using screw elements with large pitch and in order to increase the pressure and 
compress the material to the melting zone; screw elements with smaller pitch are 
used. It is important that the material adopts a liquid phase in the melting zone so 
additive added in the upcoming zone can be evenly distributed. The material melts 
in the melting zone due to high friction between the kneading elements, the 
barrels and the heating elements in the barrels. 
 
In the case of an extruder with filler feeding, the melt zone is linked to a feeding 
zone for the input of additives. This zone, just like the first feeding zone has as 
intention to be filled with the desired amount of additive, and is therefor equipped 
with screw elements with a large pitch.  
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The gases triggered during melting are degassed to prevent turbulence of the melt 
and if no additives are used, the feeding port can be plugged and the zone only 
works as a transport zone from the melting zone to the dispersing zone.  
 
In order for the additives to mix with the base material, thin kneading elements 
can be used in order to create a homogeneous melt. Gases are degassed before a 
pressure is built up in order to make sure that the extruded plastic emerges 
correctly from the machine. 
 
The melt is forced through the die plate and gets the shape of long strands that 
are guided through a water reservoir in purpose to cool down the melt. The 
strand’s path in the water reservoir can be adapted in order for the plastic to reach 
the right temperature. The strands are cut to smaller pieces called pellets by a 
pelletizer and end the process (Kohlgrüber, 2008).   
 

2.3.1 Output data 

Output data can be given through the interface of the extruder machines. In 
almost all cases the data is retrieved from the discharging zone and can be given in 
the form of melt temperature, pressure, torque and throughput. The residence 
time of a polymer melt can been used to estimate the mixing characteristics of 
materials which affects the material properties. The residence time can be 
described by equation 1 for a twin-screw extruder: 

 

 𝑡! =
𝑉!""
𝑄  ( 1 ) 

 

where V!"" is the occupied volume (mm3) and 𝑄 is the throughput (kg/h) 
explained by equation 2 as: 

 

 𝑄 =
𝜋𝐷𝐻𝑊
2 ∗ 𝑁 −

𝑊𝐻!

12𝜂 ∗
𝛥𝜌!
𝐿!

 ( 2 ) 

 

where 𝑁 is the screw speed (rpm), 𝐷 is the diameter of the screws (mm), 𝐻 is the 
channel height of the extruder (mm), 𝑊 is the channel width of the extruder 
(mm), 𝜂 is the viscosity (Pa*s),  𝛥𝜌! is the pressure gradient (Pa/mm) and 𝐿! is 
the length of the fully filled region (mm) (Gao, Walsh, Bigio, Briber, & Wetzel, 
2000).  
 
The torque perceived by the screws can be described by equation 3: 

 

 𝑀! = 𝐿 ∗ 𝐹 ( 3 ) 
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where 𝐿 is the distance from the center to the edge of the rotating member (m) 
and 𝐹 is the tangential force (N). Using to high torque can lead to breakage of the 
screws and to low torque indicates that to much energy is given by the heating 
elements and can lead to problems of poor mixing.  
 
The relationship between throughput (%) and the temperature change can be 
described according to equation 4: 
 
 

 𝑄 = 100 ∗ 𝑏 𝑛 ∗ 𝑇 ( 4 ) 

 
 
where 𝑇 is a temperature change (°C), 𝑛 is the power law index which describes 
how the viscosity changes in relation to the shear rate and 𝑏 is a temperature 
coefficient and describes how the viscosity changes with temperature (Rosato, 
1998).  
 

2.3.2 Simulation of the extrusion process 

There are a lot of advantages by conducting simulations of the extrusion process 
e.g. the amount of waste material can be decreased and unnecessary wearing of the 
extruder parts can be avoided.  
 
According to (Holzer, 2012), simulation and modeling will be even more 
important in the future in order to predict the outcome of processing. Both 
correct material data and reliable simulation tools are a necessity in order to 
receive reliable simulation results of the extrusion process. The melting process is 
still not understood well enough and the phenomenon is especially complex 
during the twin-screw extrusion process, partially because of the influence of 
various screw elements. Existing models work relatively well for amorphous 
thermoplastics, but much research is still needs to be done for crystalline 
thermoplastics.  
 
The material data, the process conditions and the numerical methods used are the 
main functions affecting the final result of a simulation. The flow behavior is 
important in relation to the manufacturing and processing of materials. The 
rheological behaviors describe how the flow and deformation of a material 
behaves during a changing temperature and are especially important in order to 
receive accurate results. Due to an increasing use of plastic compounds, new 
material data of polymers will be needed to be determined for the simulation 
process.  
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2.4 Thermal properties and measurements 
In relation to the extrusion process there are a lot of relevant parameters that 
affects the outcome. The behavior during the melt process of various polymers is 
different and is a natural consequence of their various structural constructions and 
varies depending on the resin class. When heat interacts with a material, the 
thermal properties affect the process and vary depending on the temperature. In 
order to receive relevant output data from simulations, these parameters are 
important to specify. During processing, external factors can be adjusted to the 
current conditions and useful information of the effects can be gained. Certain 
product properties can be predicted based on how the melt behaves and by 
defining parameters, they can serve as an indirect measurement at quality controls 
as it is important that the results are continuous from batch to batch.  
 
Measurements of different material parameters can be done continuously during 
phase transitions with an increasing or decreasing temperature. The polymers are 
relatively stable in room temperature and by determining the rheological 
properties the softening process can be understood during changing temperatures. 
At to high temperatures the polymer chains get destroyed, called depolymerization or 
degradation. This depends on factors as residence time, oxygen content, 
deformation rate and degradation-promoting additives and stabilizers (Rosato, 
1998). The process affects the rheological properties and behaves differently 
depending on the polymer considered.  
 
The number of measurements needed in order to determine material properties 
depends on the current circumstances but an amount of tests between 1-10 is 
diverse enough to receive credible and statistical results depending on the method 
used. According to (Brown, 1999), five samples seem to be a good number of test 
pieces if there are a lot of available samples. The test pieces should be 
representative for the samples; the samples should be representative for the batch 
and should be representative for the product in question. Making decisions that 
fits this system is not an easy thing to do, but the decisions should be based on 
awareness of the limitations it has on the results. In order to make the tests as 
useful as possible, the samples should be randomly collected by collection from 
different batches.  
 
Measurements that aim to investigate and determine various parameter values 
should be implemented with scientific methods in order to receive valid and 
reliable results. There are standards of different test methods like International 
Organization for Standardization (ISO) and American Society for Testing and Materials 
(ASTM), where different ways of measuring material parameters accepted in the 
industry are explained (Rosato, 1998). 
 
Quality controls are often related to products but are also important for laboratory 
measurements in order to generate reproducible results. In order to deliver reliable 
results in a laboratory, the procedure of the methods, apparatus used and staff 
should be subjects to a quality assurance system.  
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The requirements for implementing and maintaining these systems are very time-
consuming and difficult to conduct and there will always be some kind of 
uncertainty when it comes to laboratory measurements. Laboratories can by 
themself do the calibrations of the equipment as long as it is done with 
appropriate standards (Rosato, 1998).  
 
Material data for polymers has been published in various literature e.g. (Brandrup, 
Immergut, & Grulke, 1999), (van Krevelen & te Nijenhuis, 2009), (Mark, 2007) 
and (Olabisi, 1997) and are often presented as mean values of measurements that 
represents different materials. Measurements can be seen as generating data that is 
bounded to an object and are generally divided into two different classes, direct and 
indirect measurements. A direct measurement generates the data of interest and 
indirect measurements are related to the desired data by theoretical relationships 
and require processing (Brown, 1999).   
 
 

2.5 Viscosity 
During extrusion and compounding processing of polymers, the behavior of the 
melt flow has a great impact on the result. It is of great interest to determine the 
numerical descriptions of the parameters affecting the flow in order to be able to 
predict how polymers behave during the melt flow. Two different kinds of 
phenomena can occur during flow known as viscous- and elastic flow. During viscous 
flow, the energy that causes the deformations is dissipated and during elastic flow, 
the energy is stored. When the melt moves in an extruder, shear forces will affect 
it and increase along with the screw speed and creates a less viscous melt and 
easier flow. During Newtonian behavior, the viscosity is constant during different 
shear rates unlike non-Newtonian behavior where the viscosity changes in relation to 
different shear rates. Polymers generally behave Newtonian at low shear rates and 
non-Newtonian at higher shear rates as the viscosity decreases called shear thinning. 
Thermoplastics are said to be viscoelastic because of the melt flow behavior with 
pure shear deformations and pure elastic deformations (Rosato, 1998). The 
viscosity varies depending on current deformation conditions. The deformation 
conditions are in turn dependent on the temperature, pressure, deformation and 
time (van Krevelen & te Nijenhuis, 2009). 
 
Rheology is the science that explains how melts flow and deform during different 
conditions. The rheology of thermoplastics are complex but are explained by 
different methods that makes it understandable. Viscosity is one of the most 
important parameters in relation to a material’s melt flow and is a measure of a 
fluid’s internal friction that becomes apparent when a layer of the fluid moves in 
relation to another as shown in Figure 2. 
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Figure 2: Illustration of the viscosity where two layers moves with the speeds v1 

and v2 by an applied force F. 

 
 
A rheometer measures the melt flow of a material in relation to an applied force. A 
wide range of shear ranges can be covered and is superior when it comes to 
understanding melt behaviors (Rosato, 1998). The capillary rheometer is one of the 
most popular machines when measuring rheological properties and it also enables a 
historical overview of the melt behavior in relation to the shear rates (Holzer, 2012). 
The shear rates and flow characteristics are similar to the ones that occurs during the 
extrusion process and the capillary is easy to fill which is important when measuring a 
high viscous melt at high temperatures (Zulkifli, Azlan, Jikan, & Nor Azura, 2012). 
The zero-shear viscosity is the melt viscosity at zero shear rates and is often 
extrapolated from measurements using low shear rates. By doing this, errors can occur 
when the range of shear rates is sufficiently high for non-Newtonian effects to begin 
manifesting themselves.  
 
