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ABSTRACT 

The objective of the present research is to develop a numerical 

simulation model for the analysis of the building up and the 

relaxation of molecular orientation during the manufacture of 

injection moulded products in order to understand the mechanism 

and to develop methods to reduce the frozen-in orientation. A 

number of experiments are carried out to verify the model. The 

attention is focused on thermoplastic materials and simple 

geometries. 

The constitutive equations of the material are described using 

an extended version of the visco-elastic material model developed 

by Leonov. The extension is necessary to describe properly the 

effects of compressibility which occur in the post-filling stage. 

The volumetric responses are described using two different 

equations of state, the Tait equation and an equation developed by 

Spencer and Gilmore. These constitutive equations are coupled with 

the conservation laws resulting in a set of non-linear coupled 

partial differential equations. The equations are solved using a 

finite-difference method. Stresses calculated with the model are 

coupled to birefringence by means of the stress-optical rule. 

Birefringence on its turn is used to characterize the molecular 

orientation. In order to offer the possibility to study the in

fluence of a thermally controlled, so called active mould wall, 

the mould area is divided into regions with different heights. The 

thermal properties of these layers can be changed and a heat 

source can be made active. Heat transport by conduction and con

vection, viscous dissipation and compression heat are taken into 

account. The model is used to investigate the influence of mould 



elasticity, pressure dependence of the material functions and the 

number of modes used in the Leonov model on the pressure and 

birefringence profiles predicted. 

The material used in the experiments is a Polystyrene from 

DOW-CHEMICAL (PS 678E). Most of the thermal and rheological 

characterization of this polystyrene is performed independently 

and compared with data of the literature. 

The injection moulding experiments are performed on a 35 ton 

Arburg machine with a PMC 1000 control system. The machine and the 

mould are equiped with thermocouples and pressure transducers at 

different locations to follow the dynamic pressure and temperature 

profiles during every cycle. Special attention has been paid to 

the measurement of the temperature of the melt which enters the 

cavity. Experiments using different values of the melt 

temperature, the flow rate and the packing pressure are performed. 

From all the samples two birefringence components are determined 

using a Polarizing Microscope with a compensator. Furthermore the 

thickness of the samples is measured as a function of the flow 

length by TESA equipment. 

The results of the model are compared with the experimental 

results. A reasonable agreement is observed. Qualitatively the 

calculated results agree well with the experimental ones. 

Differences, however, in the absolute values of the experimental 

and calculated birefringence occur. With a sensitivity analysis of 

the influence of different material properties on the calculated 

pressure and the frozen-in birefringence profiles, these differen

ces are investigated. This analysis shows that the pressure depen-



dence of the viscosity and the relaxation times, the non

equilibrium specific volume data, the rheological data in the 

entire temperature region and the stress optical coefficient 

should be determined independently. 

All tendencies in the experimental birefringence components, 

caused by the different processing condi tlons, are predicted by 

the model. It can be concluded that the model can be used to 

optimize the processing conditions and the geometry of the 

insulation layer together with a heat flux profile to mould high 

quality products with minimum frozen-in orientation. The 

application of a heater minimizes the frozen-in birefringence at 

the wall while a prescribed packing pressure profile minimizes the 

level of the intermediate zone. 

Experiments are performed to evaluate this last strategy. 

Products with less frozen-in orientation and even larger thickness 

compared to those of a standard cycle, could be produced by 

applying an optimized packing pressure profile. 
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CHAPTER 1 

INTRODUCTION 

1.1 The importance of injection moulding 

Injection moulding of parts of complex shape is a method widely 

used for the mass production of plastic products. Driven by the 

development of new polymers and precise moulds and moulding 

machines, there is a tendency to manufacture accurately-sized and 

geometrically-complex products by injection moulding, e.g. compact 

discs, optical lenses and air bearings. Injection moulding has 

specific advantages, such as high production rates and the faci

lity to combine a number of functions in one product. However, 

because of the anisotropy of polymeric materials, polymer proces

sing is usually complex. To manufacture products with high speci

fications in terms of optical properties or dimensional stability, 

knowledge is required how the processing variables, the mechanical 

and flow properties of the material, the geometry of the mould 

will influence the final properties of the product. Figure 1. 1 

gives a schematic of the interrelationships . 

Equipment 
(Die, 

mould) 

Material 
{VIscosity, 
e lastlcl ty) 

Processing Condition 
(Temperature,flow rate 
pressure, etc. ) 

" 
Final state of the product 

(Mechanical properties, frozen-In strain, 
orientation and stresses, dimensions) 

Fig. 1. 1 Schematic of the interrelationships. 
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Referring to fig. 1. 1, one can conclude that adjusting the 

mould geometry, changing the material and altering the process 

conditions, all influence the final state of the product. The 

effect of these changes on the final properties is far from 

obvious. This often results in a large amount of trial and error 

when new products are introduced. Numerical tools can speed up 

product innovation and reduce the costs involved. 

This investigation focuses on the understanding and the 

prediction of molecular orientation, which is introduced and 

frozen-in during the process when the polymer undergoes 

simultaneous mechanical and thermal treatment in the fluid, 

rubbery and glassy states. This frozen-in orientation affects the 

physical and mechanical properties, dimensional stability and the 

appearance of the finished product. It results in anisotropy of 

mechanical, optical and thermal properties. Examples of this are 

that the direction dependence of the thermal conductivity and the 

thermal expansion coefficient directly influence the time 

dependent spatial temperature distribution and the build-up of 

thermal stresses during the entire process, anisotropy in elastic 

moduli influences warpage and anisotropy in the refractive indices 

causes birefringence. 

1.2 The injection moulding process 

Plastic parts are extensively used for the professional and 

consumer products, especially in the electronics industry. Mass 

manufacturing is often achieved with the injection moulding 

process. There are a number of variations in injection moulding 

machines, see e.g. Rubin (1973). In most cases, however, modern 

injection moulding machines employ a reciprocating single-screw 
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extruder, see figure 1.2 for a schematic illustration. 

Clamping unit I Screw extruder I 
i 

Fig. 1.2 Schematic drawing of an injection moulding machine. 

The screw extruder is used for transport, pressurizing and 

plasticising the material, which is supplied in granular or powder 

form. The polymer is melted by heat conducted through the barrel 

wall and by the frictional heat generated in the already molten 

material. During plasticising, the melt is accumulated in front of 

the screw, which is driven back against the adjustable pressure in 

the hydraulic system. During injection the screw is pushed forward 

and forces the polymer melt through the injection gate into the 

empty cavity of the closed mould. A valve in the top of the screw 

prevents back flow. Once the mould has been filled, the screw is 

held under pressure in order to force more material into the 

cavity to compensate for shrinkage due to the cooling. When the 

gate freezes off, material supply is not possible anymore and the 

product cools further down without compensation for shrinkage. The 

mould is cooled by cooling water that circulates through channels 

to keep the mould cavity walls at a temperature between room 

temperature and the glass transition temperature of the polymer. 
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When the product is cooled to a state of sufficient rigidity, the 

mould opens and the product is ejected. 

1.3 Problem specification 

The flow of polymer melts into a cold cavity is a typical 

example of an unsteady, non-isothermal, three dimensional flow of 

compressible, viscoelastic fluids. One of the characteristics of 

the injection moulding process is the coupling between the flow 

and the cooling process. Every particle in the material experien

ces a different thermo-mechanical history. During the process, the 

polymer is subject to mechanical and thermal influences in the 

fluid, rubbery and glassy states. 

