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Silicone rubbers are inorganic polymers whose structure contains repeating silicon-oxygen groups. Among their 

properties are high resistance to temperature, ultraviolet light and oxidation. Silicone rubbers offer little stability 

against deformation and tears very fast, which makes it, on its uncured state, not suitable for extrusion blow moulding. 

To improve the blowability of the rubbers, a precuring step is used. A goal of this thesis is to better understand the 

inflation process of precured silicone rubbers. In addition, it is aimed to produce hollow bodies and examine their 

part quality. The blow moulding process was studied in free and confined inflation. First, free parison inflation 

profiles were studied to determine the parameters that have an influence on the inflation process. The blowing 

pressure, parison temperature, pre-curing degree, die gap of the extrusion head, wall thickness and the shore hardness 

of the material for the solid silicone rubber Addisil 20XXE were studied on this first stage. Results show that inflating 

the parison after the extrusion is key for the process. Parison in the studied range also benefit from lower pressures 

and a smaller die gap.  

The study of confined parison inflation profiles show that it is possible to use the extrusion blow moulding process 

to produce hollow bodies of silicone rubber using the parameters determined on the first stage of the research. First, 

confined inflation was studied with glass bottles. Afterwards, bottles were produced and cured using a heated tool. 

The part quality of the bottles formed were studied. Aspects such as surface quality, wall thickness distribution and 

quality of the weld seams were studied. Results show that the surface quality is highly dependent on the quality of 

the parison. The study of the wall thickness distribution shows that the centering of the die gap and the position of 

the parison when inflating have a big influence on the resulting distribution. The weld seams proved to fully seal and 

cure. These results apply mostly for parisons 32 cm long or shorter. Longer parisons could need higher inflation 

pressures. An important step for further research is the automation of the blow moulding process, in order to reduce 

significant sources of error.  The results of this thesis allow further research to focus on improving the quality of the 

hollow bodies and the stability of the process. 

  



 

PREFACE 

The goal of this work is to create high quality hollow bodies of silicone rubbers with the 

extrusion blow moulding process. The goal is to obtain a better understanding for both 

free and confined parison inflation for blow moulded hollow bodies of rubbers. In order 

to do this, the influence of factors such as shore hardness, inflation temperature, inflation 

pressure and pre-curing degree of the rubber on the inflation process is determined. The 
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ABBREVIATIONS AND SYMBOLS 

2,4DCBP Di(2,4-dichlorobenzoyl)peroxide 

AU Urethanes 

B Blow Pressure 

BL Interaction between blow pressure and parison length 

BT Interaction between blow pressure and temperature 

BTL Interaction between blow pressure, temperature and parison length 

C Degree of curing 

CAE Computer Aided Engineering 

CR Chloropren rubber 

D Die Gap Width 

DCP Dicumylperoxide 

Dobserved  Diameterof the parison at moment before it breaks 

DParison  The diameter of the parison in cm 

DSC Differential Scanning Calorimetry 

EPDM Ethylen propylen dien rubber 

EPM Ethylen propylen rubber 

EU Urethanes 

f Multiplication factor for calculation 

FEM Finite element method 

FPM Fluor rubber 

Hrupture  Height of the rupture in cm 

HTV Hot vulcanizing silicone rubber 

IKV Institute for Plastics Processing in Aachen 

IR Infrared 

L Parison Length 

LCB Long Chain Branched 

LSR Liquid vulcanizing silicone rubber 

M Material 

MQ Methyl silicones 

NBR Nitrile rubber 

NR Natural Rubber 

PE-HD/HDPE  High Density Polyethylene 



 

PE-LD/LDPE Low Density Polyethylene 

PMQ Phenyl modified silicones 

PP Polypropilene 

PVC Polyvinylcarbonate 

RPA Rubber Process Analyser 

RTV Cold vulcanizing silicone rubber 

SBR Styrene butadiene rubber 

SR Stretch Ratio 

SV Shrinkage 

T Temperature 

tbreak  The time on the video where the parison breaks  

Tg Trasition Temperature 

tinitial  The time on the video where inflation begins 

TL Interaction between temperature and parison length 

ttot  Total inflation time 

UV Ultra Violet 

Vf Volume of the part 

VMQ Vynil modified silicones 

Vw Volume of mould 

ΔHso Reaction enthalpy of the uncured sample 

ΔHsx Enthalpy of the curing reaction of the test sample 
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1. INTRODUCTION 

Due to its material properties, the market for Silicones is projected to reach US$20billion 

by 2022, being Asia-Pacific the largest market worldwide. The reason for this growth is 

the increased demand of silicone rubber products in leading sectors such as electronics, 

construction, automotive and healthcare. These sectors turn to rubbers for its UV 

resistance, longevity, water repellence, and energy efficiency properties (Global Industry 

Analysts, 2016). In addition, silicones withstand high stress and temperature extremes 

(From -60 °C to +300 °C), and thus they are used when temperature resistance is needed. 

(Wacker Chemie AG, 2011)  

Currently, elastomeric hollow bodies are produced with injection moulding, but this 

process takes a lot of time, the equipment costs are high, very high injection pressures are 

needed to form the part, and there is need of work by hand when the part geometry is too 

complex and it is not possible to form long and complex shaped tubes (Johannaber et al., 

2004; Röthemeyer et al., 2013). Among the advantages of the extrusion blow moulding 

process in comparison to injection moulding are inflation for factors such as lower mould 

costs, and lower machinery costs. Complex geometries can also be produced through 

extrusion blow moulding (Western Case, 2016).  

Despite of all the advantages of extrusion blow moulding, hollow bodies of silicone 

rubbers are produced by injection moulding. This is because the properties of uncured 

rubber do not allow the material to expand and take the form of the mould (Röthemeyer 

et al., 2013). The research of extrusion blow moulding of silicone rubbers aims to 

substitute injection moulding with extrusion blow moulding for the formation of silicone 

rubber hollow bodies in order to cheaply produce hollow bodies with more complex 

shapes. In order to enable the production of silicone rubber hollow bodies through 

extrusion blow moulding, the IKV developed a two-step curing process that allows the 

use of the blow moulding concept to produce the hollow bodies of silicone rubber. As 

part of the research of the Institute for Plastic Processing, an extrusion tool was 

developed. With this multi-zoned tool, a pre-cured rubber parison is produced. The 

resulting parison is pre-cured enough to be possible to blow, but not so much that it is no 

longer able to take the form of the mould. 
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This work focuses on the creation of hollow bodies of silicone rubbers with the extrusion 

blow moulding process using the designed extrusion head. To fully form silicone hollow 

bodies with extrusion blow moulding, it is of scientific necessity to understand the free 

and confined inflation processes for pre-cured silicone rubbers. Previous researches are 

continued here by studying the free and confined parison inflation processes to determine 

the influence of factors such as shore hardness of the rubber, inflation pressure and pre-

curing degree on the resulting hollow bodies.  

The main goal of this thesis can be divides in two parts. First, it is attempting to obtain a 

better understanding for how a parison of silicon rubber inflates, both without a mould 

(free parison inflation) and inside a glass bottle (confined parison inflation). To do this, 

the influence of factors such as shore hardness, inflation temperature, inflation pressure, 

die gap and pre-curing degree of the rubber on the inflation process are determined. 

Afterwards, the aim is to produce hollow bodies and examine their part quality. The 

results of this thesis allow further research to focus on improving the quality of the hollow 

bodies and the stability of the process.  

At first, the free parison inflation is studied. This can help predict the behavior of a parison 

inside a mould and help determine which mixture, with which pre-curing degree and at 

which pressure expands the most before bursting. This information is particularly 

important when wider hollow bodies are desired. The confined parison inflation is studied 

by using three glass moulds of different sizes and shapes. Afterwards, parts are formed 

and fully cured on a metal tool. These parts are analyzed for part quality. This is because 

the way the parison inflates affects the part’s properties, wall thickness distribution and 

the final shape of the moulded product.  
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2. LITERATURE REVIEW 

The point of this section is to explain the background behind the research realized on this 

work. The chapter starts with an explanation of silicone rubbers and their properties. The 

curing process of silicone rubbers is also explained. Afterwards, the extrusion blow 

moulding process is described. Terms such as free and confined parison inflation are 

clarified. Finally, previous research on the extrusion blow moulding is explained. At the 

end of this chapter, a short summary of the theory is presented. 

2.1 Silicone rubbers 

Silicone rubbers are inorganic silicon-based polymers whose polymeric structure contains 

repeating silicon-oxygen groups in the backbone, side chains or cross links. They are 

associated with high resistance to temperature, ultraviolet light and oxidation. Additional 

benefits of silicone polymers are resistance to corrosion and to certain acids and solvents. 

(Mowrer, 2003)  

 

Figure 1. Chemical Structure of a linear silicone polymer (Polydimethilsiloxane). 

(Wacker Chemie AG, 2011). 

The process to produce synthetic rubber begins with the production of a raw rubber 

through polymerization. Rubber consists of elastomers and additives such as fillers and 

vulcanization agents. The point in adding the additives is to improve the processability or 

the properties of the material (Hanhi et al., 2007). It is possible to synthetize silicone with 

a step reaction polymerization, but this is step is usually just used for special types of 

silicone (Röthemeyer et al., 2013). The raw material for silicone rubbers is quartz sand, 

which itself contains the element called “Silicon”. Silicon is not usually found as a pure 
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element in nature, so to manufacture silicone the industry isolates the element from 

materials such as clay, sand or ceramics. (Wacker Chemie AG, 2011)  

Alkyl chlorides are often used in combination with silicon to produce 

Dimethyldichlorsilan, which is then used to produce silicone rubbers. Fillers, plasticizers, 

stabilizers and flame retardants can also be added by manufacturers. Due to the fact that 

silicone rubber has a low cohesive energy density (225J/cm3), the tensile strength of 

unreinforced silicone rubber is relatively low, about 0.4 MPa. Because of this, the material 

needs to be strengthened with, for example, pyrogenic silica. This way tensile strengths 

from up to 10 MPa can be achieved (Röthemeyer et al., 2013). Due to the fact that 

Silicone’s chemical structure can be easily modified, these polymers are very versatile 

and find application in a wide range of industries, for example the automotive, 

construction, electrical and electronics, household appliances, medical applications and 

the textile industry (Wacker Chemie AG, 2011). The silicone rubbers available in the 

market can be categorized in three groups, depending on their cross-linking and 

processing: Hot vulcanizing solid silicone rubber (HTW), hot vulcanizing liquid silicone 

rubber (LSR) and cold vulcanizing silicone rubber (RTV). (Röthemeyer et al., 2013) 

2.2 Properties of unvulcanized rubber 

Vulcanized rubber has specific properties. The mixture and raw material play a significant 

role in these properties. The raw material is mixed with different additives to obtain 

diverse mixtures of rubbers. Very important ingredients found on commercial rubbers are 

reinforcing fillers (silicic acid), plasticizers, and a crosslinking system (Vulcanization 

accelerator, retarder, cross-linking agents) (Hopmann et al., 2015b). Another property is 

the viscoelatic flow behavior. Viscosity is about the resistance of a rubber to deform and 

flow. When rubbers are not yet vulcanized, they are not totally plastic or viscous. They 

exhibit, instead, some elastic behavior (Brown, 2006). Because rubbers do not exhibit 

Newtonian flow properties, the shear rate is not proportional to stress. Also, temperature 

drastically affects the viscosity. In Figure 2 it is possible to observe shear stress/strain rate 

curves for rubbers (Curves B and C) compared to a Newtonian fluid (Curve A). (Brown, 

2006)  
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Figure 2. Shear stress strain rate curves. (Brown, 2006). 

Other properties are scorch and cure rate. Scorch time is the time the rubber can remain 

warm without losing its ability to modify its shape. This is important because, by 

determining the scorch time of a rubber it is possible to predict if the material can produce 

a quality piece or will leave unfilled parts in the mould. More changes that occur when a 

rubber is vulcanized are the increment of stiffness and the increase in the elastic 

component of its viscoelastic deformation. (Brown, 2006) It is important to mention that 

scorch and cure rate are not the same as degree of cure and optimum cure. To test for 

scorch, a Mooney viscometer is usually used. (Brown, 2006)  

2.3 Curing process of hot vulcanizing solid Silicone rubbers using 

Peroxide 

The curing process consists on forming three-dimensional network structures from a 

linear polymer by using chemical or physical methods. This process is essential for the 

elastomeric properties of rubbers (Akiba et al., 1997). HTV rubbers are highly viscose 

polysiloxanes with an average Molar mass of over 300000 g/mol. The curing usually 

takes place with the compounds from Table 1. The selected peroxides depend on the type 

of silicone rubber, the curing temperature to be used and the desired properties in the 

resulting product. Polysiloxanes without vinyl groups can be cured with aromatic 

compounds such as dibenzoylperoxid, dicumylperoxide and Di-(2,4-dichlorbenzoyl)-

peroxide. Dibenzoylperoxid decays at a low temperature, which results in products with 

higher elasticity and higher tensile strength. A curing with Dicumylperoxide results in 
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high elongation, good pull-out resistance and low permanent deformation. After the 

vulcanization, the product needs to be cooled slowly (six to 15 hours at 200 °C) to remove 

internal stresses and stabilize the mechanical properties. (Röthemeyer et al., 2013) 

Table 1. Peroxides for the curing of Silicone rubbers (Röthemeyer et al., 2013). 