The material is weighted and stuffed in a heated cylinder, and after a pre-heating time 
the material is forced through a cylinder with known and constant diameter. A die at 
the bottom of the cylinder is placed with known dimensions and the pressure needed 
for the piston to extrude the polymer is measured at the entrance of the die and the 
shear stress is calculated. The machine measures the pressure above the die and is 
ignoring the differences between the pressure inside the die and inside the cylinder. 
According to ASTM D 3835-02, Bagley correction can be applied in order to correct the 
pressure drop if two or more capillaries with different lengths are used. The shear rates 
at the cylinder wall can be corrected using Rabinowitsch correction and allows the true 
viscosity to be determined. The viscosity depends on the die dimensions, the piston 
speed and the pressures occurring during the measurements. With increasing shear 
rates, the viscosity versus shear rate curves can be plotted.   
 
Different mathematical models has been developed to describe the relation between 
shear stress and shear rate which allows the viscosity to be calculated and evaluated.. 
 
For Newtonian liquids, shear rates are not considered according to equation 5 
(Griffiths, 2015): 
 

 𝜂 = 𝜂 𝛾  ( 5 ) 

where 𝜂 is the viscosity (Pa*s). 
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The viscosity for Non-Newtonian liquids can be considered using the Power Law 
model ( 6 ):  

 

 𝜂 = 𝑚 𝛾 !!! ( 6 ) 

 
where 𝜂 is the viscosity (Pa*s), 𝑚 is the consistency coefficient and 𝑛 is the power 
law index (Griffiths, 2015). Shear thinning is represented by n<1 , shear-
thickening n>1 and Newtonian n=1  (Sivakumar, Bharti, & Chhabra, 2006).   
 
Some models for calculating the viscosity are Cross (equation 7) , Carreau (equation 
8) and Carreau-Yasuda (equation 9). The models are considered to be semi-
empirical and can deal with a wide range of the shear rates. As can be seen in 
equation 8, Carreau-Yasuda is a generalized model and can be used to calculate the 
viscosity with more accuracy due to parameter 𝐾. The viscosity models are listed 
below in mentioned order: 

 

 𝜂 = 𝜂! +
𝜂!

1 + 𝜆𝛾 !!! ( 7 ) 

 

 𝜂 = 𝜂! + 𝜂! 1 + 𝜆𝛾 !
!!!
!  ( 8 ) 

 

 𝜂 = 𝜂! + 𝜂! − 𝜂! 1 + 𝜆𝛾 !
!!!
!  ( 9 ) 

 

where 𝜂! and 𝜂! are the reference viscosities at low respectively high shear rates 
(Pa*s). The characteristic time is 𝜆, the power law index is declared with n and the 
parameter K is the Yasuda dispersion parameter and describes the abruptness of 
the transition of regimes (Gujrati & Arkadii, 2010), (Gujrati & Arkadii, 2010) and 
(Andrade, Petroníllio, Maneschy, & Cruz, 2006). 
 
As a function of the temperature, shift factors can be calculated in order to 
translate viscosity measurements to different temperatures. For many amorphous 
polymers, the temperature is above the glass transition temperature during 
processing, and in those cases the Williams-Landel-Ferry model (equation 10) has 
shown to be advantageous for calculating the shift factor:  

 

 
  𝛼! 𝑇 =

8.86 𝑇 − 𝑇!
101.6 + 𝑇 − 𝑇!

−
8.86 𝑇 − 𝑇! + 0.02𝑝
101.6 + 𝑇 − 𝑇! + 0.02𝑝

 ( 10 ) 
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where  𝛼! 𝑇  is the shift factor, 𝑝 is the pressure (bar) and the constant 0.02 
represents a 2 °C shift per bar. 𝑇 is the temperature (K) and 𝑇! is the reference 
temperature (K) (Osswald & Hernández-Ortiz, 2006). 
 
For many semi-crystalline polymers, the glass transition temperature is far below 
the melting temperature during processing conditions, and in those cases the 
Arrhenius model (equation 11) has shown to be advantageous:  

 

 
  𝛼! 𝑇 =

  𝜂! 𝑇
  𝜂! 𝑇!

= 𝑒
!!
!

!
!!

!
!!  ( 11 ) 

 

where 𝑅 is a gas constant (J/Kmol), 𝐸! is the activation energy (J/mol), 𝑇 is the 
temperature (K) and 𝑇! is the reference temperature (K) (Osswald & Hernández-
Ortiz, 2006).  

 

2.6 Melt Flow Rate 
The melt flow rate describes how many grams of a material that are extruded 
during a specified time according to equation 12:  

 

 𝑀𝐹𝑅(𝑇,𝑚!"#) =
𝑚 ∗ 𝑥
𝑡  ( 12 ) 

 

where 𝑇 is the test temperature (°C), 𝑚!"# is the nominal load (kg), 𝑚 is the 
average mass of the cut offs (g), 𝑡 is the cut of time interval (s), and 𝑥 is a time 
converting factor used in order to extrapolate the melt flow rate unit to g/10min.  
 
The melt flow rate is widely used and is a single point viscosity often determined 
at low shear rates and temperatures and does therefor not correlate with the 
processing conditions the material may be exposed for. The same value of the 
melt flow rate between different materials may lead to different processing 
characteristics as shown in Figure 3. 

The zero-shear viscosity is the same for material A and C and has a higher value 
than material B. At high shear rates, A and B meets and differs a lot from C. P is a 
possible point at which a measurement of the melt flow rate can be determined 
and if that were to happen, the result is misleading as it applies to both material B 
and C. By conducting measurements using different shear rates, the result is much 
more reliable (van Krevelen & te Nijenhuis, 2009).  
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The isothermal resistance to flow can be measured and the viscosity can rather be 
estimated than determined by using the melt flow rate. Even though this is the 
case, the melt flow rate is a parameter that is easily obtained, contributes to an 
estimation of the melt viscosity and is a parameter that is financially inexpensive to 
determine (Shenoy, Chattopadhyay, & Nadkarni, 1983). By conducting the melt 
flow rate in a laboratory, the material is exposed to a constant temperature and 
shear rate.  

 

  

Figure 3: Illustration of a misleading melt flow rate measurement 
(van Krevelen & te Nijenhuis, 2009). 

 

   

2.7 Specific heat and heat of fusion 
The specific heat is the heat that must be added per kilogram in order to increase 
the temperature of a material by one degree Celsius at a certain temperature. It 
describes the amount of energy absorbed when heated and released during cooling 
and is said to be one of the most important properties in relation to the melt 
process (Bicerano, 2002). Values for the specific heat as a function of temperature 
has only been published for a limited amount of polymers and according to (van 
Krevelen & te Nijenhuis, 2009), reliable numerical values of the specific heat 
should be collected from a number of samples as a function of temperature.  
 
A linear relationship is described by equation 13 between the temperature and the 
specific heat according to: 

 

 
c!   =   

𝐶!(𝑇)
𝑚  ( 13 ) 
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where cp is the specific heat (J/kg*°C), Cp(T) is the heat capacity (J/°C) at a 
specific temperature and 𝑚 is the mass (kg) of the sample (Bicerano, 2002). 
 
The softening process of a polymer takes place between the interval of the upper 
and lower softening points. Both solid polymer particles and molten resin is 
composed in this area and energy is required in order for the softening process to 
occur. Semi-crystalline polymers require an extra energy called the heat of fusion in 
order for the phase transition to occur. The heat of fusion for a 100% crystalline 
polymer is called enthalpy of fusion and is needed to approximate the percentage of 
crystallinity for a semi-crystalline polymer (Bicerano, 2002).  
 
Figure 4 shows the relationships between the energy and temperature of the 
softening/melting process for amorphous and semi-crystalline polymers where 𝑇! 
is the melt temperature (°C), ∆𝑇! is the softening range, 𝑇! is the glass transition 
temperature (°C), ℎ is the heat required at the glass transition temperature (J/g) 
and ℎ! is the heat of fusion (J/g). 

 

 

 

 
Figure 4: Heat vs. temperature plots of the softening/melting process of 

amorphous (A) and semi-crystalline polymers (B). 

 

The specific heat, heat of fusion, crystallinity, glass transition temperature and 
melting point can be measured using a differential scanning calorimeter (DSC). 
The process is done during isothermal conditions and measures the amount of 
heat absorbed or evolved from the material. The temperature is increased with a 
constant rate and the process can be exothermic or endothermic which describes the 
phase transformations of the subject. If a process is exothermic, heat is released 
from the sample, unlike the endothermic process that needs more heat in order to 
increase the sample’s temperature during the phase transition from the solid to the 
liquid phase. Curves of the heat capacity versus the temperature can be plotted 
and direct and indirect data can be read and calculated from the plots depending 

A B 
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on the machine used. The specific heats, the melting points and the glass 
transition temperatures can be determined by direct measurements (Bicerano, 
2002). The heat of melting is an indirect measurement, calculated by integrating 
the area under the peak in the plots that can be used to calculate the percentage of 
crystallinity according to equation 14:  

 
Crystallinity   =

ΔH! ∗ 100
ΔH!!

 ( 14 ) 

where ΔH!  is the melting heat (J/g) and ΔH!!  is the heat of melting a pure 
crystalline sample (J/g).  
 

2.8 Density 
The density can be seen as a function of temperature during constant pressure 
according to equation 15: 

 

 ρ =   
ρ!

1 + 𝛼 𝑇 − 𝑇!
 ( 15 ) 

 

where ρ and ρ! are densities (g/cm3) at the reference temperatures 𝑇 and 𝑇! (°C) 
and 𝛼 is a temperature coefficient (Osswald & Hernández-Ortiz, 2006). 
 