When the melt flows through the gate into the cavity, molecular 

orientation will arise in the polymer due to the stresses induced 

by the flow. Because of the viscoelastic nature of polymers both 

shear and normal stresses are present. The cooling rates are high, 

especially near the walls, where layers with much orientation 

directly solidify without being able to relax. After filling, 

there is an abrupt increase in pressure during packing and the 

compressibility of the melt causes an extra material flow into the 

cavity. In this stage, a fast transition from the non-uniform 

pressure field at the end of the filling stage to a uniform 

packing-pressure level occurs. Part of the stresses induced during 

injection can relax. The amount of stress relaxation depends on 

the rate of cooling, which depends strongly on the distance to the 

wall, since polymers themselves are poor heat conductors. Con

sequently, much of the flow induced stress, built-up initially in 

the melt close to the walls will remain as frozen-in stress. In 

the meantime thermal stresses are created in these layers because 
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of the inhomogeneous cooling and the prohibited shrinkage. Con

sequently, there are two types of stresses, which both contribute 

to the final frozen-in residual stress. A discussion on these two 

types in connection with molecular orientation is given in the 

next paragraph. 

During the holding stage, after packing, two phenomena become 

competitive. First the high packing pressure, which forces more 

material into the mould to compensate for shrinkage, tries to 

maintain a uniform pressure level. Secondly, the continuous 

cooling increases the viscosity and the density. An increased flow 

resistance means that the flow cannot respond to the mass flow 

rate demand associated with the increasing density. The pressure 

decays, starting at the end of the cavity. Again pressure 

gradients, resulting in flow induced stress profiles, are built 

up. Although shear rates are low, the stresses can be high due to 

the continuously increasing viscosity. If the gate freezes off, no 

more material can enter the mould and the pressure in the mould 

falls more rapidly. As cooling proceeds, the temperature decreases 

and relaxation times increase. The build-up of residual stresses 

continues in the material which is still constrained by the mould 

walls. When the part is rigid enough, the product is ejected. Then 

it is no longer supported by the mould and the stresses tend to a 

new equilibrium, which causes warpage and shrinkage. The core of 

the product finally solidifies and the build-up and relaxation of 

residual stresses continues until thermal equilibrium is reached. 

During its life the product will be subjected to physical aging. 

In that period, the product continious to tend to its final 

mechanical properties and dimensions. 
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1.4 Residual stress and molecular orientation in injection 

moulding 

The total frozen-in stress distribution and the frozen-in 

orientation are important to the mechanical and physical proper

ties of the final product. To understand the final frozen-in 

situation correctly it is necessary to distinguish the different 

phenomena. 

Orientation can be regarded as the frozen-in picture, on a 

molecular scale, of the deforming material as it existed during 

processing. The material is oriented when the spatial distribution 

of chain segments is no longer random. Long-range molecular 

reordering is possible until the glass transition temperature is 

reached. The spatial distribution of the chain segments will be 

frozen-in, as it was just before passing T . The frozen-in state 
g 

of orientation, below T , is independent of temperature. 
g 

Frozen-in orientation and residual stresses are related. There 

are different types of residual stress in injection moulded 

pieces, i.e. stresses accompanying frozen-in molecular 

orientation, the so called entropy or flow induced stresses and 

stresses caused by inhomogeneous cooling and prevented shrinkage, 

the energy elastic or thermal stresses. The flow induced stresses, 

which give rise to molecular orientation, develop when the polymer 

is in the fluid and rubbery states i.e., above the melting point 

or glass transition temperature. These stresses appear mostly as a 

result of the cavity filling stage with an additional contribution 

due to the packing stage. Entropic stresses are due to the 

combined effect of oriented chain segments and their thermal 

vibrations. Thermal stresses arise during the rapid cooling, due 

to the inhomogeneous temperature and the prevented shrinkage. They 
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develop when the material is in the glassy state, i.e. below the 

melting point or glass transition temperature. Thermal stresses 

result from deformations of primary or secondary chemical bonds. 

Both types of stress are frozen-in and influence the final proper

ties of the product. The frozen-in stresses can cause various 

phenomena such as shrinkage, crazing and warpage. From the 

description above, it can be concluded that the development of the 

residual stress field in an injection moulded article is rather 

complex. The flow-induced and thermal-induced stresses are coupled 

(lsayev 1987) and no single constitutive equation seems capable of 

describing the full behaviour of the polymer through the 

injection, packing and cooling stages. The problem is thus divided 

into parts. 

In this thesis, frozen-in orientation in amorphous thermo

plastic material will be studied. It is therefore necessary to 

follow the build-up and relaxation of molecular orientation until 

the glass transition temperature is reached. The information on 

the relation between the material used, the processing conditions 

and the resulting frozen-in orientation is important for the 

understanding and control of the final properties of the moulded 

objects. Because of the complexity of the process, numerical 

simulation is essential to understand the details. 

Well-defined experiments are necessary to verify the numerical 

model. Molecular orientation can be measured by a number of 

methods. Birefringence or double refraction is the measurement 

most applied. The empirical stress-optical rule, which will be 

discussed in more detail in [3.4.5], couples the residual stresses 

to birefringence by means of the stress optical coefficient. Tabel 

1. 1 shows values of the stress optical coefficient, taken from 

literature, of different polymers in the glassy and fluid states. 
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It should be noted however that the stress-optical coefficient C 

depends on the temperature and time, particularly for the glassy 

state and in the transistion zone from the glassy to the rubbery 

states (lsayev 1983). 

c c Source 
£1 uld solid 

(10-12 m2/N) (10-12 m2/N) 

PS - 4800 + 11 Wales 1976 

PC + 3500 + 92 Greener 1989 

PMMA - 110 - 3.8 Hong 1983 
Retting 1979 

Table 1. 1 Stress optical coefficient values in the fluid and the 
solid states of different polymers. 

Many investigations of frozen-in birefringence have been 

carried out with Polystyrene for which the stress optical coef

ficient in the fluid and rubbery states is almost three orders of 

magnitude larger than in the glassy state. This means, at least 

for PS, that the contribution of energy elastic stresses to the 

birefringence level in the moulded part is quite small in 

comparison with the contribution of entropic stresses. This does 

not mean that the energy elastic stresses are small. So, for PS 

frozen-in birefringence can be used to investigate the flow

induced stresses. 

1.5 Literature review 

The simulation of the injection moulding process for molten 
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polymers has received considerable attention in the literature. 

Most of the available literature covered the simulation of the 

filling stage, using a generalized Newtonian fluid model. Basic 

papers in this field are those from Hieber and Shen (1980) and 

Shen (1986). A useful overview of the existing models concerning 

the filling stage is given by Hieber (1987). All these models used 

inelastic material behaviour and neglected the packing and cooling 

stages. Compared with the filling analysis, little experimental or 

theoretical work has been carried out with regard to the packing 

stage. Chung (1981 and 1985) considered a Newtonian fluid under 

isothermal conditions with the equation of state corresponding to 

that of Spencer and Gilmore (1951). Huilier et al. (1988) also 

incorporated non-isothermal effects and used the Tait equation of 

state. None of these models can be used to describe the flow

induced stress or the frozen-in orientation because they use in

elastic material behaviour. They therefore cannot predict effects 

such as normal stresses and relaxation, which are essential to 

frozen-in orientation. 

Most of the studies on frozen-in orientation are experimental. 

Wales (1976) measured birefringence distributions from different 

materials in a slit apparatus. This work is important since it 

involves the injection moulding of well characterized materials. 

Isayev (1983) measured birefringence components for strips and 

runners. He investigated the effect of processing conditions. 