Compound Average Temperature (°C) Temperature range (°C) 

Di-tert butylperoxide 193 170 to 200 

Dicumylperoxide 171 150 to 180 

Tert. Butylperbenzoat 167 150 to 180 

Dibenzoylperoxid 133 110 to 140 

Di-(2,4-dichlorbenzoyl)-

peroxide 122 100 to 130 

Among the advantages of using a peroxide curing are a short crosslinking time, simple 

compounding, good heat-aging resistance, less tension set and strain, no mould 

contamination and the capacity to create transparent rubbers. Although peroxide curing 

has many advantages, it has also many disadvantages, such as the pricy curing agent, low 

mechanical strength of the resulting product. Also, antioxidants could react with the 

peroxide-generated radicals and therefore reduce the curing efficiency. (Akiba et al., 

1997) 

2.4 Properties of vulcanized Silicon rubbers 

Some of the most important properties of Silicone are named in Table 3. (Röthemeyer et 

al., 2013)  

Permeability: The low intermolecular energies from silicone rubbers produce higher 

chain mobility at certain temperature. This allows silicone rubber to have to have a 100 

times better gas permeability in comparison to natural rubber. This is particularly 

important for the production of permeable, but breathable clothes. (Röthemeyer et al., 

2013) 

Surface energy: The surface energy from silicone rubbers is lower than the one from most 

elastomers. This means that the material will not stick to other substances. Because of 

this, silicone rubbers are often used in the processing of foods. (Röthemeyer et al., 2013) 
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Table 2. Advantages and disadvantages of a cured silicone rubber (Röthemeyer et al., 

2013). 

Advantages Disadvantages 

Resistant to Ozone, weather, UV and rays Resistant to chlorinated and aromatic 

hydrocarbons, ketones, esters, silicone 

oil, strong acids and alkalis 
Resists temperatures of up to 250 °C, for a 

short even up to 300 °C 

Flexible at cold temperatures of even -60 °C 
Insensitive to steam over 130° and 

anaerobic aging 
Good Isolation capacity 

Flame resistant and little toxicity of fumes 

Low compression on a large temperature 

range 
Los adhesion to other substrates 

Physiologically inert (Odorless and 

tasteless) 

Inert against bacteria and fungi 
Lower values of the mechanical 

properties compared to EPDM and 

diene rubbers 

Resistant to hot water, vegetable and animal 

fats, paraffinic mineral oils, Glycol, 

alcohol… 

High water vapor permeability High gas permeability 

 

Table 3. Properties of cured silicon rubber. 

Parameter Unit Test standard Test values 

Density g/cm3 DIN 53 505 1,10 to 1,50 

Hardness Shore A DIN 53 505 30 to 80 

Tear strength Mpa DIN 53 504 5 to 10 

Elongation at break % DIN 53 504 200 to 800 

Tear propagation resistance N/mm ASTM D 624 Probe B 10 to 30 

Compression set 22h/150 °C % DIN 53 512 < 25 

Specific resistance Ω·cm DIN 53 482 2x10¹0 

Dielectricity (50Hz)   DIN 53 483 2,9 to 3,6 

Electric properties: Silicone rubbers maintain their dielectric properties also at high 

temperatures. Therefore, they are often used as isolation material. Its flash point is higher 

than 400 °C.  (Röthemeyer et al., 2013) 

Mechanic properties: The hardness of silicone range between 30 and 80 Shore A. Tear 

strength and tear propagation resistance are lower than other elastomers at room 

temperature, but since the properties of rubber after curing are not very dependent on 

temperature, they have a better tear strength and tear propagation at higher temperature, 



14 

compared to other elastomers. Also, the deformation after loading is under 25% in a 

temperature range of -50 °C to 200 °C.  

2.5 Extrusion blow moulding 

Extrusion blow moulding is used to produce hollow parts. The production by extrusion 

blow moulding takes place by two processes at the same time. There is a continuous 

extrusion of the preform, which is cyclically being taken over and formed with air in a 

tool. (Hopmann et al., 2015b) 

The machine extrudes a parison from the material. When the tube has the ideal length, 

the tool closes and a knife cuts the parison. The cut tube is then transferred to the 

compressed air station, where it is given its shape with a pressure between 8-10 bar. After 

being shaped, the part is left to cool inside the tool. When the cooling time is over, the 

tool opens and the formed part is removed. The tool then returns to capture a new parison 

and the process starts again. When the tool closes, a piece of extra material called Flash 

is formed. This extra material is later removed. (Hopmann et al., 2015b) 

 

Figure 3. Extrusion blow moulding process. (Silgan Plastics, 2017) 
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One of the advantages of extrusion blow moulding is that the time to produce parts is 

lower than with other processes. This is partly because hollow parts with thin walls can 

be produced, and there is no need for a core ejection (Advanced Elastomer Systems, 

2001). In addition to parts having thin walls, the hollow parts produced with this method 

are strong and can have complex geometries (Imamura et al., 1995). Also, complex 

hollow parts are produced efficiently and affordably. The complex parts formed are 

precise in dimensions, the weight between bottles has little variation, and it is relatively 

easy to deform the final part. (Advanced Elastomer Systems, 2001) 

2.5.1 The Maschine 

Normally, an extrusion blow moulding station consists of five building groups: Machine 

frame with clamping unit and blow station, tool, extruder, moving head, and control 

cabinet. The closing unit is in charge of the movement of the tool from the head to the 

blow station. The blow station blows the compressed air into the preform to shape it. 

(Hopmann et al., 2015b) The tool consists of two parts with a negative contour that gives 

the preform its shape. Other one of its tasks is to build the characteristic weld seams of 

extrusion blow moulded parts. The cooling from the part takes place only from one side 

of the tool (Hopmann et al., 2015b).  

Next to the extruder is the blow head. Part of the tasks of the blow head is the redirection 

of the flow from a horizontal flow direction to a vertical one and the formation of the 

parison (Hopmann et al., 2015b). The blow heads can be categorized in two ways: one 

according to how the parison is formed, and the other one according to how the parison 

is pushed out of the head. (Thielen et al., 2006) 

One of the problems form extrusion blow moulding is the difficulty of controlling the 

shape and wall thickness of the parison. Because of this, a disadvantage of this method in 

comparison to Injection Moulding is that this method needs a lot more Computed-aided 

engineering (CAE) to accompany the product design and fabrication. Although there has 

been some research on the topic, the behaviour and deformation mechanism of the parison 

are not yet completely clear (Imamura et al., 1995). What is clear, however, is that the 

mechanical strength of a hollow part depends on its wall thickness distribution. Also, a 

product with a very thick wall is not economical. In the case of injection moulding, the 
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product can be controlled with mould shape, but this is not so with extrusion blow 

moulding, where it is necessary to program the extrusion from dies of different 

geometries. (Poslinski, 1990) 

In contrast to the part to be produced, the parison that is formed has a constant diameter 

across its length. Therefore the parison experiences different stretch ratios, which leads 

to differences in the wall thickness of the part. To avoid parts where the wall is too thin 

or thick it is necessary to regulate the thickness of the parison. For this are two steps 

necessary. During the first step is the centering of the parison by using a group of 

centering screws. When the parison is centered (Figure 4), there is a homogeneous 

distribution of material across the parison and the parison flows straight down. The other 

step involves a vertical displacement movement of the mandrel during the extrusion 

process, which varies the wall thickness of the parison across its length. (Thielen et al., 

2006) 

 

Figure 4. Centring of the Parison. (Thielen et al., 2006) 

2.5.2 Important material properties for extrusion blow moulding 

Many thermoplastics are fit for extrusion blow moulding, but not all of them are used 

(Thielen et al., 2006). The most commonly used materials are Polyolefines like PE-HD, 

PE-LD and PP. Other materials such as PVC and technical thermoplastics can also be 

used. A crucial characteristic for the material is its ability to flow. Without this 

characteristic, it is not possible to homogenize the material. Also important is that the 

material is weldable, because otherwise the weld seams are not formed or not properly 

sealed. Also, the melt must be strong enough not to deform as it is being extruded. 

(Hopmann et al., 2015b) 
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One requirement for materials used in extrusion blow moulding is extensional viscosity. 

When the extensional viscosity is too low, the parison will sag. On the other side, when 

the extensional viscosity is too high, it is not possible to blow the parison. Therefore, it is 

not possible to produce parts with a defined wall thickness distribution when the 

extensional viscosity is either too low or too high. It is possible to modify the material 

properties by adding fillers or reinforcement materials. Another important factor is that 

the material has a processing temperature window. Wider processing windows are 

preferred because they allow more time for the parison to hang before it can be inflated. 

When the window is too small, the parison will cool down and it will not be possible to 

inflate it. In addition, the weld seams will not seal properly (Thielen et al., 2006).  The 

viscoelastic behavior of Thermoplastics (Also known as Memory-effect) is also important 

because it leads to the alteration of the parison diameter and its length after it has left the 

nozzle. This phenomenon is called “Nozzle swelling” and must be taken into account 

during the design of the nozzle. The exact factors for the nozzle design must be adapted 

to each individual material and processing conditions. (Thielen et al., 2006)     

2.6 Parison inflation 

The parison inflation takes place in two distinct stages, which are unrestricted (free) and 

(restricted (confined). The unrestricted takes place at the beginning, when the material 

has not yet touched the mould. As soon as the plastic touches the mould, starts the 

confined inflation. To understand how the parison forms, it is also important to understand 

the dynamic of the parison inflation without the mould (The free inflation). When using 

a commercial grade HDPE, experimental results show that parisons acquire a complex 

shape when freely inflated. The time-dependent shape observed by (Ryan et al., 1982a) 

is ellipsoidal. As can be observed in  Figure 5, this shape is even more obvious on parisons 

with smaller parison-length-to-diameter ratio. (Ryan et al., 1982a). 

The radial location of the parison as a function of time is also studied by (Ryan et al., 

1982a) (Figure 6). They observed that the initial expansion is very slow, but as time goes 

by, the growth rate increases until the parison breaks. They attribute this behavior to the 

decrease in wall thickness with increase of radial distance. This increases the 

deformational stresses and therefore increase the rate of inflation until the parison is no 

longer able to withstand the stress generated and breaks.   



18 

 

Figure 5. Free (Ryan et al., 1982a) and confined (Dutta et al., 1984) parison inflation 

diagrams.  

 

Figure 6. Radial location as a function of time. (Ryan et al., 1982a). 

Heavy products mean reduced productivity. Optimal processing conditions have normally 

been experimentally found. The main effects taken into account when studying parison 

formation and parison inflation are the swell and the drawdown effect. The Giesekus 
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model can also be used for studying the shrink-back phenomenon. To model the way a 

parison inflates, the FEM modeling technique has been used. With a FEM analysis, 

additional important factors such as the effects of elongational viscosity and temperature 

on the extrudate parison can be investigated. (Tanifuji, 2000) 

The swelling of the polymers, both on the diameter and thickness is attributed to the 

viscoelastic deformation of the polymer melt. The drawdown effect is attributed to 

gravitational forces on the parison (Huang et al., 2002). The study of the confined 

inflation is very important to control the quality of the resulting products when these are 

of non-circular cross section. Theory shows that a Parison in the confined stage inflate 

first according to their free form, and when they reach the walls of the mould, they start 

taking its form (See Figure 5) (Dutta et al., 1984).  

2.7 Extrusion blow moulding of Silicone rubbers 

In 1975 a patent with a process to develop hollow bodies from vulcanized elastomers was 

published.  They explain that the main importance of the process is that there is a market 

need of silicone hollow bodies that cannot be produced with Injection moulding. The 

process described in the Patent includes a normal blow moulding system with a cold 

extrusion; the parison is then inflated at a pressure between 1 to 10 bar in a tool between 

100-200 °C. The patent explains that the material has little stability against deformation 

and tears very fast. To improve the material properties, a pre-curing step is suggested. 

(Francisoud et al., 1975) 

In 2012 the suitability of silicone rubbers is further investigated at the Institute of Plastics 

Processing (IKV) by (Hendriks, 2012). Table 4 shows a comparison between the 

characteristics of thermoplastics and elastomers. The table also mentions the 

characteristics of elastomers that cure at high temperatures that could aid the material to 

meet the requirements for the blow forming process. The main difference in the process 

lies in its temperature. For thermoplastics, the material is extruded at high temperatures 

and then cooled down. In the case of elastomers, the material must be extruded cold, and 

then pre-cured at higher temperatures. The results show that pre-cured silicon rubbers can 

be stretched while retaining its deformability. (Hendriks, 2012)  
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Table 4. Characteristics of Elastomers and Thermoplastics for Blow Moulding. 
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The pre-curing step is studied by (Sitting, 2012), where he uses 2,4 

Dichlorbonzoylperoxid as pre-curing agent and Dicumylperoxid as the end curing agent. 

The author transfers his results from the Thermoforming process to say that it is possible 

to use the pre-curing step using Peroxide to produce hollow bodies with Extrusion Blow 

moulding. (Sitting, 2012) observed a small increment in the tension of the material during 

stretching is better for the process. With this he concludes that a silicone with a lower pre-

curing degree is better for the process in comparison to silicones with a higher pre-curing 

degree. In addition, he observed that materials with a higher hardness break faster. 

(Sitting, 2012) 

The pre-curing and the associated material property change are decisive for a successful 

shaping or deformability in the blow moulding process. To study these effects, materials 

of various mixing compositions were analyzed by (Grüber et al., 2016) with RPA, and 

presented as torque as a function of time. The magnitude of the torque is dependent on 

the amount of pre-curing agent used. Results also show that the plateau moves to a higher 

level with increasing pre-curing agent amounts. This causes the network density, the 

viscosity and the torque to increase. In addition, the speed of reaction also increases with 

the amount of pre-curing agent. The pre-curing step also influences the viscoelastic 

material behavior. Through the Loss factor tanδ the increase of the elastic component 

with the pre-curing degree (Grüber et al., 2016).  