An exponential relationship between the bulk density and pressure is described 
according to equation 16. When polymers granules are exposed to pressure, a 
difference of the bulk density will occur because of the processing of a more 
compact material.  

 

 𝜌! = ρ!"# − ρ!"# − ρ!"# ∗ 𝑒𝑥𝑝 𝐹𝑃  ( 16 ) 

 
where 𝑃 is the pressure, ρ!"# is the maximum bulk density, ρ!"# is the minimum 
bulk density and 𝐹 is the bulk density coefficient which is dependent on the 
temperature (Han, 2007). According to (Zoller & Walsh, 1995), the true solid 
density of ordinary thermoplastics does not increase more than 1% within the 
pressure interval of 0-200 bars, which a co-rotating twin-screw extruder rarely 
exceeds. This leads to the approximation that the density at solid state is 
independent of pressure. 
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3 Methods and implementation 
The main elements of the research process described by (Williamson, 2002) 
consists of the following main elements: 
 

• Research questions or objectives. 

• Literature review. 

• Research design: 

• Description of sample. 

• Methods and techniques used. 

• Analysis of findings. 

• Conclusions and interpretation of findings. 

 
The different steps may differ depending on the chosen research approach but the 
fundamental course of action tends to be based on these general steps. This study 
has been conducted in accordance with these main research elements and has 
been adapted to the chosen research approach. 
 
 

3.1 Research approach  
The two major research traditions within social science are called positivism and 
interpretivism. Positivism and interpretivism are generally based on quantitative- 
respectively qualitative research and are linked with deductive- respectively inductive 
reasoning.  Deductive reasoning is an approach where general principles together 
forms specific instances while inductive reasoning are based on specific instances 
in order to create general principles (Williamson, 2002).  
 
Positivist research creates generalizations based mainly on quantitative data where 
the starting point of the process is to define the area to be investigated and then 
take on literature studies, theoretical background, definition of research problems 
and variables that lay as the basis for hypotheses. The hypothesis defines the 
implementation of the study in which various observations and experiments are 
carried out to generate results. General laws can be created if the hypothesis is 
supported by the implemented methods and the process can be seen as linear in 
relation to the interpretivist research process where different elements are 
implemented in parallel. The chosen approach shall be based on the of research 
questions. According to (Yin, 1994), research questions must have a substance and 
in order to answer these questions, appropriate methods must be chosen. 
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This study has been based on the positivist research approach. What primarily 
distinguishes between the general template described by (Williamson, 2002) and 
the implemented method shown in Figure 5 is the lack of a hypothesis that has 
been replaced by the objective to collect and analyze data in and implement those 
into simulations. The method was implemented and adapted in order to create 
conclusions based on the analyzed material data and simulations results. 
 
 
 

 
Figure 5: Research approach of the study. 

 
 

3.2 Literature studies 
Literature studies within a specific area are crucial in order to identify problems 
and gain insight when conducting a project. Information can be found in various 
sources as articles, reports and books and by comparing and combining the 
accomplished research with the findings might form the basis of new discoveries. 
The theoretical background gives a project its base and context and according to 
(Williamson, 2002), the theoretical framework should be defined by literature 
studies within quantitative research.  
 
(Gorman & Clayton, 1997) states that research should aim for filling a gap of 
knowledge or add new complexion within a certain field. Information that is not 
available or needs to be refined or adapted is an appropriate research area and 
research can be conducted in order to fill these gaps. Not only information about 
certain discoveries can be useful to conduct, but literature can also contribute with 
scientific approaches and methods in order to achieve certain objectives. While 
some methods lead to one type of discovery, other approaches might lead to new 
or different information and insight within the area of interest.  
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Literature studies can also make the researcher exclude research areas that has 
already been examined and ensures that research within the area is necessary. 
According to (Levy & Ellis, 2006), the research can be seen as straightforward 
process where literature is investigated depending on the input i.e. research area 
and is processed in order to generate output i.e. results. The following elements 
within the literature study process can be treated to reach the desired information: 

 

• Collect information 

• Identify information 

• Summarize and interpret information 

• Demonstrate and relate information 

• Connect and explain information  

• Assemble of the literature 

• Evaluation and concluding 

 

In this study, literature research was conducted in order to create a greater 
understanding within the areas of testing, extrusion and materials engineering. The 
knowledge gained from the research formed the base of this study and was a 
critical part throughout the whole project.  

 

3.3 Experimental research 
Experimental research is conducted through scientific methods using a deductive 
process. Test results are said to be reliable if the results has a certain consistency 
when comparing test results with each other and multiple experiments can 
strengthen the results (Benbasat, Goldstein , & Mead, 1987).  In order to 
generalize the results received from an experiment, the experiment need to be 
provided under other settings (Lee, 1989). According to (Glazier, Jack D, & 
Powell, 1992), reliability and consistency among the results can be strengthened if 
the results are compared to literature and by triangulation, i.e. comparisons between 
different references. 
 
Validity describes whether the measurements really measure the desired factor. 
External validity is determined by the degree to which the results can be 
generalized while internal validity is determined by the probability that a result 
depend on independent variables. The validity of a result is linked to the 
experimental procedure where true experiment, quasi-experimental design and pre-
experimental design can be applied.  
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True experiments generally ensures high internal validity and is a scientific method 
applied in a experimental setting that involves randomly chosen subjects exposed 
by independent variables and a control group that is not exposed in order to avoid 
affecting variables. Quasi-experimental design is similar to true experiments, but 
differs in the sense that it does not use true randomization of samples and does 
generally ensure high external validity of the results. Pre-experimental design does 
not use random samples, control groups or samples exposed to independent 
variables and gives no meaningful information that conclusions can be based on. 
 
The material parameters that has been determined in this study is the melt 
viscosity, melt flow rate, the solid- and melt specific heats, glass transition 
temperature, melt temperature, crystallinity, and melt- and bulk density. 
Experimental procedures were applied in order to obtain information about the 
numerical descriptions of the material parameters. The measurements were based 
on ISO- and ASTM-standards and more than one test has been carried out to 
ensure repeatability, validity and mean values of the results.  
 
No control groups has been taken into account during the measurements due to 
the fact that the tests were carried out during particular conditions and the 
reliability of the results rather has been based on various calibrations and 
comparisons between results and references. The controls have been composed 
by comparing results between the tests and by triangulation in order to examine 
similarities and patterns. This study can be seen as a quasi-experimental design due 
to the lack of control groups and that the gathering of samples was not fully 
randomized but was limited in relation to the batch sizes. 
 

3.3.1 Materials  

The polymers examined in this study are a quality adapted to injection molding. 
The polymers were pre-heated in an oven for at least 24 hours before the 
measurements were conducted in order to remove any moisture content. The 
information of these polymers are gathered from material data sheets given by the 
manufacturers and (Edshammar, 2002). The information can be summarized as:  
 

• Polyethylene Terephthalate (PET) - A semi-crystalline homopolymer. A 
handful of producers manufacture this quality worldwide and is as raw 
material recommended to be used for straps or be foamed for packaging. 

• Polycarbonate/Acrylonitrile Butadiene Styrene (PC/ABS) - An 
amorphous homo-copolymer blend produced uniquely by the company. 
The blend mainly consists of by PC is used for automotive interiors and 
cable covers. 
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• Polyoxymethylene (POM) - A semi-crystalline copolymer that may be 
considered the most common globally in relation to those examined in this 
study and is often used in moving parts such as bearings, gears and 
bushings. 

• Polyamide 66 (PA66) - A semi-crystalline copolymer produced by the 
company, mostly used for cooling tanks, hubcaps and handles within the 
car industry.  

• Styrene-acrylonitrile (SAN) - An amorphous copolymer mostly used in 
household products like bowls, cups and refrigerator trays. 

 

The materials were collected from the batch sizes shown in Table 1 with the 
approximate degradation temperatures shown in Table 2. 
 

 

Table 1: Batch sizes from which the investigated material was collected. 

 PA66 POM PC/ABS SAN PET 
Batch size (kg) 1100 1000 1000 1125 1000 

 

 

Table 2: Degradation temperatures for various polymers. 

 PA66 POM PC/ABS SAN PET 

Degradation temperature (°C) 3051 2222 3003 2924 3805  

 

                                                
1 Olabisi, 1997, p. 650 
2 Brandrup, Immergut, & Grulke, 1999, p. II/465 
3 Olabisi, 1997, p. 621 
4 Brandrup, Immergut, & Grulke, 1999, p. II/456 
5 van Krevelen & te Nijenhuis, 2009, p. 765 
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3.3.2 Melt Flow Indicator measurements 

The melt flow indicator Zwick/Roell 4100 was used in order to determine the melt 
flow rate and the melt density with the specified loads and temperatures 
corresponding to those given in Table 3. The machine is manually operated where 
the user stuffs the material, places the piston and weight and keeps track on the 
elapsed time. An electrical controlled heater melts the polymer during 5 minutes 
and is controlled by a temperature indicator. The piston forces the material with a 
pre-determined load through a die with the length of 8 mm, bore diameter of 
2.095 mm and the barrel length of 180 mm. When the extruded material becomes 
homogeneous, the measurements are started and the mean weight of the polymers 
is extrapolated to an extruded mass that would have been achieved after 10 
minutes of processing in order to determine the melt flow rate. 
 
According to ASTM D 3835-02, the melt density is calculated according to 
equation 17: 

 𝜌! =
𝑚
𝑡 ∗ 𝑄 ( 17 ) 

 
where 𝜌 is the melt density (g/mL), 𝑚 is the mass of the collected extrudate (g), 𝑡 
is the extrudate collection time (s) and 𝑄 is the volumetric flow rate (mL/s). 𝑄 is 
calculated based on the piston speed (cm/s) and the cross sectional area (cm2). 
 