One of the first attempts to predict frozen-in orientation in a 

quantitative model has been carried out by Tadmor (1974). He 

presented two major sources of orientation in injection moulding: 

the elongational flow in the melt front and the shear flow behind 

it. He attempted to explain the complex orientation distribution 

using a semi-quantitative model based on macro molecular theories. 
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Janeschitz-Kriegl (1977) derived a simple theoretical description 

of birefringence in moulded parts. Using Newtonian fluid, he 

proposed a model for determining the thickness of the frozen layer 

and qualitatively he predicted the birefringence profiles. Dietz, 

White and Clark (1978) extended this approach. They developed a 

semi-empirical model for the orientation development and relaxa

tion. An isothermal power law model was used to calculate the 

shear stress. The thickness of the solidified layer is based upon 

the transient one-dimensional conduction problem for a semi

infinite solid. Their first normal stress difference is based upon 

an empirically determined correlation between shear stress and 

normal stress. A linear viscoelastic Maxwell model was utilized to 

describe the stress relaxation in the cooling stage. Greener and 

Pearson (1983) followed this model but used a viscoelastic 

equation derived by Marucci (1973) to describe the non-isothermal 

stress relaxation process after filling. These models on frozen-in 

orientation neglect viscoelasticity during the filling stage and 

the influence of the packing stage. 

A more rigorous model for predicting orientation was developed 

by Isayev and Hieber (1980) using a Leonov constitutive equation 

during the filling and the cooling stage. They described an 

idealized problem in which a polymer melt at uniform temperature 

and fully developed flow between parallel plates has been 

considered. The temperature of the plates is abruptly lowered to 

below T , and the developing temperature is calculated in terms of 
g 

transient one-dimensional heat conduction. Sobhanie and Isayev 

(1989) extended this work to disc flow. Liou and Suh (1988) also 

followed this work and tried to control the birefringence level by 

applying a passive insulation layer on the cavity surface. 

Mavridis et al. (1988) studied the influence of the fountain flow 
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on the frozen-in orientation using the Leonov model. 

These models, following the basic paper of Isayev and Hieber 

(1980), solve a simplified form of the energy equation. This is an 

important aspect because the transient spatial temperature distri

bution controls the relaxation process. However, the most impor

tant limitation of these models is the lack of treatment of the 

post-filling stage. They all approximate the relaxation of shear 

and normal stresses, after filling of the mould, by the relaxation 

of stresses upon cessation of simple shear flow. However, due to 

the density differences in the mould, deformation will occur until 

the glass transition temperature is reached. The development and 

relaxation of stresses during the post-filling stage, when defor

mation is allowed, is totally different from the situation when 

deformation is prohibited. 

1.6 Objective and framework of this thesis 

The objective of this thesis is to understand the mechanism 

behind frozen-in orientation and to develop methods to reduce the 

frozen-in orientation. Apart from changing the polymer or the 

polymer molecular weight distribution, which is not investigated 

here, this can be achieved by adjusting the processing parameters 

such as: flow rate, melt temperature, mould wall temperature, 

packing pressure and packing time. Because of the viscoelastic 

character of the polymer, it is necessary to follow the develop

ment and relaxation of shear and normal stresses throughout the 

various stages of the moulding cycle. Furthermore, the transient 

spatial temperature distribution is important, because it controls 

the relaxation process. In this thesis all the physical aspects, 

which are important to the temperature distribution, such as heat 
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transport by conduction and convection, viscous dissipation and 

compression heat are taken into account. The temperature develop

ment in the mould will be coupled to the temperature development 

in the polymer. The influence of mould elasticity is studied and 

material deformation is allowed, during all the stages, until the 

glass transition temperature of the polymer is reached. 

In order to reduce frozen-in orientation the ideal condition in 

injection moulding is to have a hot mould during filling to allow 

flow induced stresses to relax and a cold mould for cooling. 

However, it takes a long time for the complete mould to go through 

this thermal cycle, because of its thermal inertia. A better solu

tion would be the application of a thin heater layer with a low 

thermal capacity. Active control of the mould surface temperature 

is then possible without increasing the cycle time too much. 

Numerical calculations are carried out to study the effect of a 

controlled temperature surface on frozen-in orientation. 

The present work employs a constitutive equation proposed by 

Leonov (1976). However, this model cannot be directly applied to 

the packing stage, because it is derived to describe incompres

sible media. An adaption of this model to a viscoelastic 

compressible model is outlined in Chapter 2. A kinematical split 

in the deformation gradient tensor is introduced to properly dis

tinguish the volumetric and deviatoric responses. 

In Chapter 3, the equations of change together with the consti

tutive equation and the equation of state are simplified by using 

the lubrication approximation. Furthermore, the numerical scheme 

to achieve the simulation results is outlined. 

An important aspect of numerical simulation, concerns the input 

of the material functions. The results of the simulation strongly 

depend on the accuracy of these material functions. All the 
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material parameters which are needed for the simulation are 

measured and described in Chapter 4. 

In Chapter 5, results of the numerical model are presented. 

Different processing conditions and the influence of an insulation 

layer with and without a heater are investigated. Furthermore the 

sensitivity of the most important material parameters is tested. 

In Chapter 6 the experiments are described. This includes the 

description of the equipment used and the presentation of the 

experimental results. Chapter 7 deals with the comparison between 

theoretical and experimental results. Chapter 8 concludes with 

comments on the method proposed and with recommendations for a 

follow-up of the research. 
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CHAPTER 2 

THE COMPRESSIBLE LEONOV MODEL 

2.1 Introduction 

The modelling of the polymer material is important to the 

simulation of frozen-in orientation. It is necessary to follow the 

development of shear and normal stresses throughout all the stages 

of the injection moulding process. Since relaxation phenomena are 

important, a viscoelastic material model must be used. In this 

thesis the multi-mode Leonov model is used (Leonov 1976,1987), for 

a number of reasons: 

because its predictive capability is reasonable good in 

different shear flow situations including one-dimensional steady 

and oscillatory flows, single-step-shear experiments, stress 

relaxation following a step shear strain and elastic recovery 

following steady shear flow, at least for amorphous thermo

plastic materials (Upadyay 1982, 1984, Larson 1988); 

- the Leonov model only needs linear dynamic data to evaluate the 

model parameters (e.g. G' (w) and G'' (w)); 

- the relatively simple form of the model has proved to be 

accurate and easy to compute, not only in simple shear but also 

in shear-dominated flows, such as transient flows in channels 

(Upadhyay 1986); 

- not many model parameters are usually required to describe 

adequately the non-linear and transient responses (Shen 1983). 

During the flow of a material a part of the energy supply is 

stored and a part of it is dissipated. Under isothermal conditions 

the storage can be described by the free energy function f=f(~ ), 
e 

in which IB is a state variable, 
e 

characterizing the internal 
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macromolecular structure of the fluid. The stored elastic strain 

is allowed to dissipate by non-equilibrium processes. Leonov' s 

approach is to relate the reversible part of the stress tensor 

directly to the state variable. Quasi-linear irreversible thermo

dynamics is used to describe the dissipative mechanism. Leonov 

constrained the elastic strain tensor to have unit determinant. 

This corresponds to an incompressible condition. However, compres

sibility effects are important, particularly in the post-filling 

stage. So it is necessary to adapt the model. The essence of the 

derivation of the equations and the underlying assumptions 

together with the extension to describe compressibility, are pre

sented in this chapter. 

2.2 Kinematics of viscoelastic media 

In this paragraph the kinematic assumptions, including compres

sibility, will be discussed. From this assumptions it will be 

possible to relate the elastic strain to the deformation history. 

current 

Fig. 2.1 Different configurations. 
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Leonov introduced the following configurations: the reference 

C , the current C and the relaxed C , see fig. 2. 1. He postulated 
0 t p 

that the medium at any time t can be characterized by an unloaded 

state C , which is the state that would be recovered if all loads 
p 

were removed from the sample. The following deformation tensors 

are introduced: the complete (IF), the recoverable (IF ) and the 
e 

irreversible (IF ), using the assumption that IF can be decomposed 
p 

in an elastic IF and a plastic IF part 
e p 

IF = IF ·IF 
e P 

(2.1) 

An infinitesimal volume dV
0 

in C
0 

is related to the same material 

volume dV in C by 
t 

J = detiF 

Analogous to (2.2) it holds that 

J = detiF 
e e 

J = detiF 
p p 

= 

= 

dV 
dV 

0 

dV 
av 

p 

dV 
= p 

dV 

(2.2) 

(2.3) 

Leonov stated that the density of a polymer after unloading is the 

same as before the deformation, so 

dV = dV (2.4) 
p 0 

This means that the polymer cannot be given a permanent volume 

change and that all the volumetric changes are embedded in IF . To 
e 

properly define volumetric and deviatoric responses in the non-

linear range, the following kinematic split following Baaijens 
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(1987) and Flory (1960) ls introduced 

1/3 

IF=J IF 
e e 

Chapter 2 

-113 

IF=J IF (2.5) 
e e 

Since det IF = 1 IF is the volume-preserving part of the defor-
e e 

mation gradient IF, see fig. 2.2 
e 

current 

Fig. 2.2 Decomposition of the elastic deformation into a 
volumetric and a deviatoric part. 