In the blow moulding process, especially during the shaping, high plastic elongations are 

required in combination with a process-related strength. This is important for the 

accurately representation of the cavity contours and to avoid the destruction of the part 



21 

during the shaping process. From the thermoforming tests, which were carried out by 

(Nguyen, 2013) at the IKV it was found that pre-cured silicone rubbers with a cross-

linking degree of 3-10% meet all the requirements of the blow moulding process. This 

step can be done by using an IR-Heater or an oven. The parison is extruded and then goes 

through the IR-Heater, where the heat activates the first step of the curing process 

(Hopmann et al., 2015a). With the intention of improving the pre-curing process, a blow 

head specific for the blow moulding of silicone rubbers was designed (Figure 7). This 

head is formed by different heated zones. (Foerges, 2016). This tool is not completely 

heated like other blow moulding tools. Instead, the heat is distributed in two zones. The 

first zone distributes the silicone rubber and the second one heats it up to activate the pre-

curing process. (Foerges, 2016). This tool includes an axial wall thickness control that 

allows changing the wall thickness of the parison. In addition, it contains screws at the 

bottom part to center the nozzle, which provides a better distribution of the wall thickness 

in the parison. (Foerges, 2016) 

 

Figure 7. Construction of the tempered blow head for the blow moulding of silicone 

rubber. (Hoppman et. al., 2017) 
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2.8 Testing of polymer products 

Tensile strength at break 

Tensile strength is the maximum mechanic tensile stress that a material can resist. After 

the hardness test, the tensile test is the most widely used method to characterize 

elastomers. During this test, the test sample is pulled at a constant speed until the sample 

breaks. A curve is created of the required change in sample length and needed force. This 

test can be performed according to the ISO 37 norm for elastomers. It is important to 

avoid notches on the test values because it can lead to false results. (Röthemeyer et al., 

2013) 

For a tensile test, a test sample needs to be mounted in a machine (Figure 8a) shows a 

diagram of tensile strength equipment) and subjected to tension. Then, a computer 

program draws a curve of elongation vs tensile force (Like the one shown in (Figure 8b). 

(ASM International, 2004)  

 

Figure 8. Equipment for tensile test (Left) and the resulting tensile force curve (Right). 

(Röthemeyer et al., 2013). 

Thermal Analysis (DSC) 

A thermal analysis is defined as the study of one or more properties of a material as a 

function of temperature. Because of this, equipment that performs these analyses 

monitors the desired property through temperature change. (Brown, 2006) 



23 

To perform a thermal analysis, the Differential Scanning Calorimetry method can be used. 

This is the most used method to obtain information about the type of polymer, additives 

or crystallinity through the measurement of the specific heat capacity. For this test, a test 

sample and a comparison sample are put in an oven, in small pans (A diagram of the 

equipment can be observed in Figure 9). Then, thermos-elements capture the temperature 

on each pan. Afterwards, the oven runs a temperature program with constant heat rates. 

Because of the warm capacity of the test sample, there is a temperature difference between 

the test sample and the comparison sample. This difference is used as a reference for the 

heat enthalpy and the heat capacity. With the use of constants, the temperature difference 

can also be used to obtain the Thermal Energy. (Hopmann et al., 2015b) 

 

Figure 9. Composition of a DSC cabin. (Hopmann et al., 2015b). 

DSC is used to measure thermal transitions of polymers. This allows obtain information 

about the glass transition phases, melting or crystallization, exothermic and endothermic 

reactions and oxidative degradation. In addition, the curing degree of a rubber can be 

obtained. To use DSC to determine the curing degree of a rubber, the samples must be 

compared to an uncured sample to detect the remaining curing capacity of the test sample. 

(Hirschl et al., 2013) 

2.9 Summary 

Silicone rubbers are inorganic polymers with a structure that has repeating silicon-oxygen 

groups. Among their properties are high resistance to temperature, ultraviolet light and 

oxidation. In addition, they are resistance to corrosion and to certain acids and solvents. 
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The process to produce synthetic rubber begins with the production of an uncured rubber 

through a process called polymerization. Afterwards, the rubber is cured through a 

process that consists on forming three-dimensional network structures from a linear 

polymer by using chemical or physical methods. This curing can be done by adding 

peroxide to the uncured rubber and exposing it to temperatures over 180°C. This process 

is essential for elastomeric properties of rubbers, such as incrementing of its stiffness and 

increasing the elastic component of its viscoelastic deformation.   

Extrusion blow moulding is used to produce hollow parts. For extrusion blow moulding 

there is first a continuous extrusion of the preform called parison. When the parison has 

reached the desired length, the tool closes and the parison is cut. This parison is then 

transferred to the compressed air station and blown with a pressure between 8-10 bar. The 

parison inflation takes place in two distinct stages, which are unrestricted (free) and 

restricted (confined). The unrestricted takes place at the beginning, when the material has 

not yet touched the mould. As soon as the plastic touches the mould, starts the confined 

inflation. After being shaped, the part is left to cool inside the tool. When the part is cool, 

it is removed from the mould and extra material is removed.  

The extrusion blow moulding process is normally used only on thermoplastics. Silicone 

rubbers offer little stability against deformation and tears very fast. To improve the 

material properties, a pre-curing step is suggested. In 2012 the suitability of silicone 

rubbers is further investigated at the Institute of Plastics Processing (IKV).  Pre-curing 

means adding an extra step of heating the rubber enough to partially cure it. The results 

show that pre-cured silicon rubbers can be stretched while retaining its deformability. 

Silicone with a lower pre-curing degree (between 3-10%) is better for the process in 

comparison to silicones with a higher pre-curing degree. With the intention of improving 

the pre-curing process, a blow head specific for the blow moulding of silicone rubbers 

was designed. On this tool, the heat is distributed in two zones. The first zone distributes 

the silicone rubber and the second one heats it up to activate the pre-curing process. 
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3. RESEARCH REALISATION 

3.1 Materials used 

Building on previous stages of this project, silicone rubbers that cure with the use of 

peroxides are used in this Thesis. The material is made available by Momentive 

Performance Materials GmbH, Leverkusen. The technical data sheets with the specific 

material properties can be found in the Appendix 2. To compare the influence of Shore 

Hardness (Table 5) on inflation, the Addisil 2040 E and 2080 E is also used. 

Table 5. Typical physical properties for Addisil 20XX E (Data sheets). 

Material 
Shore A 

Hardness 

Tensile Strengh 

(N/mm2) 

Elongation at break 

(%) 

Density 

(g/cm3) 

Addisil 2040 E 41 11 800 1,13 

Addisil 2060 E 61 11 550 1,17 

Addisil 2080 E 81 10 400 1,18 

The curing degree in two steps is achieved by adding two different peroxides. The 

peroxides used are Dicumylperoxide (DCP) as end-curing agent, and Di(2,4-

dichlorobenzoyl) peroxide (2,4DCBP) as pre-curing agent. Both components are supplied 

as a ready-to-use compounds by Momentive Performance Materials GmbH, Leverkusen. 

In Table 6 some characteristics of the peroxides are presented. 

Table 6. Purpose and curing temperature of the used peroxides. 

Peroxide Use Presentation Curing temperature  [°C] 

Dicumylperoxide (DCP) End-curing Crystals 180 °C 

Di(2,4-dichlorobenzoyl) 

peroxide (2,4DCBP) 
Pre-curing Paste 120 °C 

3.2 Preparation of the mixtures 

The rubbers come as raw material without the peroxides needed to generate the pre-cure 

and final cure. The first step is adding the Dicumylperoxide crystals per Table 7. To obtain 

a homogeneous mixture, a MT 8”x 20” rolling mill from the company Rubicon 

Gummitechnik and Maschinenbau GmbH, in Halle (Saale), is used. This rolling mill is 
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formed by two tempered, rotating cylinders, in which the revolutions per minute and the 

distance between cylinders can be changed. For mixing the DCP, the rolling mill is heated 

to 50 °C and mixed until the crystals dissolve and fully mix in the rubber. Afterwards, the 

rolling mill is cooled down to 20 °C before the pre-curing agent is added. This is to avoid 

a premature start of the curing reaction. When the rolling mills have reached a temperature 

of 20 °C, the pre-curing agent is added is added to the rubber. 

Table 7. Mixing of the peroxides.  

Peroxide 
Mixing 

Temperature [°C] 
Quantity [g/Kg] 

Dicumylperoxide (DCP) 50 °C 6 

Di(2,4-dichlorobenzoyl)peroxide 

(2,4DCBP) 
20 °C 

(Depends on the pre-

curing degree) 

According to Table 6, the pre-curing degree is generated with Di(2,4-

dichlorobenzoyl)peroxide (2,4DCBP) at a temperature of 120 °C. According to the 

manufacturer, to completely cure the rubber, 0,74 Wt.-% of the Di(2,4-

dichlorobenzoyl)peroxide (2,4DCBP) are needed. However, for this work the rubber 

needs to only be partially cured, and thus the amount of reagent must be reduced 

according to Table 8. The mixture is then cut and folded at least 20 times to distribute the 

peroxides homogeneously. Then, then material is cut in stripes and must be stored at cool 

temperatures. For most of this thesis, Addisil 2060 E and 4 Wt.-% are used. Therefore, 

unless otherwise specified, the material used for the tries is Addisil 2060 E. 

Table 8. Quantity description for 2,4DCBP according to pre-curing degree. 

Pre-curing degree [Wt-%] 1 2 3 4 5 

Quantity (2,4DCBP) [Wt-%] 0,0074 0,0148 0,0222 0,0296 0,037 

3.3 Parison extrusion and preparation 

For the parison extrusion an extruder for rubber from the company Brabender GmbH & 

Co.KG, Duisburg is used. The extruder is 19 mm in diameter and is cooled with water to 

avoid temperature increases provoked by friction. Attached to the extruder is the blow 

head for silicone rubbers from the company W. Müller GmbH, Troisdorf-Spich. This 

blow head can be observed in Figure 7. The heated zones are divided in 4 different zones. 

Zone 1 refers to the upper part, where the parison formation takes place. Right underneath 
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is Zone 2, which is located in the middle part of the blow head. At the bottom is Zone 3, 

covered with a ring that is Zone 4.  

The number of revolutions for all the experiments in this Thesis is adjusted to 41 r/min. 

The blow head is also always heated on zones 2, 3 and 4 to 120 °C. Zone 1 is to avoid a 

premature curing of the material and a blockage of the blow head.  This combination of 

parameters allows the pre-curing process to be completed without starting the end-curing 

process.  From this step, the pre-cured parison is obtained. Due to process and time 

limitations, the parison is, in the first stages of this work, not directly inflated. The parison 

is first produced in large quantities, and then prepared and inflated.  

3.4 Data collection and evaluation 

3.4.1 Free Parison Inflation 

To document the stretch ratio of the parison during inflation, an experiment setup with 

two cameras is built (Figure 10). Camera 1 is located on the centre bottom of the 

cardboard box, with the lens right under the hole. This camera recorded videos of the 

inflation process from a bottom perspective at a rate of 30 pictures per second. Camera 2 

is located on the side and took 3 pictures per second. The position of all the elements of 

the setup are marked to avoid variations in the shots.  

 
Figure 10. Experiment Setup. 
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To investigate the influence of the parison temperature, length and blowing pressure, each 

parameter is varied in two stages in a statistical test plan. Table 9 shows the parameters 

and their levels. A center point is used to check linearity. The three parison lengths are 

chosen based on the different available bottles for the confined parison inflation. For the 

temperature, the lower stage is room temperature and the upper stage is 75 °C. At this 

temperature, further curing can be avoided. Afterwards, 75 °C is chosen to avoid 

temperatures that could start the end-curing reaction. 50 °C is chosen as center. The 

pressure stages are based on preliminary investigations.  

Table 9. Parameter levels for the first experimental plan. 

Blow Pressure   [bar] Temperature   [°C] Parison Length   [cm] 

0,2 (-) 25 (-) 11,5 (-) 

0,4 (+) 25 (-) 11,5 (-) 

0,2 (-) 75 (+) 11,5 (-) 

0,4 (+) 75 (+) 11,5 (-) 

0,2 (-) 25 (-) 32 (+) 

0,4 (+) 25 (-) 32 (+) 

0,2 (-) 75 (+) 32 (+) 

0,4 (+) 75 (+) 32 (+) 

0,3 (0) 50 (0) 20 (0) 

Table 10. Levels studied for each parameter. 

Blow pressure 

[bar] 
Pre-curing degree [%] 

Die gap width 

[mm] 

Temperature 

[°C] 

0,1 0 1,6 25 

0,2 1 1,71 110 

0,4 2 1,83   

0,6 3     

1 4     

  5     

On the second stage, the parison is cut to 13cm and the influence of the blow pressure, 

pre-curing degree, die gap width and temperature are studied by leaving all parameters 

constant and changing just the one parameter to be studied. Table 10 shows the levels that 

where studied in each of the influencing parameters. Finally, the inflation time and stretch 

ratio is studied for materials with different shore hardness levels Table 5.  

To study the free parison inflation process, it is important to determine how much the 

parison can inflate without bursting. For each try, the recordings from camera 1 (Bottom 
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perspective) are analyzed, and the Stretch Ratio (SR) [-] is calculated using the following 

formulas: 

𝑺𝑹 =
𝑫𝒐𝒃𝒔𝒆𝒓𝒗𝒆𝒅×𝒇

𝑫𝑷𝒂𝒓𝒊𝒔𝒐𝒏
                                                        (1) 

𝒇 =
𝑯𝒓𝒖𝒑𝒕𝒖𝒓𝒆−𝟒𝟖,𝟕𝟎𝟐

−𝟒𝟖,𝟕𝟎𝟖
                                                      (2) 

Where: 

Dobserved [units]: Is the diameter in units of the biggest side of the parison at the moment 

before it breaks. 