In order to determine the melt density, the method used is based on ASTM D 
3835-02 and ISO 1133. By combining Method A described in ISO 1133 where the 
melt flow rate can be determined by a specified displacement of the piston with 
the process described in ASTM D 3835-02 where a specified volumetric flow rate 
using a rheometer is described, the melt density could be determined using less 
parameters. The total volumetric flow rate times the total time is equivalent to the 
total volume that has been extruded during a certain displacement of the piston 
which is shown in equation 18: 
 

 𝜌! =
𝑚
𝑡 ∗ 𝑄 =   

𝑚
𝑉  ( 18 ) 

 
The indication scale was located at the upper edge of the piston as described in 
ISO 1133 with the purpose to ensure that entrapped air could be released by 
applying hand force on the piston before the measurement were conducted in 
order to extrude an air free melt. When the lower indication mark was in line with 
the top edge of the cylinder, a timer was started in order to keep track on possible 
deviations of the measurements while the process continued until the second 
mark was reached.  
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The timer was stopped and the extruded material was cut off and weighted. The 
volume of the extruded material could be calculated due to the known radius of 
the piston along with the displacement of the material obtained by the indication 
scale. With the known volume and weigh of the extruded material, the melt 
density was determined. The area of the piston and barrel was 0.716 cm3 and the 
volume between the two marks was 2.149 cm3.  

 

Table 3: Temperatures and loads used during the measurements of the melt flow 
rate and melt density. 

 PA66 POM PC/ABS SAN PET 
Temperature (°C) 275 190 260 230 280 
Load (kg) 0.325 2.16 5 5 2.16 

 

3.3.3 Bulk density measurements 

The bulk density was determined based on ASTM D 1895-96 Method B. The 
measurements were conducted three times for each material with a measuring cup 
having a diameter equal to half of the height. The apparatus described by the 
standard was not used and the cup was instead filled from above with a scoop. 
The cup was cylindrical with a capacity of 400 cm3 and was scraped along its 
straightedge when filled. To prevent influence by previously measurements, the 
material was poured until the desired level was reached without reading the weight 
on the scale. The material was weighted to the nearest 0.1 g and the bulk density 
was calculated according to equation 19:  

 

 𝜌! =
𝑚
𝑉!

 ( 19 ) 

 

where 𝜌! is the bulk density (g/cm3), m is the mass (g) and 𝑉! is the volume of the 
cup (cm3). 
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3.3.4 DSC-measurements 

The softwares TA Instruments Explorer and TA Universal Analysis were used in order 
to determine and evaluate the solid and melt specific heats, the melt and glass 
transition temperatures and the crystallinity. In order to receive information of the 
specific heat capacities, the procedure described in ASTM E1269-05 was followed 
and the methods described in ASTM E1356-03 and ASTM E793-01 was adopted 
in order to determine the remaining properties. The machine DSC Q100 was used 
which has the capacity to hold up to 5 reference materials and 50 samples, can 
analyze a large amount of materials and can handle temperatures between -150 –  
+600 °C. Different outputs can be generated depending on the selected program, 
which can be configured by the user depending on the desired outcome and 
material to be examined. The test system consisted of a nitrogen tube, a computer 
and a DSC Refrigerated Cooling System. A gas rate of 50 ml/min, a heating rate 
of 10 °C/min and a cooling rate of 20 °C/min were used and the minimum and 
maximum temperatures was equilibrated during each test. TA instruments 
conducted a calibration of the machine 9/8-2014 with the validity period of one 
year. In order to perform the measurements of the specific heat, the apparatus’ 
accuracy was adjusted by a sapphire calibration according to ASTM E1269-05. A 
sapphire was subjected to a program described by TA Instruments and a heating 
rate of 20 °C/min was used along with the nitrogen gas flow rate of 50 ml/min. 
The sapphire was kept under isothermal conditions during 5 minutes.  
 
Aluminum standard sample pans were used and had a weight of 10.8 mg ± 0.1 
mg, a diameter of 6.67 mm and a height of 1.15 mm. Forceps were used to 
prevent surface contaminants when the materials were cut into suitable pieces 
between 5-10 mg and were weighted to the nearest 0.1 mg. 
 
Isothermal and equilibration periods were adapted to the recommendations of the 
standards and the plots were generated as heat capacity versus temperature in 
order to receive information about the specific heats for the solid and melted 
state. Heat flow versus temperature were plotted where crystallinity, glass 
transitions temperatures and melt temperatures was examined. Both quantitative 
and qualitative data was generated in form of endothermic and exothermic 
processes and the procedure was repeated five times for each material. The used 
enthalpies of fusions for the semi-crystalline materials are listed in Table 4.  

 
Table 4: Enthalpies of fusion used to calculate the percentage crystallinity. 

 PA66 POM PET 
Enthalpies of Fusion (J/g) 2261 3261 1401 

                                                                                                                  
 

                                                
1 Wunderlich, 1990 
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3.3.5 Viscosity measurements 

The single capillary rheometer Göttfert Rheo-Tester 1000 was used for conducting 
the measurements of the viscosity. The machine is used within research, quality 
controls and development of materials and the data is collected and evaluated in 
WinRheo’s softwares Measure and Evaluate. The measured shear rates ranged 
between 199.99 to 8000 𝑠!! and the isothermal temperatures used during the tests 
are compiled in Table 5. The capillary used had a diameter of 1 mm, a length of 10 
mm and a die entry cone angle of 180°. Two electrically heated thermocouples 
with a temperature instability of ± 0.2 °C heated the polymers inside the barrel 
with the diameter of 12 mm and the length of 200 mm. The procedure was 
conducted according to the procedure described in ASTM D3835-02 and the 
rheometer was calibrated 25/6-2014 by Oleinitec AB. The machine was cleaned 
between the measurements of the different polymers according to the 
manufacturer’s instructions. 
 
 

Table 5: Temperatures used during measurements of the viscosity. 

 PA66 POM PC/ABS SAN PET 
Temperature (°C) 275 190 260 230 275 
 
 
The measurements were conducted by filling the cylinder and packing the material 
in order to release entrapped air by manually applying a force on a tamping rod on 
the material. Granules were progressively added to the barrel and packed until 
there was approximately 5 mm to the top edge of the barrel from the material. 
The melt time used was pre-determined and the dwell times were collected 
manually with a timer before the piston was activated and applied an increasing 
pressure.  
 
 

3.4 Machine test 
A machine test was conducted in order to collect output values of the melt 
temperature, the torque, the pressure on the die plate and the residence time of a 
particle. The extruder Leistritz ZSE40 MAXX was used with the screws visualized 
in Appendix 1 and is capable of producing a maximum of 150 kg/h. The screws 
are configured for simple tasks such as coloring polymers and processing 
uncomplicated polymer blends i.e. without greater demands on the dispersion or 
distribution of one or the other component.  

 

 

 

 

 



Methods and implementation 
 

  25 

The machine settings during processing for the different materials are shown in 
Table 6 and the measurements were conducted when the heating elements and the 
feed rate had stabilized during two different screw speeds. The tests were carried 
out with increasing temperature profiles to allow self-cleaning of the machine to 
prevent previous material to solidify and stay inside the extruder. The tests were 
performed starting with POM followed by SAN, PC/ABS, PA66 and finally PET. 
A temperature hand tool of model Fluke 65 was used to measure the temperature 
of the extruded material approximately 50 millimeters from the die plate and a 
Testo 925 was used in order to measure the melt temperature inside the die plate. 
In order to measure the residence time, one black granule was inserted in the solid 
feeding zone and a timer was used to register the elapsed time until the color 
showed a visual difference of the extruded material.  

 

Table 6: Settings during the machine tests. 

 PA66 POM PC/ABS SAN PET Unit 
Heat Zone 1 250 190 220 200 280 °C 
Heat Zone 2 280 220 260 210 280 °C 
Heat Zone 3 280 220 260 220 290 °C 
Heat Zone 4 280 220 260 220 290 °C 
Heat Zone 5 280 210 260 220 290 °C 
Heat Zone 6 280 210 260 220 280 °C 
Heat Zone 7 280 210 260 220 280 °C 
Heat Zone 8 270 210 260 220 280 °C 
Heat Zone 9 270 200 250 220 270 °C 
Heat Zone 10 270 200 240 210 270 °C 
Heat Zone 11 260 200 230 210 260 °C 
Heat Zone 12 260 190 230 200 260 °C 
Amount of holes in orifice 4 4 4 4 4  
Screw speed 1 300 230 200 200 285 rpm 
Screw speed 2 360 330 300 300 385 rpm 
Throughput 70 70 70 70 55 kg/h 

 

3.5 Simulation 
The simulation software WinTXS is developed by the company PolyTech and is 
designed for the co-rotating twin-screw extrusion process in order to optimize and 
understand the extrusion process. WinTXS uses one-dimensional mathematical 
models that calculate the extrusion process for the polymers. Analytical models, 
semi-empirical correlations and adjustable parameters are used in order to 
improve the performance and by this allowing the simulation engine to work with 
new extruders and materials. By comparing experimental- with simulated data, 
WinTXS has been validated but the generated results are approximate and will in 
the most cases rather indicate on results that are close to reality.  
Validation of the software was made with computational and experimental data 
provided by Polymer Processing Institute.  
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LUDOVIC is another commercial simulation software for the twin-screw 
extrusion process and is developed by The Sciences Computers Consultants. The 
software is based on one-dimensional mathematical models that allow the user to 
receive relevant output data based on the input of material and processing data. By 
analyzing the results of a simulation session, one can optimize the screw profiles 
and the processing conditions. Multi-dimensional mathematical models provides 
more accurate results of particular sections of the extruder machine but are 
inflexible, need much computer power and is time-consuming (Delamare & 
Vergnes, 1996).  
 