Associated with IF, IF and IF the corresponding Finger strain ten-
e e 

sors are respectively 

IB IB = F . u::c (2.6) 
e e e 

IB and IB are related to each other by: 
e e 
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-2/3 

iB=J 1B (2.7) 
e e 

IB represents the Finger strain tensor of the current configura-
e 

tion with respect to the relaxed configuration. It is assumed 

that the condition of the network is completely characterized by 

the internal variable IB . 
e 

Let (2.8) 

with II.. the global velocity gradient tensor and 'i/v the dyadic 

product of the gradient operator with the velocity vector in the 

current configuration. 

Then IF = IL·IF (2.9) 

Analogous to (2. 1), II.. is decomposed in an elastic and a plastic 

part 

11..=11.. +II.. (2.10) 
e P 

Defining the elastic part of the velocity gradient tensor 

analogously to (2.9) and substitution of (2.1) into (2.9) using 

(2. 10) leads to 

II.. ( 2. 11) 
e 

The corresponding rate of deformation tensors and vorticity ten

sors are defined by 

[l = .:(11.. 
2 

+ II.. c) w = .:co.. - ILC) 
2 

[l = .:(11.. + II.. c w = .:co.. - II.. c (2. 12) 
e 2 e e e 2 e e 

[l = .:co.. + II.. c w = .:co.. - ILC 
p 2 p p p 2 p p 
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From (2.10) and (2. 12), it can be derived that 

ID=ID +ID 
e p 

According to Leonov it is assumed that 

!W = 0 
p 

!W=W +W 
e P 

Using (2.6) and (2. 11), it can be derived that 

e e e e e 

Substitution of (2.7) in (2. 15) yields 

~ !_ rB + IB = n_ ·iB + iB .n_c 
3 J e e e e e e 

Chapter 2 

(2. 13) 

(2. 14) 

(2.15) 

(2. 16) 

The equation of continuity (Bird et al. 1960) can be written as 

J 
J =- e = triD 

p 

Substitution of (2. 17) into (2. 16) results in 

(2.17) 

(2. 18) 
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Define IL d= IL - .:. tr[) 
3 

With (1. 14) and (1.12), it can then easily be derived that 

From (2.5) it holds that 

detiB = 1 
6 

so the respective invariants from B are 
6 

I = triB 
1 e 

I = tr(iB )-1 

2 e 

detiB 1 
6 

and 

(2.19) 

(2.20) 

(2,21) 

Thus the rate of change of the elastic strain is determined by 

lld- [) , the elastic part of the velocity gradient tensor. The dis
P 

sipative process 

instantaneously 

produces an irreversible rate of strain, [) , that 
p 

reduces the rate of accumulation of elastic 

strain. The only difference with the incompressible case is the 

replacement of IL by its deviatoric part lld, see (2. 19). 
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2.3 Thermodynamics of viscoelastic media 

After introducing an elastic strain, the following step is to 

relate the stress to the deformation or deformation history. In 

this paragraph the first and second law of thermodynamics will be 

used to derive this relationship. For the energy equation (the 

first law of thermodynamics) it holds (Bird et al. 1960) 

pe - 'i7.q + lr:ID (2.22) 

The Clausius-Duhem inequality which implies the non-negative in

ternal entropy production as the second law of thermodynamics may 

be written as 

- q 
ps + 'i7. (T) 2: 0 (2.23) 

Next the the Helmholtz free energy f is introduced 

f = e - T·s (2.24) 

Taking now the material derivative of (2. 24) and eliminating e 

from (2.22) it holds that 

pTs = pf + psT- 'i7.q + lr:ID (2.25) 

When making use of 

- q 1 - - q -
'i7. (T) = T('i7.q) - (- )·'i7T 

T2 

equation (2.25) can be written as 
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- q 1(. q -) ps + V. (T) =- T pf- psT- T:D + --.VT 
T2 

(2.26) 

Following Leonov it is assumed that the fluid can be characterized 

by the following set of independent variables 

T • VT • IB 
e 

After Truesdell's (1960) principle of equipresence it is assumed 

that e, f, s, q, T, DP are functions of the same variables T,VT, 

IB. So for the free energy it holds that 
e 

f = f(T, VT, 18 ) 
e 

· of· of - af · 
f = -T + ---. (VT) + ol8 : 18e 

oT o(VT) e 

Substituting (2.27) into (2.26) results in 

- q ps + V. (T) 

af 

p 
s 

af where TP ~.(VT) = Parr - p 818 s 8(VT) 

psT + T:D q -
- T . VT 

and 

(2.27) 

(2.28) 

:18 + 
e e 

Comparing (2.28) with the Clausius-Duhem inequality (2.23) leads 

to 

p a: 0 
s 

(2.29) 

P is the entropy production which is positive for non-equilibrium s 
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processes and zero for thermodynamic equilibrium. From (2.18) and 

(2.29) it follows 

(2.30) 

This inequality should be satisfied for arbitrary T, VT with given 

T, VT and IB . Therefore the coefficients for T and VT should 
e 

vanish, i.e. 

8f 
s = - aT and 8f 

8(VT) 

With (2.31) equation (2.30) reduces to 

0 

ar · 
-p81B :!Be+ i:m- 1·VT ~ o 

e 

Making use of the commutative property 

with (2.19) it holds 

Substitution of (2.33) and (2.29) into (2.32) gives 

(2.31) 

(2.32) 

(2.33) 

(2.34) 



Compressible Leonov model 25 

2.3.1 Equilibrium elastic solids 

For purely elastic materials, with no dissipative mechanisms 

(e.g. rubbers), the relaxed configuration will be the same as the 

original configuration. So 

D = 0 and m = m (2.35) 
p e 

With these assumptions and isothermal condition VT = 0) the 

entropy production is zero. It follows from (2.34) and (2.35) that 

Since this relation must hold for all D 

1f 
af 2pm.am 

2.3.2 Non-equilibrium viscoelastic media 

(2.36) 

For non-equilibrium media m ~ m, while the relaxed configura-
e 

tion is not the same as the original configuration. At this point, 

the most crucial hypothesis of the Leonov theory is introduced. 