DParison [cm]: The diameter of the parison in cm. This is directly measured using a Vernier.  

f [-]: Multiplication factor according to Equation 3. This equation is obtained per Figure 

50 shown in the Appendix 1.  

Hrupture [cm]: Height of the rupture in cm. 

Equation 3 is necessary due to the fact that the closer the parison is to the lens, the bigger 

it seems. Especially when dealing with longer parisons, it is important to know 

compensate for this errors due to the perspective.   

No extra tries are made to determine the total inflation time (tTot) [s], as this result is 

obtained from the same videos and is calculated using the following equation:   

𝒕𝑻𝒐𝒕 = 𝒕𝒃𝒓𝒆𝒂𝒌 − 𝒕𝒊𝒏𝒊𝒕𝒊𝒂𝒍                                                    (3) 

Where: 

tbreak [s]: The time on the video where the parison breaks  

tinitial [s]: The time on the video where inflation begins 

For the parison inflation profiles, the pictures taken by the camera 2 are analyzed. The 

pictures are analyzed and plotted to the location edges of the parison at a given time.    

3.4.2 Confined Parison Inflation 

The confined Parison Inflation study is divided into two parts. The parison inflation 

process is also performed using only pressure. The process is documented using two 

cameras. As a mould, transparent glass bottles cut in half are used. The glass from the 

bottle is transparent, as it allows observing the inflation process. For this study, bottles 

from Figure 11 are used.  
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Figure 11. Bottles for the confined parison inflation profiles. 

The inflation process inside a mould is important because when and how the parison 

touches the walls of the mould affects the part’s final shape, especially in the distribution 

of the wall thickness (Dutta et al., 1984). To study the confined inflation process, a frame-

by-frame analysis of the inflation is made. This is done by adapting the inflation system 

to the extruder head, and adjusting the pressure to 0,2 bar. When the parison is long 

enough to fit the bottle, the glass bottle is positioned and the inflation is activated. The 

parison is allowed to inflate until rupture occurred. Particular attention is paid to the 

moments after the material touches the mould.  

On the second part of the study, the parameters that influence the part quality are studied 

in a heated tool designed at the Institute for Plastics Processing in Aachen, and 

manufactured by Dohlen & Krott Werzeugbau GmbH, Baesweiler. The tool is heated to 

approximately 190° to promote the curing of the part inside the tool. To form the bottles, 

the previously cut parison is put on the tool, and the nozzle connected to the pressure 

system is inserted. To avoid that the parison sticks to the tool, the parison is first covered 
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with diluted liquid soap. When the parison is positioned and the tool is closed, the 

inflation begins. On this part of the research the two-pressure system is activated.  

The goal of using the two pressures on these tries is to accelerate the curing process by 

promoting contact between the wall of the tool and the parison, to improve the surface of 

the bottle, and to finish forming the corners of the bottle that could not be formed during 

the first pressure. The parameters for the inflation pressure and inflation time can be 

observed in Table 11.  

Table 11. Parameters for the confined parison inflation in the heated tool. 

Parameter First Stage Second Stage 

Pressure 0,15 bar 1 bar 

Time 12 s 12 s 

The surface and form quality are studied visually. The bottles are observed to determine 

whether they are fully formed, whether they had imperfections or any other anomalies. 

For the measurement of the wall-thickness, the Magna Mike 8600 for rubber from the 

company Olympus Deutschland GmbH, Hamburg is used. For the measurements 60 

points are made according to Figure 12. 

Another parameter for part quality in extrusion blow moulding is the quality of the weld 

seams. This is measured with a tensile test at a tensile test machine Z010, from the 

company Zwick GmbH & Co. KG, Ulm. The tests are performed at room temperature 

and following the norm DIN 53504. The parameters used are shown in Table 12. The 

sample is cut from the bottle of the non-tempered bottle. It is important to mention that 

the sample thickness applies to the weld seam only, and no the entire sample. The rest of 

the sample is much thinner (Figure 48).  

Table 12. Parameters for the tensile test. 

Test speed 100 mm/s 

Clamping 20 mm 

Sample width 10 mm 

In addition to the tensile test, a microscopy test is done on the weld seams. For this a 

Keyence digital microscope VHX600K from the company Keyence, Osaka, Japan is 

used. For this, the sides of the bottom part were cut and then observed in the microscope. 
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Figure 12. Points of measurement for wall thickness. 



33 

4. ASSESSING THE RESULTS 

4.1 Free Parison Inflation 

In this chapter, the results of the free parison inflation tries are presented and discussed. 

First, the influence of blow pressure, parison temperature and parison length are 

presented. Afterwards, the influence of parameters such as pre-curing degree, hardness of 

rubber and wall thickness are presented. For the determination of the influence of 

temperature, blow pressure and parison length, an experiment design for parison lengths 

of 11,5 cm, 20 cm and 32 cm is used.  

4.1.1 Influence of blow pressure, temperature and parison length on the stretch ratio 

Figure 13 shows the influence of the blow pressure, temperature and parison length with 

their respective interaction on the stretch ratio. The small dotted line represents a 

confidence interval of 95%. Any factor bigger than this interval is considered to have an 

influence on the stretch ratio. On the contrary to what is expected, the results in Figure 

13 show that the parameters (B: Blow pressure, T: Temperature and L: Parison Length) 

themselves have no influence, but the interactions between them do.  

 

Figure 13. Influence of the blow pressure, temperature and parison length on the stretch 

ratio. 
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These interactions are present as interactions between blow pressure and temperature 

(BT), blow pressure and parison length (BL), parison temperature and parison length (TL) 

and the interaction between blow pressure, parison temperature and parison length (BTL) 

in. This means that the influence of one factor depends on the value of the other factor 

and therefore they must always be considered together. On Figure 13, the blow pressure 

alone appears to have no influence on the stretch ratio. The influence of the interaction 

between blow pressure and parison length is particularly important to explain this. Figure 

14 contains the graphical representation of the interaction between blow pressure and 

parison length. The graphic shows that to obtain a higher stretch ratio with an 11,5 cm 

parison, a lower pressure should be used. In contrast to this, the stretch ratio for the             

32 cm parison benefits from higher pressures.   

 

Figure 14. Graphical representation of the significant effects: Interaction between Blow 

Pressure and Parison Length on Stretch Ratio. 

This could be because air has more space to distribute itself on longer parisons. Therefore, 

even though the blow pressure is the same, the internal pressure is significantly smaller 

and therefore the stress on the parison walls is reduced. This could also explain the results 

on Figure 14, where the 32 cm parison inflates better at 0,4 bar than 11,5 cm long parison.  
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Figure 15. Influence of blow pressure and parison temperature on a 32 cm long parison 

(left) and 11,5 cm long parison (right). 

Also unexpected is the lack of influence of the temperature alone on the stretch ratio 

observed on Figure 13. The temperature has only an influence when analyzed together 

with the blow pressure. As presented in Figure 16 for parisons at 25 °C, an increase in 

blow pressure has a negative effect on the stretch ratio. In contrary, parisons at 75 °C 

present a small increase in stretch ratio with increasing blow pressure.  A much higher 

difference in stretch ratio is expected with the increase in temperature.  

It is possible that the parison is not homogeneously heated inside the oven, and that 

regardless of the measured temperature of 75 °C, some parts of the parison might be 

cooler. It could also be that the direct contact with the oven rack created weak points that 

caused the parison to break sooner. That a parison at a higher temperature inflates less 

than a cold one is contrary to expectations. In thermoforming are stress cracks sometimes 

attributed to working with a cold tool (Simona, 2005). Because of this, it is expected that 

a hot parison inflates more than a cold one. Therefore, the effect of the temperature is 

further studied on the second part of the study. There, the parison is inflated after the 

extrusion. The results of this study are presented in Chapter 4.1.6. 
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Figure 16. Graphical representation of the significant effects: Interaction between Blow 

Pressure and Temperature on Stretch Ratio. 

Another important factor is the inflation behavior. On this thesis, the stretch ratio is 

calculated from the diameter at break because the parison does not inflate similarly on 

both sides; it inflates instead mainly on one side. Even though sometimes the parison 

inflated in the top or bottom parts, the smaller parison normally inflated in the center area 

and assumed an approximately ellipsoidal profile on one side. The inflation on the center 

of the parison is also observed by (Ryan et al., 1982a), but the ellipsoidal profile is on the 

whole parison diameter. This is explained by saying that the midsection is the thinnest 

part of the parison and therefore offers less resistance to inflation. In the case of the silicon 

rubber, the parison is not directly inflated after extrusion and therefore the thinnest part 

varies among parisons. This would also help explain the high standard deviations and the 

difference in inflation profiles. Where the results of this thesis significantly differ to those 

from (Ryan et al., 1982a) is on longer parisons. The HDPE used expanded uniformly, 

while the silicon rubber parison inflated only in a small area, leaving the rest of the parison 

virtually uninflated (See Figure 17). It is important to mention that, even though the 

inflated area in Figure 17 is in the center, it can also appear at the bottom or at the top. 

This is probably due to the different location of weak points and the thin parts across the 

parison. The parison 20 cm long had a mixture of these two behaviours. It inflated mainly 

on one area, but the rest of the parison also inflates. This means that, even though the 20 

cm parison does not inflate so uniform like the 11,5 cm parison, the rest on the parison 

does inflate slightly.  
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Figure 17. Inflation for parisons of different lengths. 

4.1.2 Influence of the process parameters on the inflation time 

The parameters that have an influence on the inflation time can be observed in Figure 18. 

Here, inflation time refers to the time that goes by from inflation start until the parison 

breaks. All factors and interactions have an influence on inflation time with a 95% 

confidence interval. Even though all parameters have an influence in inflation time, the 

most significant factor is the temperature. The interactions between the parameters are 

also important here. These interactions are present as interactions between blow pressure 

and temperature (BT), blow pressure and parison length (BL), parison temperature and 

parison length (TL) and the interaction between blow pressure, parison temperature and 

parison length (BTL) in. This means that the influence of one factor depends on the value 

of the other factor and therefore they must always be considered together. Figure 18 also 

shows that the temperature, length and the interaction between them have the highest 

influence, surpassing the 99,9% interval of confidence.  
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Figure 18. Influence of the blow pressure, temperature and parison length on Inflation 

Time. 

On Figure 18, the pressure appears to have a very low influence on the inflation time. 

This can be explained with further analysis of the data. For example, on Figure 19 can be 

observed that inflation times for a parison at 75 °C are significantly lower than those for 

a parison at 25 °C. Also, the effect of the pressure it much clearer on the parison at 25 °C. 

For 75 °C, a reduction in inflation time is also observed with the increase of the pressure, 

but because the effect there is not so great, the overall influence of the parameter is 

reduced. This, however, does not mean that the pressure is not important for the inflation 

time. Figure 20 shows that the inflation time decreases drastically with the increase of the 

blow pressure for all parison lengths. These results are according to what (Ryan et al., 

1982a) found for HDPE. This is because the inflation time is highly dependent on the 

resistance to inflation offered by the parison. When the resistance remains the same, but 

the force applied to the parison increases, the parison inflates faster. The middle point, 

which is the parison at 50 °C, is expected to be in the middle. However, the point is 

positioned closer to the parison at 75 °C. This means that the increase in temperature does 

not linearly decrease inflation time. This lack of linearity can be attributed to the fact that 

the combined interactions of the parameters are all important, but do not have the same 

influence on the inflation time.  
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Figure 19. Graphical representation of the significant effects: Interaction between Blow 

Pressure and Parison Length on Inflation Time. 

 

Figure 20. Graphical representation of the significant effects: Interaction between Blow 

Pressure and Temperature on Inflation Time. 

Figure 21 shows the interaction between parison length and temperature. The graphic 

shows that larger parisons inflate faster than shorter ones. The figure also shows that the 

reduction in inflation time is much more drastic for the parison at 25 °C than for the 

parison at 75 °C. This is contrary to what (Ryan et al., 1982a) found. There are two 

possible explanations for this. First, as Figure 17 showed, longer parisons had a smaller 

stretch ratio. That the parison stretches less could explain the shorter inflation times.  In 

addition, the difference could be the way the silicone rubber parison inflated in 

comparison to the high-density polyethylene resin used by (Ryan et al., 1982a). Figure 5 

shows that the HDPE parisons used in the study are homogeneously inflated, while the 

silicone rubber parison inflated just in a small area (Figure 18). Therefore, even though 
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the parison is 32 cm long, the inflated area is just 8,6 cm long, smaller than the 9,4 cm for 

the 11 cm parison. 

 

Figure 21. Graphical representation of the significant effects: Interaction between Blow 

Pressure and Parison Length on Inflation Time. 

The previous experimental plan is meant to identify the main influencing factors on 

inflation time and stretch ratio. These found to have an influence are inflation temperature 

and blow pressure. Because of this, these parameters are further studied in the following 

chapters. 

4.1.3 Detailed investigation of the influence of the blow pressure on the inflation 

behavior 

On the previous chapters, only the effect of the blow pressure between 0,2 and 0,4 bar is 

studied. The previous results show that blow pressure influences stretch ratio and inflation 

time. Because of this, on this chapter the influence of different pressures on inflation ratio 

and inflation time is further discussed, and the pressure range examined is expanded. 