WinTXS has been used in this study, where the simulations were conducted 
during the same processing conditions as the machine tests in order to compare 
the outputs i.e. the same throughputs, heat profiles, screw speeds and pressure on 
the die plate. When a new material is created, physical and rheological properties 
based on general collected data for the material is generated and models that 
describe the temperature-dependent properties can be selected. This does not 
apply for the viscosity data which is instead fully up to the user to define. The 
material constants that are available depend on the chosen material and models to 
be treated. The heat of fusion can for example only be edited if a semi-crystalline 
material is processed and different viscosity models requires different types of 
input which affects how the softening process occurs. When entering the material 
parameters, reference temperatures needs to be specified to which the material 
parameters are measured. By doing this, the locally given values are adapted by 
various temperature dependent mathematical models through out the extrusion 
process.  Coefficients for each given numerical description is editable in order to 
adjust the impact of the properties by theoretical descriptions of the materials. 
 
Different heat transfer models are available that describes how the heat transfer 
behaves in the barrels. The heat transfer can be considered as isothermal or to be 
non-existing and that the energy only contributes to raise the material's 
temperature. The user manual WinTXS: Twin-Screw Extruder Simulator Version 3.0 
informs that Todd is an empirical model that is suitable for extruders with a barrel 
bore diameter greater than 100 mm and the model tends to exaggerate the 
material's temperature that instead increases the heat transfer rate. It also states 
that JKS is a theoretical model that tends to exaggerate the rate of heat transfer 
and tend to underestimate the material's temperature. The model provides an 
optimistic picture of the machine's cooling capacity and is best suited to smaller 
extruders with a barrel bore diameter less than 100 mm. Todd is a global model 
that takes the whole extrusion process into account while JKS only considers the 
process between where the material begins to soften to the material has reached 
the die plate.  
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The simulation process consists of a series of elements as shown in Figure 6. An 
extruder and a shaft is adapted so they corresponds to reality by configure the 
barrels, the screw element and the die plate. The material to be simulated is 
selected from the material database and the operating conditions are determined 
before the simulation can be performed and the results analyzed. The steps of the 
simulation process used in this study extend from the editing of materials in the 
material database to the summary of results in order to adapt the output data to 
those obtained from the machine tests.  

 

 
Figure 6: Working process in WinTXS. (Canedo, 1999) 

 
 
The simulations were conducted using a constant pressure corresponding to those 
obtained from the machine tests instead of using a modeled die plate. JKS was 
used throughout all simulations since this method is programmed to be most 
suitable to extruders of the size corresponding to the Leistritz ZSE40 MAXX. 
The viscosity model Carreau-Yasuda was used throughout all the simulations and 
could be estimated by the software by assigning the melt flow rate. This method 
generated viscosity data that could be edited based on the viscosity measurements 
obtained from the laboratory measurements.  
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4 Findings and analysis 
In order to reach a certain height of reliability of the results, the measurements 
were made several times. According to (Williamson, 2002), reliability is reached 
when the consistency of the results are stable enough during more than one 
measurement. The average values and the standard deviations of the 
measurements are presented in tabular form with references when appropriate and 
have been collected through relevant literature and material datasheets that 
provide information about the region the measurements for each material should 
be close to. The data are typical average values for the different polymers, and has 
been conducted by researchers in order to make it possible to use the information 
in theoretical- and experimental purposes (Brandrup, Immergut, & Grulke, 1999).  

 

4.1 Melt flow rate 
Five measurements were made for each material with the average values and 
standard deviations shown in Table 7. The standard deviations differ at most 0.66 
g/10min for PC/ABS, which also is the material that has the highest average. The 
values are extrapolated from the cut off times of 30 seconds to 10 minutes and the 
measurements are only compared to those obtained from the material data sheets 
do to the high dependence of the polymer‘s quality. The values obtained for POM 
and PC/ABS is close to the given references determined under the same 
conditions. A big difference is shown between the value obtained and the 
reference of SAN because of their different measurement conditions. The 
measurement made in this study was conducted with a temperature of 230 °C 
compared to the value given by the reference conducted at 200 °C. The higher 
temperature contributes to a lower viscosity and a higher flow and thus a greater 
value than the reference.  

 

Table 7: Results obtained of the melt flow rate. Values in parenthesis shows the 
standard deviations. 

 PA66 POM PC/ABS SAN PET 
Melt flow rate (g/10min) 9 (0.34) 9.3 (0.49) 25.9 (0.66) 8.3 (0.39) 12.9 (0.44) 
     Reference   9.61  281  1.51  

 
 
 
 
 

                                                
1 Based on material data sheets given by the manufacturers. 



Findings and analysis 

  29 

4.2 Bulk density  
Three measurements were made for each material with the average values and 
standard deviations shown in Table 8. The standard deviations differ at most 14.6 
grams for PC/ABS, which also has a high average in relation to the other 
polymers. The standard deviation shows small differences and the result for PET 
is close to the reference value.  

 

Table 8: Results obtained of the bulk density. Values in parenthesis shows the 
standard deviations. 

 PA66 POM PC/ABS SAN PET 

Bulk density (mg/cm3) 692 (5.6) 908.9 (2.7) 743.8 (6.7) 722.8 (9.1) 869.9 (14.6) 
     Reference     870 ± 201 

 

4.3 Melt density  
Three measurements were made for each material with the average values and 
standard deviations shown in Table 9. The standard deviations differ at most 0.06 
g/mL for PET, which also has the highest standard deviations for the cut off 
times, which affected the result. This can also be observed for PA66 and POM 
showing that the changes in cut-off times affect the melt density due to the 
constant used volume. The measurements are close to the reference values found 
in the literature and on various material data sheets. 

 

Table 9: Results obtained of the melt density. Values in parenthesis shows the 
standard deviations. 

 PA66 POM PC/ABS SAN PET 

Melt density (g/mL) 1 (0.03) 1.18 (0.03) 1.03 (0.02) 0.99 (0.02) 1.12 (0.06) 
 

     Reference 1.13-1.152  
1.13-1.1453 1.1674  1.025  15  

1.075-1.13  1.1724  

Mass (g) 2.154 (0.04) 2.523 (0.07) 2.222 (0.03) 2.106 (0.01) 2.402 (0.13) 

Cut off time (s) 131.7 (4.5) 184.8 (1.95) 49.4 (1.48) 149.7 (0.6) 77.3 (6.76) 

 

                                                
1 Based on material data sheets given by the manufacturers. 
2 Brandrup, Immergut, & Grulke, 1999, pp. V/124 
3 Mark, 2007, pp. 614 
4 Mark, 2007, pp. 96 
5 Stelray Plastic Products Inc, 2014 
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4.4 Melt- and glass transition temperature, melting 
heat and crystallinity 
Five measurements were made for each material with the average values and 
standard deviations shown in Table 10. 𝑇! is the melt temperature, 𝑇! is the glass 
transition temperature and ∆𝐻! is the melting heat. The results of the melt- and 
glass transition temperatures shows small standard deviations and differs most for 
SAN and the ABS component on the PC/ABS blend. The percentage of 
crystallinity was calculated according to equation ( 14 ) using the enthalpies of 
fusions shown in Table 4. The measurements are close to the reference values 
found in the literature and on various materials data sheets.  

 

Table 10: Results obtained of the melt temperature, glass transition temperature, 
melting heat and crystallinity. Values in parenthesis shows the standard deviations. 

 PA66 POM PC/ABS SAN PET 

T! (°C) 263.11 (0.06) 166.23 (0.2)   252.6 (0.9) 

   Reference 2631 
2622  1671    

254 ± 51  
245-2653 

 

T! (°C)   110.4/137.9 
(0.1/0.19) 

109.1 (0.26) 
 

82.7 (0.17) 
 

   Reference   98.65/135.354 1155 805 

∆H! (J/g) 69.87 (0.85) 153.27 (2.47)   26.7 (1.4) 

Crystallinity (%) 30.92 (0.37) 47 (0.76)   19.1 (1) 

 

                                                
1 Based on material data sheets given by the manufacturers. 
2 Brandrup, Immergut, & Grulke, 1999, pp. V/127 
3 Brandrup, Immergut, & Grulke, 1999, pp. V/162 
4 Nigam, Nigam, & Mathur, 2005 
5 Brandrup, Immergut, & Grulke, 1999, pp. V/166 
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4.5 Specific heat capacity  
Five measurements were made for each material with the average values and 
standard deviations corresponding to a specific temperature shown in Table 11. 
The standard deviations are small for the solid specific heats and differ more for 
the melt specific heats. The comparisons between the results and the reference 
values indicate greater similarity between the values of the solid specific heats than 
the melt specific heats. The literature provides more information of the solid 
specific heat and is more frequently stated close to room temperature unlike the 
melt specific heat where the temperature for which the value is considered rarely 
is informed. In Figure 7-Figure 11 the measurements of the specific heats are 
shown, where it can be observed that mainly PC/ABS in Figure 9 shows irregular 
patterns in relation to the other materials. 

 
 

Table 11: Results obtained of the specific heat capacity. Values in parenthesis 
shows the standard deviations. 

 PA66 POM PC/ABS SAN PET 

Temperature (°C) 25 25 25 25 25 

Solid specific heat (J/kg/°C) 1.3 (0.05) 1.33 (0.12) 1.06 (0.03) 1.21 (0.04) 0.97 (0.02) 

   Reference 1.471 1.2372 
1.283 1.171 1.384 

1.35 
1.055 

1.131 

Temperature (°C) 320 250 300 200 320 

Melt Specific Heat (J/kg/°C) 2.6 (0.07) 2.14 (0.1) 2 (0.1) 1.93 (0.06) 1.57 (0.03) 

   Reference  2.293 1.591  1.886 

 
 

                                                
1 van Krevelen & te Nijenhuis, 2009, pp. 113 
2 Brandrup, Immergut, & Grulke, 1999, pp. V/109 
3 Mark, 2007, pp. 152 
4 Rosato, 1998, pp. 172 
5 Osswald & Hernández-Ortiz, 2006, pp. 38 
6 Rosato, 1998, pp. 182 
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Figure 7: Heat capacity plot of PA66. 