The basic assumption of the Leonov theory is that the high

elastlci ty state, characterized by the internal strain m • is a 
e 

local equilibrium state in a thermodynamic sense. The viscous 

behaviour (dissipative mechanism) is a small deviation from the 

local equilibrium. Thus for non-equilibrium media the tensor m 
e 

corresponds to a local equilibrium. Leonov introduced an 

"equilibrium" 

(2.36) 

component 1f of the total stress tensor 1f using 
e 
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(2.37) 

An irreversible stress tensor is defined as 

lf =lf-lf (2.38) 
p e 

It is possible to expand the following tensors into sums of devia

toric and isotropic components 

lf = lfd + l/3Dtrlf 

lf = lfd + 1/3otrlf 
e e e 

lf = lfd + l/3otrlf (2.39) 
p p p 

ID = IDd + l/3UtriD 

Substituting (2.37), (2.36) and (2.39) into (2.34) the following 

expression for the entropy production can be obtained 

+ l/3(trlf )(triD) + l/3(trlf )(triD ) 
P e P 

(2.40) 

As stated before [2.4] all the volumetric changes are embedded in 

IF so 
e 

triD = 0 
p 

With (2.41) equation (2.40) reduces to 

-
TP = - S.vT + lfd:ID + lfd:ID + 1/3(trlf )triD 

s T p e p p 

(2.41) 

(2.42) 
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This equation clearly shows how the dissipation arises in the 

viscoelastic medium. It occurs from non-isothermally (first term 

in 2.41) and from the deviations of Yd from Yd and D from D. This 
e e 

can be concluded from the second term, which combines the dissi-

pative stress part with the global rate of the deformation tensor 

and from the third term, combining the reversible stress part with 

the dissipative part of the rate of deformation tensor. The last 

term in (2.42) is related to the dissipative effect of the volume 

viscosity. 

The elastic part of the stress is given by (2.37). The 

following step is to describe the dissipative components Y and 
p 

D. 
p 

Now the second basic assumption of the approach follows. 

Because the system is presumed to be close to quasi-equilibrium 

(the state of the elastic solids) it can be assumed that the ther-
d -modynamic fluxes, defined as: Y , D , q, trY are related to the 
p p d d 1.: 

thermodynamic forces, defined as: D , Y , V'T, trD, via linear 
e 

relations whose coefficients depend on the internal parameter ~ 
e 

and the temperature T. This is known empirically for a large class 

of irreversible phenomena. The Onsager-Casimir reciprocity theorem 

and Curie's theorem (de Groot and Mazur 1962) give rise to a 

number of relations amongst these coefficients, thus reducing the 

number of independent quantities. Note that the entropy production 

or the dissipation has been written as the sum of products of 

thermodynamic fluxes and their conjugated forces. 

Making use of this linear relationships the constitutive 

equations can be written in a general form 

q = - IK·V'T 
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"O"d = IM<4l:[)d _ IM(4l: "O"d (2.43) 
p 1 2 e 

[) = 1M (4): [)d _ IM(4l:"O"d 
p 2 3 e 

tr"O" = Ktr[) 
p 

If the free energy f is known, this expression gives an 
d and tr"D" . The second order tensor ~ and the fourth equation for "0" 
e e 

order tensors IM<4l are, in general, functions of the state 
k 

variables T and lB. This functional relationship must be 
e 

isotropic. It should be noted that the process fluxes are linear 

in the process forces because the deviation from equilibrium is 

assumed to be small, however the equilibrium state (high 

elasticity) can be highly non-linear and flow-induced anisotropic 

effects such as anisotropic heat conduction and anisotropic 

viscosity can be taken into account. 

In equation 2.4.3 the total elastic or reversible part of the 

stress is given. In section 2.2 a kinematical split in the elastic 

strain tensor is introduced to distinguish the volumetric and 

devlatoric part. In the next paragraph this split will be used to 

find relations for the isotropic and deviatoric part of the 

elastic stress. 

2.3.3 Elastic stresses in isotropic materials 

As shown in 2.3.2 the Cauchy stress tensor is a function off 

and IB 
e 

The elastic deformation gradient IB may be e expressed 

(2.44) 

as the 
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product of two deformations, one a pure dilation and the other a 

distortion at constant volume. 

2/3 

IB = J ii3 (2. 45) 
e e 

The objective of this paragraph is to express the Cauchy stress as 

a function of J and IB . In (2. 7) and (2. 27) it was stated that 
e 

f=f(T,IB) and IB = 1B (J,iB) so 
e e e e 

f = f(T,J,IB) 
e 

From (2.46) it follows that: 

e 

With (2.2) it is obtained 

det IB = detiF ·detiFc J2 
e e e 

and J = (detiB ) 1/2 

e 

Differentiating (2.49) with respect to IB results in 

with 

e 

a ( detiB ) 1/
2 8(detiB 

-~:::--e __ = 1/2 ( detiB ) - 1/ 2 

e 

8(detiB ) 
--=;:--e- = de tiB IB -t 

e e 
e 

e 

so 

BJ = 1/2(detiB )1
/2 IB- 1 = 1/2JIB-1 

e e e 

818 
e 

e 

(2.46) 

(2.47) 

(2.48) 

(2.49) 

(2.50) 

(2.51) 
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The second term in (2.47) can be elaborated by application of the 

chain rule together with (2.45). It can be shown that 

BIB 
e J-2/3 [ 04 - l/31B IB-11 

BiB = 
e e 

e 

Combining (2.47) with (2.50) and (2.52) results in: 

Bf = Bf ·t/2JIB-t + 
BIB BJ e 

e 

= 1121Bf ·IB-1 + 1-2/3Bf _ 1131-2/3 (~: IB J IB-1 
BJ e BIB BiB e e 

e e 

Making use of (2.53) and 

+2/3 
IB=J IB and 

e e 

equation (2.45) can be written as 

= p -· 0 + 2p IB · Bf {- Bf 
oBJ e BiB 

e 

- 1/3i8 . (~: i8 J iB-
1

} 
e BiB e e 

e 

(2.52) 

(2.53) 

(2.54) 

For isotropic, compressible materials it can be shown that if f 

depends on T, J, i8 , it must also be a function of T, J, I and 
e 1 

- - - - --1 I where I = triB and I = triB . Note that the term isotropic, 
2 1 e 2 e 

in this context, does not imply that the material functions cannot 

be a function of the orientation. It means, that these materials 

do not have a preferred orientation when they are in rest. 

For the free energy it holds that 
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f = f(T,J,I ,! > 
1 2 

31 

(2.55) 

From the definitions of I
1 

and I
2 

it can be derived that 

(Jongschaap 1983) 

a I a I 
1 and 2 I g - IB = --

alB a~ 
1 e 

e e 

Wl th this equation it is possible to write 

af af 
a I af a I af af 

(! 1 o - 03 e) 
1 2 

0 + -- + 
alB a I BIB a I alB a I ar 

e 1 e 2 e 1 2 

(2.56) 

so 

IB af af - ! 8f - 8f IB ·IB -- -IB + -IB 
e alB a'i e 1 

81 
e a I e e 

e 1 2 2 

(2.57) 

With the Cayley-Hamilton relationship (Jongschaap 1983) it holds 

-2 - - - --1 1B = I 1B - I g + IB 
e 1 e 2 e 

(2.58) 

Using (2.56) it can be written 

8f - af - 8f [ 2 -a] -:IB = triB + - (triB ) - triBe 
81B e a! e a! e 

(2.59) 

e 1 2 

For the invariants of 03 it holds that 
e 

I = triB 
1 e 

I = 1/2[(triB )2 
- tr032 

] = triB-
1 

2 e e e 
(2.60) 

Using (2.59) and (2.60) it can be derived that 
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iB • ( ~: iB ) iB-1 

e aiB e e 
(2.61) 

e 

Combining (2.54) with (2.57) and (2.61) it holds that 

8f 
lf e = po8J U + 2p{8~ (iB -1/3 I u) - 8~ (iB-

1 
- 1/3 I o)} 

81 e 1 81 e 2 
1 2 -

(2.62) 

It is now possible to give a resume of the Leonov model in its 

most general form. Combining (2.43), (2. 19) and (2.62) leads to 

lf = lf + lf f = f(T,J,iB) 
e p e 

Bf r Bf 

•:·} tr lf 3p lfd -d 
= 2p -113 

e 0 BJ e ai e a I 
1 2 

trlf = Ktr[) lfd = 1M ( 4) : [)d - 1M (4) : lfd (2.63) 
p p 1 2 e 

A further simplification of this set of equations is presented in 

the next paragraph. 
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2.4 Constitutive equations for compressible polymer liquids 

2.4.1 Introduction of an elastic potential 

Following Simo (1987) it is postulated that the free energy f 

may be expressed as the sum of two terms 

(2.64) 

This decomposition implies 

(volumetric part) and on I , 
1 

that the dependence of f on J 

(deviatoric part) can be treated 

separately. Furthermore it is assumed that 

p f(T, I . I ) ~ pf(T, I1, I2) 
0 1 2 

The elastic potential W is introduced as 

(2.65) 

With (2.65) and (2.63) the equation for Id results in 
e 

(2.66) 

This equation shows that the elastic part of the stress can be 

derived from an elastic potential. The relations describing the 

dissipative components I and D (2.63) are still very general. A 
p p 

simplification of this relationships is the subject of the next 

paragraph. 
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2.4.2 Rheology of a non-linear Maxwellian material 

The rheological equations (2. 63) are of a general nature. The 

mechanical analog of this constitutive equation can be 

represented by a nonlinear spring-dashpot in parallel to another 

dashpot as shown in fig. 2.3. 