Figure 22 shows the influence of a blow pressure range of 0,2-1 bar on the stretch ratio 

and the inflation time. For this experiment the blow pressure is varied while maintaining 

the parison length at 13 cm, the curing degree at 4 Wt.-% and the parison temperature at 

25 °C. The die gap is set at 1,83 mm. As shown on the left side of Figure 22, the stretch 

ratio decreases with increasing pressure.  
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Figure 22. Influence of the Blow Pressure on the stretch ratio and time until breakage – 

L: 13 cm; C: 4 Wt.-%; T: 25 °C; M: Addisil 2060E; D: 1,83 mm. 

 (Thielen et al., 2006) speaks from a blow pressure of 8-10 bar for extrusion blow 

moulding of thermoplastics. This statement does not correspond to the inflation needs for 

silicone rubbers. As observed on the right side of Figure 22, silicone rubbers break 

immediately at pressures from 0,6 bar and higher.  

A comparison from the inflation profiles for both 0,2 bar and 1 bar can be observed on 

Figure 23. The parameters used for these tries are depicted on the caption (L: for parison 

length, C: pre-curing degree, T: parison temperature and D: die gap). This side inflation 

profiles are made by analyzing the images taken from camera 2. Each picture of the 

parison before it breaks is individually analyzed and the average position of the parison 

at each time is plotted into a diagram. The dotted green line means that less than three 

from the inflated parisons reached 3,48 s without breaking. It is important to mention that 

the growing standard deviation and main source of error observed on all inflation profiles 

is attributed to the two-dimensional consideration of a three—dimensional parison 

inflation. The parison is only recorded from one side, even though it inflates non-

homogeneously on all axis.  
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Figure 23. Parison Inflation Profiles – Influence of Blow Pressure. – L: 13 cm;                     

C: 4 Wt.-%; T: 25 °C; M: Addisil 2060E; D: 1,83 mm. 

 

Figure 24. Diametral location as a function of time – Influence of Blow Pressure. 

Figure 24 derives from the parison shapes depicted on Figure 23. For the parison inflated 

at 0,2 bar, expansion occurs initially very slowly, but over time the diametral location 

increases exponentially. On the other hand, the parison inflated at 1 bar breaks without 

significantly increasing its diametral location. Normally, rupture can be explained with 
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the decrease in wall thickness over time. The stress generated becomes so high, that the 

thin wall is not able to sustain it and it breaks. However, at a pressure of 1 bar, the parison 

breaks so fast, that the wall does not become thinner and breaks. A possible explanation 

for the sudden rupture of the parison is that the sudden stress generated by the air is higher 

than what the material can resist, and therefore breaks instantly.  

4.1.4 Detailed investigation of the influence of the pre-curing degree on the inflation 

behavior 

All the previous results in this work represent a pre-curing degree of 4 Wt.-%. Due to the 

possibility that different pre-curing degrees could present better inflation profiles and 

stretch ratios, it is important to compare the available data with different pre-curing 

degrees. Therefore, on this chapter the different pre-curing degrees are analysed. Figure 

25 shows the influence of pre-curing degrees between 0 Wt.-% and 5 Wt.-% on stretch 

ratio, diameter at break and inflation time. No pre-curing degrees higher than 5 Wt.-% 

are used because the increase of the pre-curing degree increases the viscosity of the 

material (Hopmann et al., 2017). When the material is too viscous, the pressure of the 

extrusion head might not be sufficient for the extrusion and could lead to a blockage of 

the extrusion head (Hopmann et al., 2017). For this experiment the pre-curing degree is 

varied while maintaining the parison length at 13 cm, the blow pressure at 0,2 bar and the 

parison temperature at 25 °C. The die gap is 1,83 mm.  

  

Figure 25. Influence of Pre-curing degree on stretch ratio and time until breakage –            

L: 13 cm; P: 0,2 bar; T: 25 °C; M: Addisil 2060E; D: 1,83 mm. 
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On this study, it is important to take into consideration that the pre-curing process causes 

the parison to swell, and that higher pre-curing degrees swell more. The swelling of the 

polymers, both on the diameter and thickness is attributed to the viscoelastic deformation 

of the polymer melt (Huang et al., 2002). Because of this, the parison diameter was 

measured and compiled on the Appendix 1 on Table 19. Due to swelling, parisons with 

different pre-curing degrees have different parison diameters. To calculate the stretch 

ratio, it is necessary to divide the diameter at break with the diameter of the parison.  

For this reason, on Figure 25 the diameter at break is also presented. The tendency on 

Figure 25 shows an increase on stretch ratio from 1 Wt.-% pre-curing, reaching the 

highest stretching at 3 Wt.-% and then decreasing steadily. When only the stretch ratio is 

examined, it would seem like the 4 Wt.-% parison stretches only 0,5 units more than the 

2 Wt.-% parison, when in reality the difference is almost 1,2 units. The diameter at break 

starts at 3,56 cm, then goes slightly down at 1 Wt.-% and afterwards rises gradually until 

3 Wt.-% is reached. A reason why there pre-curing degrees have lower diameters at break 

and stretch ratios is that parisons with a pre-curing lower than 3 Wt.-% are not stiff enough 

to support inflation, and therefore break sooner. At 4 Wt.-% a small decrease on stretch 

ratio can be observed, which then increases at 5 Wt.-%. This slight increase at 5 Wt.-% 

can be explained with the high standard deviation for the diameter at break and the parison 

diameter. The diameter of parison for 5 Wt.-% is the biggest, and thus has influence in 

the resulting diameter at break. For the selection of an appropriate pre-curing degree it is 

important to take both the stretch ratio and diameter at break into consideration. If the 

parison is too thin, the parison will not reach the walls of the wall despite an appropriate 

stretch ratio. On the other hand, the parison needs to stretch to fully take the form of the 

mould. Because of this, thick parisons with lower stretch ratios are not desired.  

The inflation time has a similar tendency to the stretch ratio. The lowest inflation time 

matches the lowest stretch ratio/diameter at break. Even though lower inflation times are 

desirable, in this case lower inflation times mean lower inflation. For the Inflation profiles 

on Figure 26 it is also possible to observe the shape of the parison with 1 Wt.-% pre-

curing in comparison to the one with 4 Wt.-%. The parison with 4 Wt.-% pre-curing 

degree inflates mainly on one side, but through the whole length. The parison with                

1 Wt.-% pre-curing presents a similar inflation behavior to that of longer parisons. The 

parison inflates only in a small area, leaving the rest of the parison almost uninflated. This 
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is also due to the swelling effect on the wall thickness. Parisons with lower pre-curing 

degrees do not only have a smaller diameter, but also a thinner wall. Therefore, the 

parison inflates faster, and the always thinner wall focuses the inflation in an area of the 

parison instead of allowing it to inflate uniformly. It should also be considered that the 

pre-curing step influences the mechanical properties of the rubber. The pre-curing step 

increases the elongation at break (Hopmann et al., 2017), helping then the parison with 4 

Wt.-% to inflate more and uniformly.  

 

Figure 26. Parison Inflation Profiles – Influence of Pre-curing degree. – L: 13 cm;              

P: 0,2 bar; T: 25 °C; M: Addisil 2060E; D: 1,83 mm. 

On Figure 27 the diametral location as a function of time can be observed. On both cases, 

the diametral location increases exponentially. Parisons with 1 Wt.-% pre-curing degree 

start with a minor diametral location, but this increases much faster with the course of 

time. Table 13 shows the inflation speed for both pre-curing degrees. This was calculated 

using the diametral locations for the first and for the last stages of inflation (An example 

for this can be found on Calculation 1 and Calculation 2 on the Appendix 1). Even though 

the total inflation time is almost only the half, the parisons with 1 Wt.-% pre-curing degree 
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have double the inflation speed at the beginning and at the end of the inflation time. In 

both cases the inflation speed doubles itself.  

 

Figure 27. Diametral location as a function of time – Influence of Pre-curing degree. 

Table 13. Inflation speed at the beginning and end of the inflation time for different pre-

curing degrees. 

Pre-Curing degree [%] Beginning [cm/s] End [cm/s] 

1 Wt.-% 1,13 2,26 

4 Wt.-% 0,65 1,34 

4.1.5 Detailed investigation of the influence of the wall thickness on the inflation 

behavior 

On this chapter, the influence of three different wall thicknesses on inflation ratio and 

inflation time is discussed. The wall thickness is modified by changing the die gap. As 

the Table 14 shows, the smallest die gap corresponds to the thinnest wall and the biggest 

die gap to the thickest wall. Figure 28 shows how the variation of wall thickness in a 

range of 1,92-3,21 mm affect the stretch ratio and the inflation time. For this experiment 

the die gap is varied while maintaining the parison length at 13 cm, the curing degree at 

4 Wt.-%, blow pressure at 0,2 bar and the parison temperature at 25 °C.   
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Table 14. Die gap and the resulting parison wall thickness. 

Die Gap [mm] Wall thickness [mm] Parison diameter [mm] 

1,6 1,92 14 

1,71 2,4 14,1 

1,83 3,21 15 

As expected, a thinner wall leads to a lower stretch ratio in the range between 1,92 mm 

and 3,21 mm. This is because the wall thickness decreases with inflation until it reaches 

a point where the wall is too thin to resist the stress and breaks. When the wall is from the 

beginning thin, it reaches the breaking point much faster. On the other side, a very thick 

wall does not result on higher stretch ratios. As Figure 28 shows, the parison with 2,4 mm 

wall thickness inflated more than the one with 3,21 mm. This is because a smaller die gap 

provides more flow resistance, and the pressure inside the extrusion head and the extruder 

is higher. This causes the air to be extracted from the material, and thus reducing the 

amount of air bubbles and weak points on the parison.  

The right side of Figure 28 shows that the time until breakage increases drastically with 

the increase of wall thickness. This goes according to expectations. The thicker the wall, 

the more stress is needed to inflate it. This is because, when the wall of the parison is 

thicker, more force is needed to achieve the same deformation. The blow pressure applied 

to the parison remains the same, but the stress on the material is lower for the parison 

with thicker wall, and thus inflates more slowly. When observing the equation for 

mechanical stress (σ) in Equation 5, where F is the force and A is the wall thickness of 

the parison, it can be inferred that the thicker the parison wall, the more force is needed 

to achieve the same amount of mechanical stress, and thus further explaining the 

difference in inflation time. 

𝜎 =
𝐹

𝐴
                                               (4) (Wuppertal University, 2013) 
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Figure 28. Influence of Wall Thickness on stretch ratio and time until breakage –                

L: 13 cm; P: 0,2 bar; C: 4 Wt.-%; T: 25 °C; M: Addisil 2060E. 

This is also apparent on Figure 29, where the diametral location as a function of time for 

the 1,92 mm and 3,21 mm wall thicknesses. The diametral location for the parison with 

1,92 mm wall increases significantly faster than the one for the parison with 3,21 mm. As 

shown in Table 15, the speed in both cases doubles at the end of the inflation time, but 

the parison with the thinner wall starts with an inflation more than 5 times faster. An 

explanation for the doubling of the inflation speed is that the wall thickness does not 

remain constant. With inflation, the parison wall becomes thinner. With higher stress, the 

resistance to inflation is reduced and then inflation speed grows.  

Table 15. Inflation speed at the beginning and end of the inflation time for different wall 

thicknesses. 

Wall Thickness [mm] Beginning [cm/s] End [cm/s] 

1,92 3,72 8,53 

3,21 0,65 1,34 
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Figure 29. Diametral location as a function of time – Influence of wall thickness. 

4.1.6 Detailed investigation of the influence of the parison temperature on the 

inflation behavior 

On the previous chapters, the influence of the parison temperature on the inflation 

behavior was studied with a re-heated parison. On this part, the influence of the 

temperature is discussed, but this time, instead of heating the parison, it is cut and blown 

immediately after extrusion. This reduces problems observed on the previous parisons, 

such as the drawdown. Also, there is not direct contact with an oven rack that can cause 

small parts of the parison to be significantly hotter and become weak points. The pressure 

used is 0,2 bar, with a parison length of 13 cm and a pre-curing degree of 4 Wt.-%. The 

wall thickness is 3,21 mm. As Figure 30 shows, the parison at 110 °C reaches a 

significantly higher stretch ratio in less time. This matches partially the results presented 

in chapter 4.1.2. There, it is observed that an increase in temperature decreases both the 

stretch ratio and the inflation time. Inflating parisons right after extrusion shows the 

desired increase in stretch ratio with a decrease in inflation time.   

0,0

1,0

2,0

3,0

4,0

5,0

6,0

7,0

8,0

9,0

0 0,5 1 1,5 2 2,5 3 3,5 4

D
ia

m
et

ra
l 
L

o
ca

ti
o

n
  
 [

C
m

]

Time   [s]

1,92mm

3,21mm



50 

 
Figure 30. Influence of Parison Temperature on stretch ratio and time until breakage –      

L: 13 cm; P: 0,2 bar; C: 4 Wt.-%; M: Addisil 2060E; D: 1,83 mm. 

It is important to mention that the temperature is not the only change on this study. On 

previous results it is observed that the centering of the parison is not perfect, which caused 

the parison to inflate unevenly. This time, the parison is centered, which produced a 

homogeneous distribution of material across the parison. This explains why the parison 

inflates now uniformly on both sides, as can be observed on the inflation profile on Figure 

31. The image on the right side shows the inflation of the parison at 110 °C, the image on 

the left represents the parison at 25 °C. The parison at 25 °C is uniformly inflated, which 

clearly shows that the centering was not perfect. On the right side, the improvement of 

the centering can be observed, as an uneven side is no longer apparent. In Figure 32 it can 

be observed how the increase in the diametral location is also exponential in this case. 

Table 16 shows that the inflation speed is already higher for the parison at 110 °C in the 

beginning if the inflation time, and in the end of the inflation time it is more than the 

double of the original value.  

Table 16. Inflation speed at the beginning and end of the inflation time for different 

temperatures. 