 
Figure 8: Heat capacity plot of POM. 

 
Figure 9: Heat capacity plot of PC/ABS. 

 
Figure 10: Heat capacity plot of SAN. 

 
Figure 11: Heat capacity plot of PET. 
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4.6 Viscosity  
Three measurements were made for each material with the average values and 
standard deviations corresponding to the specific temperatures shown in Table 12. 
The data has been Rabinowitsch corrected and the standard deviations are larger 
during low shear rates and decreases during increasing shear rates. The 
measurements of PA66 and SAN show smaller differences between 
measurements at different shear rates in relation to the other polymers. PET 
shows the biggest standard deviations and also shows a fairly large difference of 
the viscosity at the shear rate 3000 s-1. Three tests were conducted for each 
material and the dwell- and melt times are reported in Table 13. The pressure 
build up times are consistent and varies to a certain degree because of the amount 
of material and different fill rates of the material as the processing time. The 
number of measurement points per material was pre-determined by the program 
run during the measurements shown in Table 12 and Figure 12-Figure 16. 

 

Table 12: Results obtained of the Rabinowitsch corrected viscosity measurements. 
Values in parenthesis shows the standard deviations. 

 PA66 POM PC/ABS SAN PET 

Viscosity  (Pa*s) (Pa*s) (Pa*s)  (Pa*s) (Pa*s) 

Shear Rates (𝑠!!)      

200   325,6 (28.7) 248,9 (2.9)  

500 72 (3) 331,8 (19.7) 212,5 (12.7) 154,8 (2.8) 389,1 (31.6) 

1500 60 (1.5) 148,3 (1.8) 131,2 (3.6) 93,3 (1.2) 241,1 (13.9) 

3000 47,8 (1.6) 83,8 (0.35) 82,1 (1.4) 60,2 (0.15) 151,4 (20.7) 

5000 37,3 (1.1) 67,2 (0.83) 58,7 (0.3) 41,6 (0.2) 116,3 (12.3) 

8000 30,5 (1.2) 56,6 (0.48) 44,3 (0.56) 30,8 (0.2)  
1 
 
 

Table 13: Dwelling and melt times used during viscosity tests. Values in 
parenthesis shows the standard deviations. 

 PA66 POM PC/ABS SAN PET 

Pressure build up time (s) 55.538 (3.045) 59.405 (6.276) 43.094 (1.686) 56.308 (2.146) 61.926 (2.502) 

Melt time (s) 4 4 4 4 4 

Processing time (s) 68.109 (5.744) 67.363 (8.033) 96.432 (3.748) 82.854 (1.924) 156.576 (5.015) 

                                                
1 Temperatures used are shown in Table 5 
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Figure 12: Viscosity plot of PA66. 

 
Figure 13: Viscosity plot of POM. 

 
Figure 14: Viscosity plot of PC/ABS. 

 
Figure 15: Viscosity plot of SAN. 

 
Figure 16: Viscosity plot of PET. 
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4.7 Simulation and machine test results 
Results obtained from machine tests and simulations are summarized and 
compared in Table 14. The temperatures are based on mean values of the 
temperatures given by the sensor and used hand tools and the pressure was kept 
constant during the simulations. Deviations between the machine tests and 
simulations ended up between 0 – 10.9 percent where no patterns can be seen of 
the differences between the machine and simulation outputs and screw speeds. 
The differences are apparently decreasing for the residence time and torque using 
higher screw speeds for PA66 while the temperature difference is increasing and 
behaves like the opposite of PET which also has the greatest deviations in relation 
to the outputs from the machine tests. SAN shows small deviations at lower screw 
speeds but is the material that differs most between low and high screw speeds 
with the exception of the torque. POM has a decreasing residence time and 
increasing temperature and torque differences using higher screw speeds while 
PC/ABS is showing unchanged residence times, increasing temperatures and 
decreasing torque differences during higher screw speeds. The stability of the 
simulation results varies depending on the material and the simulation results 
provide indications of reasonable output values during the twin-screw extrusion 
process. 
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Table 14: Comparison between the machine tests and the simulations results 
during different screw speeds. 

 
 PA66 

Rpm 300  360  
 Machine Simulation Difference % Machine Simulation Difference % 
Pressure (Bar) 10 10 - 9 9 - 
Residence Time (s) 41.5 43.9 5.5 39.2 39.8 1.5 
Melt temperature (°C) 272.5 272.9 0.1 279 273.4 2 
Torque (Nm/%) 142 150 5.3 124 122 1.6 

 
 

 POM 
Rpm 230  330  
 Machine Simulation Difference % Machine Simulation Difference % 
Pressure (Bar) 31 31 - 28 28 - 
Residence Time (s) 51.3 46.7 8.9 43.5 40.9 5.9 
Melt temperature (°C) 209 217.8 4 212.5 223.5 4.9 
Torque (Nm/%) 156 151 3.2 121 116 4.1 

 
 

 PC/ABS 
Rpm 200  300  
 Machine Simulation Difference % Machine Simulation Difference % 
Pressure (Bar) 29 29 - 26 26 - 
Residence Time (s) 51.7 55.6 7 42 45.2 7 
Melt temperature (°C) 243.5 250.8 2.9 250.5 274.2 8.6 
Torque (Nm/%) 164 151 7.9 128 136 5.8 

 
 

 PET 
Rpm 285  385  
 Machine Simulation Difference % Machine Simulation Difference % 
Pressure (Bar) 17 17 - 11 11 - 
Residence Time (s) 46.4 42.7 7.9 43.4 39.5 9 
Melt temperature (°C) 260 291.5 10.8 265 294.7 10 
Torque (Nm/%) 158 159 0.6 128 114 10.9 

 
 

 SAN 
Rpm 200  300  
 Machine Simulation Difference % Machine Simulation Difference % 
Pressure (Bar) 29 29 - 27 27 - 
Residence Time (s) 50.5 51.6 2.1 39,7 43.5 9.1 
Melt temperature (°C) 212.5 209.9 0.1 212 236.7 10.4 
Torque (Nm/%) 155 155 0 130 131 0 
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5 Discussion and conclusions 
The study can be considered to consist of two different parts, one part where 
material parameters has been determined by various methods and a second part 
where simulations were carried out to fit the results obtained from machine tests. 
The implementation of the various methods was chosen based on available 
alternatives in order to answer the research questions. The material parameters 
investigated was determined in order to implement them into simulations of the 
twin-screw extrusion process.  

 

5.1 Discussion  
 
The obtained results from the measurements are numerical descriptions of the 
viscosities, melt flow rates, melt- and glass transition temperatures, bulk- and melt 
densities, specific heats and crystallinities for five different polymers. The 
machines used were in good conditions and has been used continuously in the 
production and has not given any indications of generating inaccurate results and 
has been calibrated in accordance with appropriate regulations. The validity and 
reliability of the data varies depending on the implemented methods and the 
number of conducted measurements for each material parameter. The generated 
data may contribute to future research and manufacturing processes of polymer 
materials that can be applied into the industry to predict how the materials will 
behave during processing. By implementing the material data, the simulation 
program WinTXS was able generate output values within reasonable intervals to 
estimate the manufacturing process. 
 

5.1.1 Simulations and machine tests 

Machine tests proved to be successful and relevant output data was gathered and 
had an important role in relation to the simulation results. Data was only collected 
from the discharging zone and limited therefore the output data to this. It is 
generally difficult to gather data from the other zones in order to investigate the 
temperature- and pressure rise through the different zones. It would have been 
beneficial to do this if possible when the progress of the output data could have 
been followed. Output values were consistently collected where the pressure on 
the die plate and the melting temperature was read by sensors on the machine and 
told by an digital interface while the residence time and melt temperature at the 
die plate was measured manually. The sensors were tested and maintained before 
the tests, and have thus contributed to that trustworthy output data have been 
collected while the manual methods to a higher extent were dependent on the 
human factor. The residence time, i.e. the time it took for the melt to change its 
color was determined visually and can in it self be considered to be less valid and 
reliable.  
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The reliability is however strengthened due to the fact that a professional machine 
operator agreed upon the output data for both the residence time and the 
manually conducted measurements of the melt temperature at the die. The 
methods used during the output data collection during the machine tests were 
designed based on available tools.  
 
The simulations was conducted in accordance with those settings used during the 
machine tests according to Table 6 and the pressure on the die plate and the 
temperature profile was kept constant. The simulations generated scattered results 
based on the determined material data and were able to provide results with a 
maximum deviation of 10.9% in relation to the machine tests. What is said to be 
“close enough” is a subjective definition that may be said of a result if it is found 
within acceptable intervals. Acceptable intervals can in this case be judged by the 
output values investigated i.e. melt temperatures, residence times and torques. 
 
The maximum deviation for the residence time in relation to the machine tests 
was 9.1 % for SAN. The residence time tells about the time distribution in the 
extruder and can be used to evaluate the mixing and melting in the zones shown 
in Figure 1. With a margin of error, the data can give wrong information about the 
mixing process provided during compounding and may underestimate or 
exaggerate the actual mixing of the components. Materials that spend too much 
time in the extruder during processing can be exposed to degradation if exposed 
to high temperatures and high stresses. If the material is burned it can fail quality 
controls of the material properties and color. Even though the residence times 
differentiate with a few seconds between the simulation results and machine test 
under given conditions, it would probably not affect the judgment of the 
processing conditions in relation to the mixing index and the risk of damaging the 
material due to that no indications was given that the materials would be exposed 
by to high stresses and temperatures. According to equation 1 and 2 and assuming 
that the extruder is not fully filled, the variables left are the screw speed and 
viscosity. The screw speeds only varies between tests and are constant during the 
data collection and leads to that the only variable left is the viscosity that affects 
the residence time and is thus important in the context.  
 