Special cases of (2.63) are 

Voigt medium 

Maxwe 11 medium 

IM( 4 l = 10 
3 

The mechanical analogs are also given in fig. 2.3. 

a) 

JD 7f.d 

,:d-1 : p 
7fd 

b) • 
JD 

U)d 
e 7fd 

e 

c) 

!Dp IDe 
7fd---t>---~ 7fd 

7fd 7fd+7f.d e p 

UJ=IDe+UJp 

7fd 7f.d+ 7f.d e p 

UJ = ID9 

Fig. 2.3 Mechanical analog of (a) general viscoelastic medium, 
(b) a Voigt medium, (c) a Maxwellian medium. 
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The Maxwellian type, which is characterized by a viscous and an 

elastic element in series, gives a satisfactory description of the 

behaviour of concentrated polymer solutions and melts. For Maxwel

lian media it holds that 

- - -d 
= C (T, I , I )18 

1 1 2 e 

(2.67) 

- - --d C (T, I , I )IB 
2 1 2 e 

Leonov used a non-equilibrium potential 'II to express [) by an 
p 

analog of (2.66) 

[) = 2~ ~d - 2~ ~-d (2.68) 
P 8I e 8I e 

1 2 

Note that the elastic potential links the elastic stress with the 

elasti~ strain and the non-equilibrium potential links the elastic 

strain with the irreversible rate of strain. In the case of (2.67) 

this leads to 

C = 2~ and 
1 

8I 
1 

c 
2 

2~ 
8I 

2 

(2.69) 

so that the factors C are assumed to be derivable from a poten
t 

tlal w(l , I ) , which is assumed to be a symmetrical function of 
1 2 

I and I , i.e. 
1 2 

w(I , I ) = w(I , I ) 
1 2 2 1 

(2.70) 

This assumption introduces an non-linear relationship between [) 
p 
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and lrd (Upadhyay 1982). The non-equilibrium potential iV depends 
e 

only on the elastic potential and is related with it in a simple 

manner 

ijl = ijl( w ) 
s 

2W = W(I • i ) + W(I • I ) 
s 1 2 2 1 

(2. 71) 

d W ~(W ) 
s s 

where ~(W ) has the meaning of a characteristic scalar coefficient 
s 

of viscosity. The viscosity increases steeply with the recoverable 

strain and ~ can be expressed by a function of exponential type 

(2.72) 

with f1 high elasticity modulus 

~ dimensionless constant only depending on the type of 

polymer 

It is well known (Ferry 1960) that a Maxwell model can describe 

the relaxation phenomena but not the retardation inherent to the 

polymer system. This can be taken into account by taking IM( 4
J 

1 

equal to a scalar m. This addition can be considered as an exten-

sion to a special Jeffrey's medium 

(2.73) 
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With (2.66), (2.68), (2.71), (2.72) and (2.73) the total set of 

(2.63) transforms into 

lr lr + lr 
e p 

w = 1/2(wcl ,I J +wei .I J) 
s 1 2 2 1 

trlr 
e 

= 3p 
0 

trlr = KtrD 
p 

af 
0 lrd 

e 

lrd 
p 

raws -d 
-IB 
I e 

1 

= 

::: 

2aw iBd 2aw iB-d 

a! e a I e 

1 2 

2m(T)exp(~ W
9
)Dd 

(2:74) 

To complete this set of equations it is necessary to specify: 

-the elastic potential W(T,I ,I) 
1 2 

- the relationship between f and J 
0 

- five material parameters~. ~(T), m(T), ~(T), K. 

2.4.3 Extension to the multi-mode case 

To obtain good agreement between theory and experiment for the 

rheological behaviour of a polymer melt, it is necessary to intro-
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duce a multi-mode approach. Leonov generalized the model by 

assuming that the nonlinear relaxation properties of the system 

can be described by a set of mutually non-intersecting relaxation 

modes. The elastic potential W is given as 

n 

w = E w (T, I , I J 
i 11 i 2 

(2.75) 
1 =1 

Together with (2.71) it can be written that 

ict = 2~[~ Bd -~ B-ct l 
e L a I e, 1 a I e, 1 

1 11 12 

1 ( -{3 ) ["" aw ·-· l [) 
s1 -d s1 

= -- exp- W --IB -
pi (T) j.J. si 8I e,l 81 

e,1 
1)1 11 12 (2.76) 

w = 112(w (I ,I > +Wei ,I)) '1;1 1 
s1 1 11 21 I 21 11 

There are two main different ways to reduce the discrepancies 

between theory and experiment: 

- changing the potential functions W and ~ 

- increasing the number of modes 

The elastic potential most often used is the simple neo-Hookean, 

derived from the network theory (Treloar 1960) 

W
1 

= j.J.I (J
11 

- 3) and 

w = 1/2j.J. (I + I 
s1 I 11 12 

6) (2.77) 

with j.J. (T) : elasticity modulus ith mode 
I 
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ll (T) 
1 

a (T) 
1 

viscosity ith mode 

relaxation time ith mode 

39 

The exponential factor in (2.74) and (2.76) is included to des

cribe the hardening that occurs during severe deformations e. g. 

flows with strong elongation. Dealing with flows, mainly dominated 

by shear, hardening is neglected so 

f3 = 0 (2.78) 

Throughout this work (2.77) and (2.78) are used, because in this 

thesis only shear dominated flows are treated. However, it is 

important to notice that the Leonov equation in its simplest form, 

f3 = 0 and a simple elastic potential, poorly describes strong 

elongational flow (Larson 1983, Upadhyay 1984). If elongational 

effects become important, it is not allowed to use (2. 77) and 

(2.78). In literature other elastic potential relations have been 

used. Leonov and Prokunin (1980) used a BST - potential for W. 

Larson (1984) introduced an empirical dependence between the rela

xation times a in each mode and the elastic potential W to 
1 s1 

describe elongational flow. 

2.4.4 Equation of state 

The last step is to specify a functional relationship between 

f and J to describe the volumetric responses. This will be discus
a 

sed in the this section. 

By introducing an equation for isotropic deformations, a number 

of problems have to be considered. In the injection moulding 

process the interaction between packing pressure and bulk compres

sibility determines how much material is injected into the mould. 
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Variation of the pressure leads to a volumetric deformation. This 

deformation is not instantaneous and a certain relaxation time is 

involved. In general the response to a change in pressure is very 

rapid (Cogswell 1980) and this effect will be neglected. In injec

tion moulding almost every material particle has another 

temperature history. In the neighbourhood of the walls the cooling 

rate is very high, in the centre of the channel this is the 

opposite due to the low thermal conductivity of the molten 

polymer. The specific volume (see fig. 2.4) is cooling rate depen

dent (Bogue 1984). 

v 

i increasing 
cooling rate 

--IJiio.,... T 

Fig. 2.4 Specific volume for an amorphous polymer at different 
cooling rates, for a constant pressure. 