Temperature [°C] Beginning [cm/s] End [cm/s] 

25 0,65 1,34 

110 1,02 2,77 
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Figure 31. Parison Inflation Profiles – Influence of Parison Temperature. – L: 13 cm;        

P: 0,2 bar; C: 4 Wt.-%; M: Addisil 2060E; D: 1,83 mm. 

 

Figure 32. Diametral location as a function of time – Influence of Parison Temperature. 

With the previous steps it is determined that the parison inflates more in less time when 

it is hot. For the next step of the analysis of the influence of temperature, a smaller 

temperature difference is used. Before, the influence of temperature is studied on a 

parison at 25 °C that is cut and inflated days after the extrusion. The results are compared 

with those of a parison that is cut and inflated right after the extrusion. On this step, the 
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parison is cut after extrusion, and one minute is waited before inflation. The results can 

be observed in Figure 33. It is determined that the one minute wait time has no effect on 

the stretch ratio of the parison, but it does have a significant effect on the inflation time. 

The parisons that are inflated right after the extrusion inflated significantly faster than 

those where one minute is waited. This difference can be attributed to the decrease in 

temperature that occurs within the one minute.    

For this chapter, it is important to mention that the extrusion rate produces an 

inhomogeneous cooling of the parison, which affects the inflation time. As soon as the 

material comes out of the extrusion head, comes into contact with the air at room 

temperature and cooling begins. When the parison reaches the desired length, the part at 

the bottom is cooler than the part coming out of the head. This inhomogeneous parison 

temperature could cause the parison to inflate faster on the top and then slow down 

inflation when the cooler parts are reached.  

 
Figure 33. Influence of moment of inflation on stretch ratio and time at breakage – Addisil 

2040E; L: 13 cm; P: 0,2 bar; C: 4 Wt.-%; M: Addisil 2040E; D: 1,71 mm. 

4.1.7 Detailed investigation of the influence of the material hardness on the inflation 

behavior 

On this part, the influence of the material hardness is discussed. This is because the shore 

hardness has an effect on the stiffness and flexibility of the rubber. The pressure used for 
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wall thickness is 2,4 mm. For this try, the parison is also cut and blown immediately after 

extrusion. For all the previous tries, the material used is Addisil 2060E, with a shore A 

hardness of 61. For this try, a softer (Addisil 2040E: Shore A hardness of 41) and a harder 

material (Addisil 2080E: Shore A hardness of 81) are used. The extrusion temperature of 

Addisil 2040E and 2060E is 120 °C. Due to problems of premature curing of the material 

and bad quality of the parison, Addisil 2080E is extruded at 115 °C. Due to the change in 

extrusion temperature, a DSC test is made to corroborate the pre-curing and final curing 

degrees of the material. The results can be found in Table 21 and Table 22 on the 

Appendix 1. Due to additional problems related to the curing of the material inside the 

extrusion head, the head is open for cleaning. This changed the centering of the parison, 

causing that these tries become incomparable with the previously made tries of Addisil 

2060E. Because of this, the results presented in this section are different to those in the 

previous section, even though the rest of the parameters (inflation pressure, inflation 

temperature and pre-curing degree) remain unchanged.  

In Figure 34, the influence of the material on the stretch ratio and inflation time can be 

observed. The stretch ratio reduces with the increase of shore hardness. This is according 

to expectations. Softer rubbers are more flexible than harder ones, which are stiffer. This 

can be clearly observed in the figure, where Addisil 2040E inflated more than Addisil 

2080E. The opposite phenomena, can be observed in the inflation time. Figure 34 shows 

that Addisil 2040E and 2060E inflated at approximately the same time, but Addisil 2080E 

needed 0,19 s longer. It is possible that Addisil 2040E and Addisil 2060E took the same 

time because of the difference in stretch ratio within the two materials. Here, the material 

that inflates more, takes longer.  These 0,19 s longer can be attributed to the material 

hardness. 
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Figure 34. Influence of the material hardness on stretch ratio and time until breakage –   

L: 13 cm; P: 0,2 bar; C: 4 Wt.-%; T: 105-110 °C; D: 1,71 mm. 

This can be observed better on Figure 35. Addisil 2040E is softer and offers less resistance 

to inflation from the beginning. Therefore, when observing the diametral position for 

2040E, it can be noted that the parison inflates linearly until it breaks. In case of Addisil 

2060E, the growth is slow at the beginning, but at 0,5s the speed increases drastically. 

This goes according to the theory that the inflation time for Addisil 2040E and Addisil 

2060E are equal because Addisil 2060E expands less. If Addisil 2060E had the same 

diametral position than Addisil 2040E, the inflation time would be longer. Figure 35 also 

presents the diametral position as a function of time for Addisil 2090E. The figure shows 

that Addisil 2060E and Addisil 2080E have a similar diametral position the first 0,5 s of 

inflation, but when the inflation rate for Addisil 2060E increases drastically, the inflation 

rate for Addisil 2080E only slightly increases.  
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Figure 35. Radial location as a function of time - Influence of material. 

The change in the inflation speed at the beginning and the end of inflation can be 

attributed to two factors. The first factor is the resistance to inflation due to the material 

hardness. This can be observed in Table 17. For Addisil 2040E, the speed of inflation at 

the beginning is significantly higher than for the other two materials. In contrast, the speed 

at the end is only 1,2 times bigger than at the beginning. This is partially because the 

material is softer and therefore offers less resistance to inflation from the beginning of the 

inflation time. Addisil 2080E is harder and offers more resistance to inflation, which 

could explain the low inflation speeds at the beginning and the end of the inflation time. 

The inflation speed for 2060E is at the beginning of the inflation lower than for 2040E, 

but higher than 2080E. This could be partially explained with the shore hardness, which 

is also between the hardness of the other two materials. However, this explanation alone 

does not explain why the starting speed is closer to the harder material and not a middle 

point between the two, as would be expected.  

Table 17. Inflation speed at the beginning and end of the inflation time for different 

materials. 
Material Beginning [cm/s] End [cm/s] 

Addisil 2040E 5,18 6,40 

Addisil 2060E 1,81 9,20 

Addisil 2080E 1,75 3,31 
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Figure 36. Parison Inflation Profiles – Influence of the material – L: 13 cm;                             

T: 105 °C;  P: 0,2 bar; C: 4 Wt.-%; D: 1,83 mm. 

To further explain this phenomenon, it is important to consider the shape of the parison. 

Figure 36 shows the shape of the parisons for the three materials used. In the case of 
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Addisil 2040E, the parison inflates on one side more than on the other. This phenomenon 

is already seen on previous diagrams and is attributed to the centring of the parison, where 

one side of the parison wall is thinner than the other. This adds to the lack of resistance 

to inflation of the material and together explain the high inflation speeds at the beginning 

for Addisil 2040E.  

When observing the diagrams for Addisil 2080E, it can be observed that the parison 

inflates homogeneously on both sides. This could be caused by an alteration in the 

centring of the head due to the curing of the material. Because the parison does not have 

a reasonably thinner side, the material offers the same resistance to inflation on both sides, 

adding to the reduction of inflation speed. Even though the parison for Addisil 2060E 

does not inflate homogeneously, the uneven side is not as apparent as with Addisil 2060E. 

For the inflation speed, this means that both sides offer a similar resistance to inflation, 

reducing the initial inflation speed. These results show that Addisil 2040E, with a shore 

hardness of 41A, is more suitable for extrusion blow moulding than the harder materials. 

4.2 Confined parison inflation 

4.2.1 Inflation profiles in glass bottles 

In this chapter, the inflation profiles in glass bottles for bottles made from Addisil 2040E, 

Addisil 2060E and Addisil 2080E are presented. This is to further understand how 

inflation takes place, and compare the way the three different materials inflate. Glass 

bottles were chosen to be able to follow the inflation process. These tries are made under 

the extruder head, and blown at 0,2 bar. The pre-curing degree of the material is 4 Wt.-% 

and the die gap is set to 1,71 mm.  

On Figure 37 the inflation profiles for Addisil 2040E, 2060E and 2080E in Bottle 1 can 

be observed. Here it can be observed that for Addisil 2040E and 2080E the inflation time 

is around 5 seconds. This goes according to previous results. On Chapter 4.1.6 it was 

observed that a parison blown after extrusion takes 3,2 seconds to break in free inflation. 

The inflation time in the free parison inflation is highly dependent on the thinning of the 

wall. This means that the thinner the wall, the faster the inflation. On free parison inflation 

it can also be observed that when a part of the parison becomes significantly thinner than 
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the rest, then inflation is observed only in the area with thinner wall. This is because a 

thinner wall offers less resistance to inflation than a thick one. In the case of inflation in 

bottles, the material touches the wall of the parison before reaching the wall thickness 

that causes it to rise. When this happens, inflation continues onto the other parts of the 

parison. Another factor that adds to the inflation time in these tries is the fact that the 

parison is not cut off from the tool. This means that the parison keeps on forming on the 

top part, where there was no bottle, while the inflation is happening. This could not be 

avoided, and this area inflated freely too. This caused the pressure of the air that does go 

into the bottle to reduce, and therefore increased the inflation time. This can be observed 

in Figure 38. In this figure, the bottom part of the extrusion head can be observed, and on 

the bottom of the figure is the mouth of the bottle. In some cases, this area inflated so 

much, that rising occurred here and not on the bottle. The final factor that adds to the 

inflation time is the length of the parison. The previous tries are made with a parison        

13 cm long. The parison used for the bottles was 17 cm long.  

On Figure 37 the thick black line represents the curvature of the bottle. The same inflation 

pattern can be noted in all three materials. In case of bottle 1, the parison is slightly thinner 

than the mouth of the bottle. After the first stage of inflation (1 second for Addisil 2040E 

and 2080E and 3 seconds for 2060E), it can be observed that the parison is first inflated 

horizontally on the top part of the bottle. After the material touches the walls of the bottle, 

inflation continues vertically in direction to the bottom of the bottle. This is especially 

clear when observing the inflation profile for 2080E. The parison of Addisil 2040E 

inflates more uniformly. Since the hardest material inflates the least uniformly, and the 

softer material the most uniformly, the difference can be attributed to the material 

hardness.  

 



59 

 

 
Figure 37. Inflation profiles in bottle 1 - Addisil 2040E (Top left), Addisil 2060E (Top 

right) and Addisil 2080E (below). 
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The corners at the bottom of the bottle are where the material reaches last. Even though 

the corners where not formed in most bottles, other times they were. This is because the 

mould was not completely sealed and it would easily break on the areas where there was 

no mould. In addition, after the bottle is fast formed, it would be ideal to employ the 

second pressure so that the material reaches the bottom corners. The three inflation 

profiles show a similar inflation, but the inflation for Addisil 2060E takes longer than for 

the other two materials. Even though the two-pressure system is extremely useful to give 

the bottle its final shape, only one pressure was used because the glass bottles do not stand 

higher pressures and they break. In addition, the glass bottles are cut with glass cutter, 

and which is why the edges are not completely sealed. On various occasions, even though 

a pressure of only 0,2 bar was used, the material broke on the sides of the bottle, where 

the bottle is not sealed.  

 

Figure 38. Parison inflation during extrusion. 

On Figure 39 the inflation profiles in bottle 2 can be observed for Addisil 2040E and 

2060E. In this case, no bottles can be produced with Addisil 2080E. On this case, the 

inflation is like that observed for bottle 1. The parison inflates at the bottom first, and 

when it has touched to walls of the bottle, the inflation continues to the bottom of the 

bottle. (Dutta et al., 1984) observes a similar inflation on his studies. There, the parison 

inflates in the middle and when it has touched the walls of the bottle, the inflation 

continues vertically to the top and the bottom of the bottle. The difference is that (Dutta 

et al., 1984) used rectangular bottles for his study, while the bottles for this study are thin 

on the top and bigger on the bottom.  
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Figure 39. Inflation profiles in bottle 2 - Addisil 2040E and Addisil 2060E. 

When comparing the inflation pattern for both material, a big similarity is to be noted. 

Inflation for both materials begin at the same speed, but after 3 seconds inflation, the 

inflation for Addisil 2060E is already faster than form Addisil 2040E. At the end, Addisil 

2040E fills the bottle 1,5 s after Addisil 2060E. 

The same inflation can be observed on bottle 3 even though this bottle is much bigger 

than the other two. On Figure 40 it can be observed that the total inflation time for Addisil 

2040E is much bigger than for Addisil 2060E. This is not necessarily that the parison 

inflates three times more slowly. When comparing inflation at 3,3 s and 5,5 s, it can be 

observed that the inflation profiles are equal. However, when observing the inflation 

profile for Addisil 2060E, it can be observed that inflation stops after 5,5 seconds. This 

is because the bottle usually breaks at this point. The breakage occurs at the length of      

21 cm. The other two bottles are smaller than 21 cm, and therefore the parison is able to 

fill the two bottles, but not bottle 3.  

-15

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

-3,9 0 3,9

L
en

g
th

 o
f 

b
o

tt
le

  
 [

cm
]

Radius of bottle   [cm] 2040E

Bottle
1 s
2 s
3 s
4 s
5 s
6,5 s

-15

-14

-13

-12

-11

-10

-9

-8

-7

-6

-5

-4

-3

-2

-1

-3,9 0 3,9

L
en

g
th

 o
f 

b
o

tt
le

  
 [

cm
]

Radius of bottle   [cm] 2060E

Bottle
1 s

2 s
3 s

4 s
5 s



62 

 

Figure 40. Inflation profiles in bottle 3 - Addisil 2040E and Addisil 2060E. 