The maximum temperature difference reached 10.8% and was shown for PET. 
With exception for POM, the simulations will not reach results close to those 
degradation temperatures shown in Table 2 by the temperature changes that 
occurred between the screw speeds and will thus not reach the extreme 
temperatures required for indications to be given that the materials will be 
damaged. The temperature differences can thus be considered to be within 
reasonable intervals for all materials except for POM which ended up around the 
accepted limit of 222 °C at both screw speeds and must therefore be dealt with 
caution. 
 
To high temperatures might have lead to that a higher viscosity has been taken 
into account and influence the pressure on the die plate. A constant output has 
been used during the simulations and deviations of the temperature might depend 
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on the viscosity as described in equation 4. By using wrong viscosity parameters, 
the temperature change will be affected when the output, temperature coefficient, 
and power law are kept constant. The temperature might be adjusted incorrectly 
by this and thus contribute to the deviations of the temperature between the screw 
speeds. Even though the heat transfer model JKS was used which generally 
underestimate the temperature of the materials, has that not been the case in this 
study when the temperatures generally are higher than those obtained from the 
machine tests.  
 
PET was the polymer that differentiated most from the actual torque with 10.9%. 
If the screws are subjected to higher torque than allowed, a safety coupling will be 
released and will thus interrupt the manufacturing process. The maximum allowed 
torque per screw is 174 Nm on the Leistritz ZSE40 MAXX and the results 
indicate that this is not exceeded during the current settings. For materials that 
require high torque during processing, the differences in outcomes must be taken 
into account in order for the process to not be interrupted. Simulations should be 
examined after conducted machine tests and be investigated if the requirements 
are met. 
 
The various material parameters determined in this study affect the simulation 
results differently and in order to examine the impact the different parameter 
values had during the simulations and in relation to this, how sensitive the 
software was for deviations, modifications of the data was conducted to the 
standard deviations of the measurements. The standard deviations account for 
how much the different values of a population deviate from the mean values and 
were seen as extreme value for each material parameter during the simulations. No 
significant differences were shown in the outcomes of the simulations and pointed 
out that the standard deviations are within reasonable intervals in relation to the 
obtained simulation results. The melt flow rate affected the results most and was 
used in order for the software to estimate the viscosity at different shear rates. The 
viscosity points in Table 12 was used as guidelines for local determination of the 
viscosity in order to avoid misleading information about the viscosity as 
demonstrated in Figure 3.  
 
The material parameters that have been determined in the study have varying 
external validity due to the methods of choice. In those cases where the standards 
have not been followed i.e. for the bulk- and melt density, the external validity is 
reduced in relation to the material parameters determined by standards. The 
reliability of the measurements can be determined from the standard deviations 
that generally have shown small deviation throughout the study with exception for 
the viscosity. The methods used for measuring the bulk- and melt densities was 
shown to achieve appropriate results in relation to the reference value and the 
standard deviations thereby strengthens the methods used, the reliability and 
internal validity. A change of the viscosity coefficients affected the results greatly 
and would it have been advantageous to measure the viscosity at lower shear rates 
in order to avoid large margins of errors from the extrapolations. Due to that the 
melt flow rate only was used to estimate the viscosity does not say much about the 
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melt flow rate itself but rather emphasis the importance of the viscosity which was 
adapted to the measured values. The simulation results are empirically determined, 
but show that reasonable results can be achieved with determined material 
parameters based on those models used. It would have been beneficial to 
determine more material parameters and done more measurements during 
different screw speeds in order to analyze the stability of the simulations further 
and thus influenced the results more of the simulations.  
 
In order to estimate the viscosity in WinTXS the viscosity model Carreau-Yasuda 
(equation 9) was used for all materials. The shift factors used was the Arrhenius 
model (equation 10) for the semi-crystalline polymers and the Williams-Landel-
Ferry model (equation 11) for the amorphous polymers. By using Carreau-Yasuda, 
the viscosity could be adjusted to a higher extent than would be possible with the 
models explained by Cross (equation 7) and Carreau (equation 8) due to the 
parameter K. In order to generate the viscosity in WinTXS, Carreau-Yasuda was 
the only model that could be used in order for the viscosity to be estimated at 
different shear rates based upon the melt flow rate. The measurements of the 
viscosity was Rabinowitsch corrected but due to that a single capillary rheometer 
was used, a Bagley correction of the pressure drop could not be performed. This 
affects the results and the measurements of the viscosity is in that manner not the 
results of the true viscosity but is rather approximations at certain shear rates. 
PC/ABS, PET and POM have relatively large deviations between the viscosity 
measurements shown in Table 12 and also differ most between the machine tests 
the simulation results. This relationship should be further investigated and 
indicates that the measured viscosity has not generated values well enough. 
 
Although no general patterns can be observed in Table 14, the material 
parameters are managed by the relationships described by the equations 9, 
10, 11, 13, 15 and 16. These conditions are always current during the simulations 
of the polymers and deviations of the results will then depend on other factors if 
the material parameters used are correct. It is certain that the viscosity affects the 
results in a negative manner due to the fact that the viscosity used during the 
simulations is not the true viscosity. The deviations may also depend on factors 
like mathematical coefficients, restricted mathematical relationships, the values of 
the material parameters that has not been determined in this study and differences 
between the machine that carried out the tests and its implementation into the 
simulation program.  
 
It still remains to investigate what impact the deviations have on the 
compounding process. Although the deviations are within reasonable interval in 
this particular case, it does not say anything about the impact is has on simulations 
of the compounding process and may affect the outcomes. The database has been 
adapted to fit the results of a specific machine based on machine tests and 
differences could occur if the database is applied to other machines due to various 
coefficients. Differences between the outcomes of the machine tests can probably 
occur even if the same machine settings for machines of the same model due to 
wear and the sensors quality and stability. The results obtained from the 
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simulations are empirically determined and customized in order for the material 
parameters to generate values given by machine tests used during certain the 
machine settings and the material databases can not be generalized. 

5.1.2 The material parameters 

Material specific data has been determined for certain qualities of polymers. This 
contributes to that new knowledge has been established which was the purpose of 
research of according to (Gorman & Clayton, 1997). The data obtained of the 
specific heats, melt flow rates, melt and glass transition temperatures and 
crystallinities is considered to have high external validity as they have been 
determined by appropriate methods and shown small standard deviations. The 
percentage of crystallinity used in the study is based on the parameter values in 
Table 4 and is therefore approximated based on general data for each material 
because of limited publications. The standards describing the procedure of 
determine the bulk- and melt density could not be fully adapted and approaches 
that tried to be equivalent were implemented. It can not be assumed that the 
granules was poured as consistent using a fixed pouring angle as it had been made 
with the described apparatus for determine the bulk density. Even though the 
described apparatus was not used during the measurements, the standard 
deviations show small differences between the results but would probably resulted 
in smaller standard deviation if the described apparatus would have been used and 
thus given more precise results and can be considered to have low external 
validity.  
 
The determination of the melt densities, a volumetric flow rate could not be 
predetermined by using the capillary rheometer and according to the relationship 
shown in equation 18, a different method was developed in order to conduct an 
equivalent procedure. By conducting the measurements on the melt flow indicator 
Zwick/Roell, the user had to control the extruded melt and ensure that it was free 
from air. The measurements was controlled visually and it cannot be entirely 
excluded that the melts was as free from air as it would have been by conducting 
the method described in ASTM D 3835-02. The standard deviations indicates on 
small differences between the measurements and a consistent process was 
conducted where the piston travelled the same distance for all materials while the 
elapsed time was controlled in order to secure a repeating process. The 
implemented approach turned out to generate good results in relation to the 
references and shows small standard deviations but have low external validity due 
to the controversial method. Just as for the method used for measuring the bulk 
densities, the method used when conducting the measurements of the melt density 
remains to be validated. The methods can be validated by implementation in 
different environments in order to investigate if the approaches are generalizable 
and thus enhance the results and the external validity as (Lee, 1989) states.  
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The obtained results can be of interest for materials science and industrial 
purposes where the parameter values can be of interest within computation and 
simulation processes of blow molding, injection molding and various extrusion 
processes. Money and time can be saved if trustworthy data for each quality can 
be used in the right context instead of conducting laboratory measurements and 
the material data contributes to an overall picture of the numerical descriptions 
available for each quality.  
 

5.1.3 Risks and delimitations 

It is mainly the viscosity measurements for POM, PC/ABS and PET that show 
major deviations even though the measurements were conducted according to 
ASTM D3835-02. Major deviations were expected from the measurements where 
stuffing the material had to be done because of the granules irregularly filling rate 
that lets the granules orient different prior to each test. This might affect how well 
the material was stuffed and by using hand force might have led to that the 
procedures provided different well-stuffed cylinders before each measurement 
although a consistent workflow was conducted. Different amounts of air was 
successfully pushed out from the cylinder between tests and affected the 
measurements and is probably the biggest cause to varying results of the 
measurements where stuffing was included in the procedure. It seems that the 
stuffing did not cause major standard deviations for the melt flow rate and melt 
density but was probably the cause of the major standard deviations of the 
viscosity measurements.  
 
The obtained data has been determined by material collected from one batch each, 
and if those batches in some way would have been defective it could have affected 
the results of this study. The batches undergoes various quality controls and must 
meet specific requirements but whether these requirements affects the results of 
the data that is studied in this report or not remains uncertain. It should be 
desirable to collect samples from different batches in order to strengthen the 
scientific approach through genuine randomly chosen samples, but because of 
practical reasons this could not be achieved. The batches can however be 
considered to be large in relation to the material used during the measurements. 
Four kilograms of material was collected from each batch from where the samples 
were randomly selected before each test.  
 