A review of considering rate effects in PVT equations has been 

given by Snow and Bogue (1984). Although the PVT equation is 

cooling/heating rate dependent the model used in this thesis is 

based on an equilibrium model, the TAIT equation. To couple the 

Leonov model to the Tait equation, equation 2.64 is used. 
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Introducing the following concept of equilibrium thermodynamics, 

it can be defined that 

af 
0 

p = -1/3tr"D" = -p -aJ 
0 e 0 

af 
2 0 

= p ·ap (2.79) 

where p is the thermodynamic pressure, depending on temperature 
0 

and density only. So the decoupling of f leads to the assumption 

that p is independent on the state of strain. The Tait equation is 
0 

written as 

with v (T) 
0 

v + b (T - T ) 
g,O 3 g,O 

and B(T) = b exp(-b T) 
1 2 

From this equation it can be deduced 

b v 
!(av) ( P

0 
) a.(p, T) 3 0 c b ---v aT 2 B + Po v v 

p 0 

H~~L = 

v 
K(p,T) 0 c 

v B+p 
0 

with a volume expansion coefficient 

K compressibility coefficient 

2.4.5 General simplified equations 

(2.80) 

The total set of equations which describes the material rhea

logically and thermally can now be derived making use of (2. 74), 
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(2.76), (2.77), (2.78) and (2.80) 

l = -p 0 + 1/3tri + id + id 
0 p p e 

-p 0 + (KtrD)O + 2m(T)Dd + 2\" ~d 
0 l..""te,l 

1 

D 1 (-d 18-d ) = 49 
113

e, 1 
-

pi 
1 

e, 1 (2.81) 

1 
(03

e, 1 
03-1 1 - 1 )o) = - +-(I 

e, 1 3 21 11 

113 
e, 1 

= (o. d_ 
) 

- - ( d )c D ·113 + 113 • D. - D 
p 1 e, 1 e, 1 pi 

q = - IK•VT 

This set of equations contains the following material parameters: 

- heat conductivity 

- elasticity modulus 

- time constant 

- retardation viscosity 

- bulk viscosity 

- constants TAIT model 

IK = a 0 + a 113 + a 113-
1 with 

0 1 e 2 e 

aJ = aJ(T, !
11

, !
21

) ; J = 0,1,2 

IJ (T) 
1 

e (T) 
I 

m(T) 

K(T) 

v (T), B(T) 
0 

These equations will be used in conjunction with the conservation 

equations to model the injection moulding process (see Chapter 3). 
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2.4.6 Linearization of the equations 

In 2.4.2 it is stated that a particular case of a non-linear 

viscoelastic medium of the Maxwellian type is considered. In this 

section it will be shown that, after linearization, the well known 

linear Maxwell equations appear (Bird et al. 1987). 

The classical infinitesimal strain tensor from the current 

configuration with respect to the unloaded situation is introduced 

as: 

IE 1/2(Vu + vu (2.82) 
e e e 

with u 
e 

displacement vector of a material point between the 

current and unloaded state. 

Note that in the geometrical linear theory it is not necessary to 

make a distinction between the gradient operators with respect to 

the different configurations because all the displacements, dis

placements gradients and rotations are small. 

After linearization it can be shown that 

IB 9: + 21E IB-1 
e e e 

IB 9: 0 + 21Ed iii-1 
e e e 

iiid 9: 21Ed il-d 
e e e 

Substituting (2.83) in (2.81) gives 

[) 
pi 

1 
-lfd 

2 
el 

l)l 

-

-

9: 

21E 
e 

21Ed (2.83) 
e 

-21Ed 
e 
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1 
[ = -lfd 

el 
4 

ei 
Ill 

[ ;: [)d - [) 
el pi 

Combining (2.84) with (2.83) and (2.81) results into 

with e 
i 

l) /2p. 
i i 

Chapter 2 

(2.84) 

These are the equations for the linear generalized Maxwell model 

parallel with a single dash pot. The zero shear-rate viscosity 

([)d=O) is given by 

llo = m + L lli with m = 

Q.:ss<1 (2.86) 

2.4.7 Evaluation of the model parameters 

An important feature of the Leonov model follows from (2.85). 

The model parameters l) , e and s can be evaluated from the 
i l 

experimentally determined storage modulus G' and loss modulus G'' 

versus frequency w in the linear regime of oscillatory flow. 

The following relations can be derived from (2.85), (Leonov 1976) 

G' (w) 



Compressible Leonov model 45 

(2.87) 

Another method to determine the material functions is the steady 

shear flow experiment. Under steady shear flow it is possible to 

derive the following equations from (2.81) for the apparent vis

cosity l} and the first normal stress difference "t' - "t' (Leonov 

1976) 

T 
xz 

N 

"t' - T = "2 1 1 L 
r- ll <X.-1l 

XX ZZ a -rr=x 
1 =1 1 1 

XX ZZ 

(2.88) 
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CHAPTER 3 

MODELLING OF FROZEN-IN ORIENTATION 

3.1 Introduction 

In this chapter the final set of equations, which describes the 

frozen-in orientation, will be derived. The complete set of 

equations which describe the material (see chapter 2) are combined 

with the general conservation equations. The equations which will 

be derived in this chapter are generally applicable to thin walled 

products. However, the specific problems concerning difficult 

geometries will not be discussed in this thesis. A treatment of 

these problems can be found in Sitters (1988) and Boshouwers and 

van de Werff (1988). The geometry which will be investigated in 

order to understand the phenomena related to frozen-in orientation 

is relatively simple, as shown in section 3.2. In sections 3.3 and 

3.4 order of magnitude arguments together with physical considera

tions are used to simplify the equations. In section 3. 6 the 

necessary boundary and initial conditions are discussed. Due to 

the coupling of the equations and the non-linear nature, numerical 

techniques have to be used to solve the problem. Section 3.7 out

lines the numerical scheme. 

3.2 Geometry 

The geometry used in the simulations and in the experiments is 

a flat plate geometry (see fig. 3.1). The characteristic lengths 

are L (Length), B (width) and H (height). They correspond with the 

coordinates x (flow direction), y and z. Normally, in injection 

moulding problems, the characteristic lengths L and B are much 
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greater than the characteristic length H. This implies that the 

y-direction is indifferent. 

cooling channels 

- ·-·-·()-·----~-----~----·-·-·-· 
jilferent layers 

H z 
X 

·-·-·- ·-·-·'-· 

L 

Fig. 3.1 Geometry used. 

As discussed already in section [1.6], application of an 

insulation layer with or without a heater may lead to a lower 

level of frozen-in orientation. To investigate this influence the 

mould area is divided into different regions with variable height. 

In the numerical simulations the thermal properties of the 

materials used in these regions can be changed and a heat source 

can be made active. 

3.3 Simplification of the conservation equations 

The conservation of mass, linear momentum and energy can be 

written in general form ( Bird et al. 1960, Tanner 1985) 

Continuity 

dp = -p(V·v> 
dt 
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Momentum 

Energy 

-Vp + V·Y + pg 
0 

de 
p dt = -V·q + Y:D 
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(3. 1) 

In most cases it is more convenient to express the energy equation 

in terms of temperature. Assuming purely viscous materials, this 

transition from the energy equation is relatively simple {Sitters 

1988). When all the energy supplied is dissipated, it can be shown 

that the internal energy is only a function of density and tem

perature. However, using a viscoelastic material model a part of 

the energy supply is stored and for such fluids the internal ener

gy is a function of the entire history of temperature and defor

mation (Coleman 1967). However, following the work of Astarita 

{1978) it is shown in appendix 1 that the energy equation can be 

written in the same form as for purely viscous materials, when 

only the entropic stresses are considered. In this thesis, the 

objective is to model the build-up of molecular orientation. 