4.2.2 Analysis of the quality of the parts formed in the heated tool. 

On this part of the study, the heated tool mentioned in Chapter 3.4.2 is used. The results 

on previous chapters show that it is possible to inflate pre-cured silicon rubber, but the 

purpose of this chapter is to observe the part quality of the formed bottles. Therefore, it 

is necessary to end-cure the material.  To study the influence of the process parameters in 

the heated tool on the part quality, the parameters on Table 18 are generally used. This 

set of parameters is used to blow mould bottles with Addisil 2040E, 2060E and 2080E. 

The pre-curing degree of 4 Wt.-% and the die gap of 1,71 mm are chosen because they 

have the best results on the previously presented studies.  

Even though results from Chapter 4.1.6 show that a hotter parison inflated right after 
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cut right to 14 cm after extrusion to reduce the drawdown effect that comes from 

producing one long parison and cutting it afterwards. The actual size of the bottle is         

8,5 cm. The parison was cut to 14 cm to facilitate the handling of the parison, and its 

positioning inside the heated tool. It is also necessary to have enough material for the 

weld seams and the nozzle area. Because the bottle was significantly smaller in length, 

the pressure was reduced to 0,15 bar to avoid adding extra stress to the parison wall. The 

pressure on the second stage of inflation was chosen to be 1 bar. This is because there is 

no extra force keeping the mould parts together, and higher pressures would cause the 

mould to open and the bottle to break. Therefore, 1 bar is big enough to form the bottle, 

but not so big that it opened the mould when used. For the inflation time, the decision is 

based on the fact that inflation is highly dependent on parison temperature. Addisil 2040E 

filled bottle 1 in 5 s when inflating a parison after extrusion. In this case, the parison is at              

25 °C, so the inflation time for the first stage of inflation time from bottle 1 is doubled. 

The second stage of inflation was also set to 12 s. This is to ensure a proper end curing of 

the bottle before extracting it.  

To explain the reason why 12 seconds is sufficient to end cure the bottle, the equation 

presented by (Harms, 1993) is used. Equation 7 is used to calculate the temperature of 

contact (TK), defined by considering the temperature compensation processes for sudden 

contact of two semi-infinite bodies with constant, different starting temperatures (Harms, 

1993). In other words, the parison has an initial temperature of 25 °C, while the heated 

tool has a temperature of 190 °C. In the moment where the silicone touches the mould, 

the resulting temperature for both objects change. This resulting temperature is obtained 

with Equation 6. 

𝑻𝑲 =
𝒃𝟏𝑻𝟏+𝒃𝟐𝑻𝟐

𝒃𝟏+𝒃𝟐
                                                                  (5) 

𝒃𝟏,𝟐 = √𝝀𝟏,𝟐𝝆𝟏,𝟐𝑪𝑷𝟏,𝟐
                                                               (6) 

Where b is the heat penetration number of the material, λ is the conductivity, ρ is the 

density of the material and Cp is the specific heat capacity. This is calculated for both the 

aluminium tool and the silicone rubber. The detailed data used is on  

Table 24 and calculations are shown in Calculation 1 and Calculation 2 in the Appendix 

1.  The temperature of contact is calculated for the three materials because they have 
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different densities. As the resulting contact temperature do not vary significantly from 

each other, the temperature for contact for Addisil 2040E (186,21 °C) will be used as a 

reference for the discussion. The results show that at the moment of contact, the resulting 

temperature for the parison is almost that of the heated tool. The calculations take into 

consideration that the parison temperature is 25 °C. However, the parison stays inside the 

tool for a short amount of time before the material touches the walls of the tools. This 

means that the temperature of the parison due to convection is already higher than 25 °C 

when it touches the mould, and therefore the resulting temperature of contact could be 

slightly higher. It is known from the theory (Chapter 2.4) that the curing temperature for 

the silicone rubber with the curing agent used for the end curing is around 180 °C. 

Assuming that due to the very thin parison wall, the heat is immediately conducted to the 

other side of the wall, the whole parison would reach the curing temperature shortly after 

contact with the heated tool. Because of this, it is determined that the in total 24 seconds 

that the parison remains with blow pressure inside the heated tool suffice to end cure the 

bottle.  

Table 18. Parameters for confined parison inflation in the heated tool with Addisil 2040E 

and 2060E. 

Parameter First Stage of inflation Second Stage of inflation 

Parison Length 14 cm 

Initial parison Temperature 25 °C 

Blow pressure 0,15 bar 1 bar 

Pre-Curing degree 4 Wt.-% 

Die Gap during extrusion 1,71 mm 

Inflation time 12 s 12 s 

Fully formed bottles are achieved using the parameters presented in Table 18. In Figure 

41 shows the top and bottom views for one fully inflated Addisil 2040E bottle. As can be 

observed, the shape of the bottle matches that of the mould. The curvature observed on 

the bottles is not a defect, it is also part of the form. The corners are also very well formed. 

Figure 42 shows the side view of the bottle. Here it can also be noted that the curves are 

even and the walls are straight.  
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Figure 41. Addisil 2040E Top and bottom view from fully inflated bottle - 12 seconds at 

0,15 bar and 12 seconds at 1 bar. 

 

Figure 42. Addisil 2040E Side view from fully inflated bottle - 12 seconds at 0,15 bar and 

12 seconds at 1 bar. 
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Figure 43. Point of breakage when demoulding. 

The point where all fully formed bottles finally broke is the removal from the mould, on 

the side (Figure 43). The use of diluted soap on the parison before inserting it on the 

heated tool helped the demoulding process by functioning as a form of lubricant. 

However, the sticking of the parison to the edges of the mould could not be prevented, 

causing the parison to break at the moment the mould is opened.  

The surface quality appears to remain unchanged between the bottles with two pressures. 

All produced bottles are semi-transparent. The bottles present various defects on the 

surface, such as bubbles, which would be corrected with a better parison surface quality. 

The results show that this depends mostly on the quality of the parison itself. Figure 41, 

Figure 42 and Figure 43 show various examples of imperfections from the parison that 

are visible on the formed bottles. In addition, brown spots are observed on fully formed 

bottles after demoulding. These brown spots come from the diluted soap applied to the 

parison, which burnt when coming in contact with the heated tool. When examining the 

bottle, it is also noted that the cured bottle has a characteristic smell. This is because the 

Dicumylperoxide decomposes at high temperatures and forms acetophenone. This 

molecule is responsible for the unpleasant smell (Chatterjee, 2017). Because of this 

(Chatterjee, 2017) recommends using 3,3,5,7,7-pentamethyl-1,2,4-trioxepane instead. 
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Another possibility is to put the bottle in an oven at temperatures around 200 °C for 

around 4 hours to allow the peroxide to fully react. The results obtained during the free 

inflation tries, tell us that the inflation pattern for small parisons (under 11,5 cm) starts in 

the middle, and then continues to expand until it finally rises. In the case of confined 

inflation, however, when the material has reached the walls of the mould, the inflation 

starts to move up and down until it fills the whole bottle or breaks due to imperfections. 

Figure 44 shows the image of the bottle with the marking of the used reference points 

later used for the analysis of the distribution of the wall thickness. For this figure, the 

eight points located where the marked black lines are, are taken into consideration. That 

means that points 3 and 4 are on the center.  

 

Figure 44. Points of reference for wall thickness along the bottle for Addisil 2040E and 

2060E. 

1         2               3               4              5          6           
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The results of the wall thickness measurements (shown on Figure 45 to Figure 47) make 

sense with the free inflation patterns. At the free inflation tries, an uneven part is observed. 

This means that when inflating inside of the metal tool, one side is already thinner and 

therefore inflates more, and faster. This makes wall thickness at this side even thinner. 

The thicker side of the parison decreases in wall thickness slower. In the case of free 

parison inflation, the most inflated side would become too thin, and break before the other 

side can inflate much. On the contrary, with confined parison inflation, the walls of the 

mould stop the thinning of the wall on the thin side, which allows the thicker side to 

expand and take the form of the mould.  

After the center of the parison touched the walls, inflation continues to the bottom and 

top of the parison. Therefore, it would be assumed that the most stress happens in the 

middle section and therefore it is expected to find there the thinnest wall. This assumption 

is confirmed on the results from both Addisil 2040E and Addisil 2060E (Figure 45). When 

observing the figures, it can be observed how the middle of the bottle has the thinnest 

wall in both cases, and then the wall thickens along the way to the top and to the bottom 

of the bottle.  

Another explanation of the wall thickness distribution is the shape of the mould. 

Normally, bottles are inflated and the bottom and top are thicker as the rest of the bottle. 

Then, the corners of the bottle are much thinner. In the case of the produced bottles, the 

corners of the bottle are thicker than the rest of the bottle. However, the mould used is 

straight on the sides, but on position 1 and 6 it has a slight curvature that makes it smaller 

on the area. Therefore, the material does not need to stretch as much to adopt its shape. 

Finally, when the mould is fully covered on the sides, the top and bottom parts are formed. 

These are thicker because the distance the parison must cover to reach the tool is much 

smaller as for example the distance that needs to be covered to reach positions 3 and 4.  
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Figure 45. Wall thickness diagram for bottles made with Addisil 2040E and Addisil 

2060E. 

Another way to analyse wall thickness in the bottle is to compare the points around the 

bottle as shown in Figure 46. This gives an idea of whether one side or one area of the 

bottle is thinner than the other. In the case of the resulting bottles, it can be inferred (from 

Figure 46 and from Figure 47) that one side is significantly thinner than the other. This is 

explained by the uneven inflation observed during the free parison inflation. On the 

figures, it can also be observed that, even though one side is definitely thinner than the 

other, the thin part is not on the same point for both materials. This can be also attributed 

to the ununiform inflation of the parison. The parison was placed on the heated tool, but 

it was not known in which part of the parison the uniformity would appear. Therefore, for 

one material the inflation was ununiform on one side and for the other material on the 

other. 

Another possible explanation for one side of the bottle being significantly thicker than 

the other one is the position of the mould. In extrusion blow moulding the mould is usually 

in upright position, which positions the parison in the centre and inflates it. For these tries, 

the mould had a horizontal position, which can alter both the position of the parison and 

the direction in which the air flows.  
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Figure 46. Wall thickness diagram around the bottles made with Addisil 2040E. 

 

Figure 47. Wall thickness diagram around bottles made with Addisil 2060E. 

An important parameter for part quality in extrusion blow moulding is the strength of the 

weld seams. For the extrusion blow moulding of silicone rubbers it is particularly 

important because higher degrees of pre-curing reduce the material’s ability to seal and 

for strong weld seams. Therefore, tensile tests were done on the weld seams for four 

bottles, two for Addisil 2040E and two for 2060E. This is because the rest of the bottles 

broke completely when demoulding, ruining the integrity of the weld seams. The results 
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for the tensile test of the weld seams are presented on the Appendix 1 (Figure 52, Figure 

53 and Table 25). For these results, the force is used for the diagrams instead of the 

mechanical stress because the weld seams did not always have the same thickness. The 

mechanical stress depends on the force applied on an area. When the area varies, the 

mechanical stress varies too. The force does not depend on the area.  The results show 

that the force required to break the sample is between 20 and 30 N for both materials. 

However, the break did not happen on the weld seams. On the case of the samples for 

Addisil 2040E, the test sample slipped out of the clamping mechanism. The test samples 

for Addisil 2060E broke, but not on the weld seams. This is because the area of the weld 

seams is very thick, so the area around it is in comparison very thin. Therefore, the force 

needed to break the thinner part of the parison is much lower as the force needed to break 

the thick weld seam because the mechanical stress is bigger on the thin parts. In addition, 

it is possible that the area where it broke is not completely cured because the bottom and 

the top are the last parts to touch the heated tool. The weld seams are completely cured 

even though they are much thicker because they have contact with the tool from the 

moment the mould is closed.  

The difference in wall thickness distribution can be further observed in Figure 48 for 

Addisil 2040E and in Figure 49 for Addisil 2060E. The exact data and further pictures 

are presented from Figure 54 to Figure 65 on the Appendix 1. The thickness on each part 

of the weld seam is described in Table 26 and Table 27. On these images can be observed 

one side is indeed much thicker than the other. This could be related to the uneven side 

observed during inflation that stretched also the lower part of the parison, thinning the 

wall. The middle part is thicker due to the weld seam. On the weld seam the material from 

both sides is sealed into one, leaving it as a thicker part. Also, while all the other parts of 

the parison inflate, the weld seam does not inflate at all, which adds to its thickness.  

 

Figure 48. Microscopic view of the weld seams - Addisil 2040E_Sample 1. 
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Figure 49. Microscopic view of the weld seams - Addisil 2060E_Sample 1. 

In conclusion, the weld seams weald properly and the two sides of the parison that come 

together cure with each other. Otherwise, the tensile test results would show that the weld 

seams are a weak point for the bottle. However, breakage during the tensile test happened 

on the sides, and the not weald seam itself. This means that the weld seams could be much 

thinner than they are and still provide positive results.   
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5. CONCLUSIONS AND RECOMMENDATIONS 

For the successful and economically viable production of silicone hollow bodies with 

extrusion blow moulding, a higher stretch ratio in less time is desired. Because of this, 

the preferred parameters are those, where the resulting stretch ratio is higher, but the 

inflation time is lower. On the first stage of this work, the inflation was studied on its free 

form. When analysing the influence of the blow pressure on time until breakage and 

stretch ratio, it is determined that for a 13 cm long parison in a blow pressure range 

between  0,2 bar and 1 bar, the higher the blow pressure, the lower the time until breakage 

and the smaller the stretch ratio. The pre-curing degree is also an important parameter. 