Between the measurements of the melt density, the melt flow rate and the 
viscosity, manual cleaning was required of those machine parts that was affected 
by the molten polymers. It cannot be ensured that no contamination affected the 
measurements but regulations were followed of how the maintenance should be 
conducted and the approval of the results could not be implemented in another 
form than inspection by the human eye. References have been used to give 
indications of where the measurements should end up but the values for the 
viscosity and triangulation was conducted in those cases data was available in 
order to strengthen the results as (Benbasat, Goldstein , & Mead, 1987) described. 
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The melt flow rate, viscosity and crystallinity are highly dependent on the quality 
of the polymers and references would therefore not have been informative in the 
context. A big difference was observed between the determined value of the melt 
flow rate for SAN in Table 7 and the one given by on the material data sheet 
given by the manufacturer. Even though the conditions during the measurements 
were different should it be determined by measurements under the same 
conditions as the reference value in order to see if the difference is reasonable or 
not. 
 
Control groups could have been used if a well-defined material would have been 
measured for the viscosity where the standard deviations are large between tests 
and where the standards was not fully followed which would have increased the 
validity of the bulk and melt density. The study has included a quantitative 
research approach and the selected methods have proven to be appropriate in 
relation to the results obtained. Different standards have not been compared with 
each other and have thus not been selected for their suitability but rather for their 
availability.  
 
The methods for conducting the measurements of the melt densities and the 
specific heats demanded more time and preparations because they were not 
implemented in the company. ASTM E1269-05 describes a manual calculation 
method to determine the specific heat but due to the fact that new softwares has 
been developed and been integrated in the industry, the specific heat can be 
determined directly as in this case. The measurements proved to generate regular 
plots except for PC/ABS that shows irregular patterns and may depend on that 
the blend is not totally homogeneous. The sapphire calibration was conducted in 
order to adjust the machines accuracy during the measurements and contributed 
to more reliable results. 
 
The certainty that the parameters that were supposed to be measured really was 
measured is high due to consistent workflow, repeating measurements and that 
the machines used have been designed to measure the desired parameters. The 
greater the standard deviations are, greater influence of other factors has occurred 
which probably has been the case during the measurements of the viscosity. The 
mass that was collected in order to determine the melt flow rate was extrapolated 
from the cut off times of 30 seconds to 10 minutes and can lead to margins of 
error but was conduced based on ISO 1133 and is an established way to proceed.  
 
The conducted methods required cooperation and dialogue with the employees 
regarding the usage of the machines. The manual melt flow indicator was chosen 
to carry out the measurements of the melt flow rate and the melt density due to 
the fact that this machine was not used as frequently as the automated machines. 
The choice of the other machines fell naturally due to that no other alternatives 
existed. These factors influenced the choice of equipment and also allowed that 
more tests could be done without affecting the normal workflow in the laboratory.  
An extensive literature review has been carried out and the reference values have 
been taken from both the literature and various material data sheets. How the 



Discussion and conclusions 

  44 

reference values have been determined is not always specified and is often based 
on general data that are typical of the different materials. A literature review was 
conducted based on available materials and it cannot be excluded that more 
credible and suitable materials could have been used but not found. This does also 
apply for the collection of equations and reference data presented in various 
tables, which varies depending on the sources used. The reference values are 
however close to those found and strengthen the results. The literature studies 
were highly concentrated in the early stage of the project and it was subsequently 
found out that a workflow of practical work combined with theoretical studies 
probably would have been preferable during the study. The time plan was 
conducted at the start of the project and created guidelines for how long time each 
element of the study was estimated to take. It was found out that the practical 
parts should have been given more time and that the theoretical part at the 
beginning of the project was to long. 
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5.2 Conclusions 
Material specific data has been determined for certain qualities of polymers. This 
contributes to that new knowledge has been established within the field. The 
purpose of this study was to expand a material database with the results obtained 
through measurements of the melt flow rate, specific heats, viscosity, melt- and 
bulk density, crystallinity and melt- and glass transition temperatures the material 
parameters in order to enable simulations. This has been conducted by available 
options regarding the methods, machines and materials used. One of the research 
questions was if the parameters could be considered to be valid or not. With 
exception of the viscosity, the material parameters is considered to have high 
external validity and high reliability due to small standard deviations throughout 
the measurements and can thus be implemented into the industry. The adapted 
methods used for measuring the bulk- and melt density need further investigations 
and the external validity is reduced for these measurements until the validity of the 
methods is determined. The values of the investigated material parameters that 
define the polymers are shown in Table 7 – Table 12. 

 
The determined material parameters proved to be able to generate reliable 
simulation results that indicate of how the extrusion process will turn out based 
on the output values investigated. The pressure on the die plate, the residence 
time, the torque affecting the screws and the melt temperature was compared with 
those data obtained through machine tests and the results that were achieved 
through simulations deviated at most 10.9% from the actual outcomes. The 
viscosity is considered to be the main factor that affects the differences of the 
output data between the machine tests and the simulation results. The output data 
connected to the viscosity should be handled with more caution and the viscosity 
data needs to be investigated further with more appropriate tools than those used 
in this study.  
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5.2.1 Further research 

In order to investigate the stability of the simulations, more machine tests can be 
performed using other screw speeds processing different amount of material to 
verify that the simulations provides reliable results even during other settings. The 
materials should be used in simulations of the compounding process where the 
numerical descriptions of the materials can be analyzed in relation to the polymers 
and additives used in order to generate desired results. More output values can be 
analyzed and along with compounding process, the mixing index can be 
investigated. 
 
The viscosity should be measured using lower shear rates during greater shear 
rates intervals to ensure that a more accurate estimation of the viscosity is 
performed. The measurements of determining the bulk- and the melt density 
should be further investigated by comparison with well-defined materials in order 
to increase the validity of the results and be examined in other environments in 
order to investigate its generalization ability.  
 
More batches can be investigated and will by this strengthen the validity of the 
data. By conducting the measurements in other settings could lead to that the 
material data will be accepted and thus be generalized and contribute to the 
general knowledge of each material. 
 
The software used requires more than 40 material parameters and material 
coefficients in order to define a material in the database and not all has been 
examined in this study. Thermal conductivities, solid densities, friction coefficients 
and yield stresses should be determined to achieve a complete material specified 
database describing its thermodynamic parameters.
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8 Appendices 
Appendix 1: Screw design used during machine tests. 

 

 
 

 

  
W

in
T

X
U

™
 3

.2
M

a
c

h
in

e
: 

L
e

is
tr

it
z
 Z

S
E

4
0

 M
A

X
X

1
2

-2
3

-2
0

1
4

 a
t 

0
9

:4
7

S
k
ru

v
 1

1
0
 -

 E
x
 8

5

FEED

MAIN

MAIN

VENT

SIDE

MAIN

VENT

SIDE

MAIN

VENT

MAIN

PLATE

GFA 1-30-30

GFA 2-30-30

GFF 2-60-30 A

GFF 2-60-30

GFF 2-60-60

GFF 2-60-30 E

GFA 2-60-60

GFA 2-60-60

KB6 2-30-30

KB6 2-30-30

KB4 2-30-60

KB4 2-30-60

KB4 2-30-90

KB4 2-30-90

KB4 2-30-90

GFA 2-60-60 (90°)

GFA 2-60-60

GFA 2-60-60

GFA 2-60-60

GFA 2-45-60

GFA 2-45-60

KB6 2-30-90

KB6 2-30-90

GFA 2-60-60 (90°)

GFA 2-60-60

GFA 2-60-60

GFA 2-60-60

GFA 2-60-60

GFA 2-60-60

GFA 2-45-60

KB4 2-30-60

KB4 2-30-60

KB4 2-30-90

GFA 2-60-30 (90°)

GFA 2-60-60

GFA 2-60-60

GFA 2-45-60

GFA 2-30-60

GFA 2-30-60

HEX PLUG

S
h
a
ft

 L
e
n
g
th

:
1
8
0
0
,0

0
 m

m

B
a
rr

e
l L

e
n
g
th

:
1
7
8
5
,0

0
 m

m

S
cr

e
w

 L
e
n
g
th

:
1
8
0
0
,0

0
 m

m

R
e
vi

si
o
n
: 
1

ID
: 
1
1
9
9

P
ro

je
ct

 F
ile

: 
S

kr
u
v 

1
1
0
 -

 E
x 

8
5
.x

p
f

A
u
th

o
r:

 H
e
n
ri
k 

E
ri
ks

so
n

C
re

a
tio

n
: 
0
4
-1

4
-0

9
L
a
st

 M
o
d
ifi

ca
tio

n
: 
1
2
-2

3
-1

4

C
o
m

m
e
n
ts

:

S
m

ä
ltz

o
n
 r

e
n
o
ve

ra
d
 1

4
1
2
0
3
. 
V

id
 n

ä
st

a
 r

e
n
o
ve

ri
n
g
 s

å
 s

ka
  

sk
ru

ve
n
 å

te
rs

tä
lla

s 
m

e
d
 K

B
4
-2

-3
0
-3

0
 p

å
 s

a
m

tli
g
a
 p

o
si

tio

n
e
r 

d
ä
r 

n
u
 K

B
6
-2

-3
0
-3

0
 s

itt
e
r.

 V
is

sa
 t
ra

n
sp

o
rt

e
le

m
e
n
t 
h

a
r 

ro
te

ra
ts

 f
ö
r 

b
ä
tt
re

 g
ra

fis
k 

re
p
re

se
n
ta

tio
n
. 
  
  
  
  

V
A

L
ID

A
T

E
D