The study shows that pre-curing degrees of 3 Wt.-% and 4 Wt.-% are the most adequate 

for inflation blow moulding. Even though the inflation time observed is faster for lower 

pre-curing degree, the stretch ratio and diameter at break are significantly higher. The role 

of the die gap and the resulting parison thickness are also important. The results show that 

the parison breaks at lower stretch ratios when the parison wall is either too thick or too 

thin. Therefore, a middle point is expected here.  

The influence of the temperature is specially noted when comparing the inflation speeds. 

Parisons at higher temperatures present faster inflation. The stretch ratio is also positively 

influenced by the increase of parison temperature. In addition, the results show that 

parisons made with softer materials inflate more than those made with harder materials. 

Finally, a very influential factor is the centring of the die gap. When the die gap is not 

correctly centred, the parison inflates less and less uniformly. The centring of the die gap 

should be adjusted for the different curing degrees and the material hardness levels. Even 

though Addisil 2060E is a good material for extrusion blow moulding, results show that 

Addisil 2040E stretched more in less side, making it more appropriate for the process. 

For this study, the ideal parameters found for Addisil 2040E and Addisil 2060E are         

0,2 bar blow pressure, 4 Wt.-% pre-curing degree, 1,71 mm die gap and inflation after 

extrusion. The ideal stages, however, depend on each other. Therefore, it is possible that 

the results of this work do not apply when the parison is much longer than the one used. 

It is thus recommended that ideal levels are further examined when using a parameter at 

a level significantly higher than the one being used on this work.   
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The study of the confined parison inflation takes place on three different glass bottles, 

and in a heated tool. It can be observed that the inflation begins as free inflation, but 

moments after the inflation begins, the parison wall touch the wall of the mouth of the 

bottle, making the inflation on this area confined. The inflation continues vertically until 

the bottle is completely inflated. This tendency was observed for all materials and in all 

bottles used. The difference observed was on inflation times. The inflation time needed 

to fill the small bottles was always lower than for the big bottle. When using the heated 

tool, a two-pressure system was used. Results show that the parison does not fully take 

the form of the bottle when the second pressure is not applied. On this part of the work, 

it is determined that that quality of the parison plays a big role on the resulting surface 

quality of the cured bottles. Even though fully formed bottles were produced from Addisil 

2040E and Addisil 2060E, it is recommended to further study the specific inflation times 

and curing times for each material. The demoulding process is also of importance.  

The main source of error comes from the two-dimensional consideration of a three—

dimensional parison inflation. Because of this, it is important to consider the inflation of 

the parison and its movement during inflation. This could be solved by using a five-

camera system to film inflation, instead of a two-camera system. By placing one camera 

on each side of the parison and one of the bottom, the inflation can be studied from all 

perspectives. In addition, the extrusion rate produces an inhomogeneous cooling of the 

parison, which affects the inflation time. Therefore, extrusion should be fast enough to 

avoid an abrupt cooling of the parison, but slow enough to allow a complete pre-curing-  

In conclusion, this work focuses on the early stages of the product development process, 

where the first prototypes are formed. On this work, it is determined that it is possible to 

create hollow bodies with extrusion blow moulding of silicone rubbers. The 

recommended next step is to further automation of the blow moulding steps. An 

automated, heated tool should take the parison as soon as the appropriate length is reached 

and inflate it. It is important that the parison remains on a vertical position to avoid a 

negative influence on the wall thickness. Afterwards, it is important to optimise the 

inflation times and the quality of the parison. Special attention should also be paid to the 

demoulding step to avoid breakage of the bottle at the moment of demoulding. Also, a 

tempering step to remove the characteristic smell that remains due to unreacted peroxides 

should be further studied.  
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6. SUMMARY 

In this thesis, the forming process during blow moulding in the hot mould and the 

resulting part quality was investigated. The blow moulding process was studied in free 

and confined inflation. To better understand the parison inflation process and the 

conditions that influence the part quality, the influence of the blowing pressure, parison 

temperature, pre-curing degree, wall thickness and the shore hardness of the material were 

varied. The resulting hollow bodies were examined for component quality, determined 

through visual assessment criteria (voids, surface texture, discoloration, etc.), wall 

thickness distribution, and weld line quality. These investigations were carried out for 

solid silicone rubber. 

On this work, it is determined that it is possible to create hollow bodies with extrusion 

blow moulding of silicone rubbers. Results show that Addisil 2040E is the most 

appropriate material among the three materials studied for the extrusion blow moulding 

of silicon rubbers. In addition, for the studied parison lengths (Between 11,5 cm and         

13 cm) are pressures of 0,2 cm considered ideal. The pre-curing degree with the highest 

inflation ratio is 4 Wt.-%, and the die gap showed to be best at 1,71 mm. Finally, the best 

time to inflate the parison is right after extrusion, as inflating a hot parison reduces 

significantly the inflation time and the time it takes for the bottle to cure inside the heated 

mould.  

The main challenges of the extrusion blow moulding process for silicone rubbers are 

similar to those of extrusion blow moulding for thermoplastics. First, it is important that 

the parison remains hot before inflation. Second, the wall thickness of the parison should 

be adjusted to improve the resulting wall thickness distribution on the bottle. Finally, the 

cooling step used for thermoplastics is here replaced by a curing heating step, that end-

cures the bottle. In the case of silicone rubbers, it would be advisable to add the final step 

of tempering, where the bottle is heated for long periods of time to remove any left-over 

odours caused by the peroxide. An important step for further research is the automation 

of the blow moulding process, to reduce significant sources of error.  
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APPENDIX 1: SUPPORTING TABLES, DIAGRAMS AND 

CALCULATIONS.  

 

Figure 50. Determination of the multiplication factor for the calculation of the real 

diameter at break [cm]. 

Table 19. Parison diameter according to pre-curing degree. 

Pre-curing degree [Wt.-%] Parison diameter [cm] 

5 Wt.-% 1,9 

4 Wt.-% 1,5 

3 Wt.-% 1,35 

2 Wt.-% 1,2 

1 Wt.-% 1,05 

0 Wt.-% 1 

Table 20. Values from the curve for 4 Wt.-% on Figure 27. 

 End of inflation Beginning of inflation 
 Stage 3 Stage 2 Stage 1 Stage 0 

Time [s] 3,48 2,16 0,84 0,00 

Diametral Position [cm] 5,4 3,7 2,3 1,7 
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Calculation 1. Speed of inflation at the beginning of the inflation time based on the 

diametral location as a function of time for a parison with 4 Wt.-% based on values from 

Table 20. 

𝑣𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 =
𝐷𝑖𝑎𝑚𝑒𝑡𝑟𝑎𝑙 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛1 − 𝐷𝑖𝑎𝑚𝑒𝑡𝑟𝑎𝑙 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛0

𝑡1 − 𝑡0
 

𝑣 =
2,3 𝑐𝑚 − 1,7 𝑐𝑚

0,84 𝑠 − 0 𝑠
= 0,65 𝑐𝑚

𝑠⁄  

Calculation 2. Speed of inflation at the end of the inflation time based on the diametral 

location as a function of time for a parison with 4 Wt.-% based on values from Table 20. 

𝑣𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 =
𝐷𝑖𝑎𝑚𝑒𝑡𝑟𝑎𝑙 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛3 − 𝐷𝑖𝑎𝑚𝑒𝑡𝑟𝑎𝑙 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛2

𝑡3 − 𝑡2
 

𝑣 =
3,48 𝑐𝑚 − 2,16 𝑐𝑚

5,4 𝑠 − 3,7 𝑠
= 1,34 𝑐𝑚

𝑠⁄  

Table 21. DSC results of the pre-curing degree of Addisil 2080E. 

  Pre-curing degree [J/g] 

Material_Temp._Revolutions Values Average Dev St 

Add2080_115_41 0 2,1 0 0 1,21 

Add2080_115_60 0 0,2 0 0,067 0,12 

Add2080_120_41 0 0 0 0 0 

Add2080_Unvernetzt 0,29 0,32 0,33 0,31 0,023 

 

Table 22. DSC results of the final curing degree of Addisil 2080E. 

  Final curing degree [J/g] 

Material_Temp._Revolutions Values Average Dev St 

Add2080_115_41 6,61 5,98 6,25 6,28 0,32 

Add2080_115_60 6,33 6,3 6,41 6,35 0,057 

Add2080_120_41 6,36 6,72 6,81 6,63 0,24 

Add2080_Unvernetzt 6,19 6,2 6,29 6,23 0,055 
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Table 23. Data used for the calculation of the temperature of contact between the heated 

tool and the silicone parison. 

 2 1 

Parameter Aluminium Addisil 2040E Addisil 2060E Addisil 2080E 

T [K] 463,15 298,15 298,15 298,15 

λ [W/mK] 237 0,2 0,2 0,2 

ρ [Kg/m3] 2700 1130 1170 1180 

Cp [J/KgK] 897 1400 1400 1400 

 

Calculation 3. Example of calculation of the heat penetration number for Addisil 2060E. 

𝐛𝟏,𝟐 = √𝛌𝟏,𝟐𝛒𝟏,𝟐𝐂𝐏𝟏,𝟐
                                                       (6) 

𝑏1 = √0,2 𝑊
𝑚𝐾⁄ × 1170 

𝐾𝑔
𝑚3⁄ × 1400 

𝐽
𝐾𝑔𝐾⁄ = 572,36 

𝐽
𝐾𝑚3√𝑠

⁄  

Calculation 4. Example of calculation of the temperature of contact between Addisil 

2060E and the heated tool. 

𝑇𝐾 =
𝑏1𝑇1+𝑏2𝑇2

𝑏1+𝑏2
                                                          (7) 

𝑇𝐾 =
(572,36 𝐽

𝐾𝑚3√𝑠
⁄ × 298,15 𝐾) + (23958,09 𝐽

𝐾𝑚3√𝑠
⁄ × 463,15 𝐾)

(572,36 𝐽
𝐾𝑚3√𝑠

⁄ + 23958,09 𝐽
𝐾𝑚3√𝑠

⁄ )
= 572,36 𝐾 

Table 24. Results of the calculations for the heat penetration number for aluminium and 

the silicone rubber and the resulting contact temperature. 

b2 b1_2040E b1_2060E b1_2080E 

23958,09 562,49 572,36 574,80 

    

 Addisil 2040E Addisil 2060E Addisil 2080E 

T [K] 459,36 459,30 459,28 

T [°C] 186,21 186,15 186,13 
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Figure 51. Addisil 2060E Bottle - 12 seconds at 0,15 bar and 12 seconds at 1 bar. 

 

 

 

Figure 52.  Diagram of the force in function to the elongation for the tensile test of the 

weld seams for bottles made with Addisil 2060E 
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Table 25. Results for the Tensile Test for the weld seams for bottles produced with Addisil 

2040E and Addisil 2060E. 

 Fmax Fbreak 

 N N 

2060Try2 30,08 24,27 

2060Try1 20,23 19,24 

2040Try1 47,79 31,56 

2040Try2 25,46 22,03 

 

Table 26. Wall thickness distribution in weld seams - Addisil 2040E. 

 Addisil 2040E 

 Sample 1 - Thickness  [mm] Sample 2 - Thickness  [mm] 

Point Left  Middle Right Left  Middle Right 

1,2 1,.75 2,14 0,21 1,7 0,89 1,64 

2,2 1,6 2,05 2,03 1,58 2,53 1,76 

3,2 1,35 1,55 2,04 1,38 2,06 1,81 

4,2 1,08 1,4 1,24 1,11 1,3 0,96 

5,2 0,82 1,53 1,75 1 1,52 0,75 

6,2     1,97   1,23 0,85 

7,2     1,77   1,71 0,94 

          1,48   

 

Figure 53. Diagram of the force in function to the elongation for the tensile test of the 

weld seams for bottles made with Addisil 2040E. 

 

Figure 54. Left side of weld seams on digital microscope - Addisil 2040E_Sample 1. 
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Figure 55. Middle of weld seams on digital microscope - Addisil 2040E_Sample 1. 

 

Figure 56. Right side of weld seams on digital microscope - Addisil 2040E_Sample 1. 
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Figure 57. Left side of weld seams on digital microscope - Addisil 2040E_Sample 2. 

 

Figure 58. Middle of weld seams on digital microscope - Addisil 2040E_Sample 2. 
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Figure 59. Right side of weld seams on digital microscope - Addisil 2040E_Sample 2. 

Table 27. Wall thickness distribution in weld seams - Addisil 2060E. 

 Addisil 2060E 

 Sample 1 - Thickness  [mm] Sample 2 - Thickness  [mm] 

Point Left  Middle Right Left  Middle Right 

1,2 1,38 0,19 1,66 1,25 0,22 1,93 

2,2 1,52 2,03 1,78 1,86 2,04 1,62 

3,2 1,45 2,06 2,04 1,95 2,02 1,2 

4,2 1,23 1,58 0,82 1,78 0,76 0,84 

5,2 0,98 1,1 0,2 1,6 1,44 0,92 

6,2 2,88 1,83 0,9   1,76 1,08 

7,2   1,44 1,41   1,84 1,15 

    1,22 1,49       

 

 

Figure 60. Left side of weld seams on digital microscope - Addisil 2060E_Sample 1. 
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Figure 61. Middle of weld seams on digital microscope - Addisil 2060E_Sample 1. 

 

Figure 62. Right side of weld seams on digital microscope - Addisil 2060E_Sample 1. 
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Figure 63. Left side of weld seams on digital microscope - Addisil 2060E_Sample 2. 

 

Figure 64. Middle of weld seams on digital microscope - Addisil 2060E_Sample 2. 
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Figure 65. Right side of weld seams on digital microscope - Addisil 2060E_Sample 2. 
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APPENDIX 2: TECHNICAL DATA SHEETS. 
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