Therefore it is necessary to follow the flow-induced stresses 

which are responsible for the orientation. These stresses which 

arise in the material until the glass transition temperature is 

reached, are of entropic nature. According to appendix 1 the 

energy equation transforms into 

dT 
pep dt (3.2) 

The equations are simplified from order of magnitude arguments. In 

the substantial literature (Richardson 1972, Schlichting 1982) 

concerning the simulation of thin walled geometries this approach 

is known as the lubrication approximation. Within this approxlma-
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tion the most important assumptions are: 

- in the momentum equations the inertial and gravity forces can 

be neglected due to the high viscosity and due to geometrical 

effects (Re << 1 and Re << Fr); 

- order of magnitude arguments lead to the assumption that the 

pressure is only a function of x and, concerning the deviatoric 

stresses, only the z-derivative remains; 

- in the energy equation the heat conduction in the z-direction 

is dominant over the heat conducted in the x-direction. 

With regard to the second assumption it should be noted, however, 

that in the existing literature these approximations are used in 

conjunction with a purely or generalized Newtonian material 

behaviour. In this type of materials no elastic normal stresses 

arise. If, in viscoelastic flow, (H/L)T is comparable to T , 
XX XZ 

then the second assumption mentioned above is not correct. Because 

it is not completely clear from order of magnitude arguments that 

the stresses T , T and are comparable in magnitude, the 
XX XZ 

second assumption will not be used. 

Further it is assumed that the dissipation related to the 

volume viscosity is small, compared to the dissipation associated 

with the deviatoric part of the total stress, so 

Yd:D >> 1/3trY D (3.3) 
p p 

The quantity p can be expressed in the state variables pressure 

and temperature 

P = p(po' T) 

For the total differential it holds that 

1 dp 
p dt 

18p dT _ dpo dT 
p8T dt - " dt - a:dt 

with: K compressibility and a: volume expansion coefficient 

(3.4) 

(3.5) 
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Using (3. 3). 

approximation, 

with 

Introduce 

with 

Combining 

0 = 

dT 
pcpdt 

T 
el 

p 

N 
1 

~ 

(3.6) 
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(3.4) and making use of the lubrication 

(3. 1) and (3.2) transform into 

dp 
dT (ux + auz) 0 

K. dt - a.dt = - ax az 

ap aT aT ap aT 
0 XX xz 

0 
0 zz (3.6) ax + ax- + az az + az 

heat flow by conduction in z-direction 

T = 11 s~ + T and xz 0 el 

N = T - T 
1 XX ZZ 

(3.7) 

the elastic component of the shear stress; 

the total stress component in the z-direction; 

first normal stress difference; 
au 

shear rate X - az 

and (3.7) results in 

ap aN aT 
1 xz 

ax ax + az 
ap 

= 0 so P * p(z) (3.8) az 
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Integrating (3.8) over 0 ~ z using (3.7) results in 

with 

Integrating (3.9) 

with: 

and 

Integrating (3.6) 

z aN 
g = I~z· = • ax 

z =0 

twice over z ~ H 

H 

z 

88 IN dz* 
x. 1 
z =0 

and 0 ~ H 

ap 
= 

q - _!_ relz dz -ox s s 1l s e e 0 

0 

H 
Q 

q J u dz and s 
X 28 e 

0 

Q ~ flow rate 

over 0 ~ H 

" a H 

gives 

H 

_!_I z g dz s 1l s e 0 

0 

H 
2 

= I~ dz 1l s 
0 

0 

ap) IK[a:o -
0 dz- I dT 8q 

+ u "dt dz = ox X ox 
0 0 
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(3.9) 

(3.10) 

(3. 11) 

In the derivation of (3.11) the assumption u (z=H) = 0 is used. 
z 

Under normal conditions this boundary condition is trivial. 

However, due to the high pressure occurring during the packing 

stage, the elasticity of the mould can cause wall movement. This 

effect can be taken into account and it will be discussed in 

appendix 2. 

Using (3.7) it holds that 

ap a. 
o = ap zz 

ax ax + ~ (3.12) 
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Combining (3.11) and (3.12) results in 

0 

with: and 

0 

u dz 
X 

aq 
ax 

Rewriting (3.10) and differentiating to x leads to 

a (s ap) ax eax -

H 
T Z 

!!__J~ dz ax 1) s 
0 

0 

H 

- !!_I z g dz = ax 1) s 
0 

0 

aq 
ax 

Combining (3. 13) and (3. 14) results in 

H H 
T Z 

- !!__J~z ax 1) s 
0 0 

J dT 
+ O:a-fdZ -

0 

H dT 

I 22 K<rfdZ 
0 

H 

- !!__J~z ax 1) s 
0 

0 
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(3. 13) 

(3. 14) 

(3. 15) 

This equation contains the general stress components T , T and 
XX X2 

T • In order to solve these equations, these terms have to be 
22 

specified. The next step is thus to find the leading terms of the 

constitutive equations (2.81), derived in Chapter 2. This will be 

the subject of the next section. 
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3.4 Constitutive equations 

3.4.1 Thermal 

Basically the thermal conductivity is a second order tensor, 

see (2.43) and van de Brule (1989). In the existing literature it 

is well known that the thermal conductivity of especially crystal

lizable polymer melts can be a strong function of orientation 

(Laven 1985). However, no data are available and in amorphous 

polymers, at least in shear dominated flows, the ratios of thermal 

conductivities are expected to be of order one (Tanner 1985). From 

these reasons the approximation is made that the thermal conducti

vity is isotropic, so the tensor reduces to a scalar value. This 

leads to 

aT 
q =A.-

z az 

The value of the thermal conductivity is important to the 

injection moulding process because of its great sensitivity to the 

numerical results (Flaman 1986). 

3.4.2 Rheological deviatoric part 

The starting point is the set of equations (2.81) presented in 

2.4.5. Order of magnitude aspects are also used in the simplifica

tion of this set of equations. Application of the lubrication 

approximation to the velocity gradient tensor L lead to the con

clusion that the only important component is the shear rate ~. 

However, after writing in components, the evolution equation of 

the elastic strain B contains terms of different velocity 
e 

gradients multiplied with different elastic strains. A-priori it 

is not possible to estimate the magnitude of the components of B . 
e 
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au au au 
X Z X 

So, all the terms containing ax , az and az will be taken into 

account. 

In the plastic part of the rate of deformation tensor ID for 
pi 

every mode, the invariants I and I appear. For plane flow, as 
11 21 

in our case of flat plate geometry, it is relatively easy to 

deduce that they are equal (Upadhyuy 1982). This does not hold for 

e. g. disc flow, due to the elongational components. This means 

that the equations derived for plane flow cannot be used for disc 

flow by only introducing a radius dependence of the main velocity 

component. 

In the simplification of the Leonov equations the viscous force 

connected to the isotropic deformation is neglected, so K = 0. 

Taking into account the considerations mentioned above, the 

evolution of the elastic strain for every mode can be written in 

component form 

a8 a8 
xx,k + U xx,k = CP + RP 

at X ax XX,k XX,k 
with (3. 16) 

CP xx,k 
2( aux auz)-- 2--- 8 + 2~8 3 ax az xx,k xz,k and 

RP xx,k 
_1_(82 + 82 - 1) 
29 xx,k xz,k 

as a8 
xz,k + u ~ = CP + RP 

at X ax xz,k xz,k with (3. 17) 

CP xz,k 
~8 + !(aux + auz)8 

zz,k 3 ax az xz,k and 

RP = xz,k - 1-<8 8 + 8 8 l 29 xx,k xz,k xz,k zz,k 
k 
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B B xx,k zz,k Ei
2 = 1 xz,k (3.18) 

In this set of equations CP and RP stand for the creation 
lj,k lj,k 

and the relaxation term respectively of the ij-component of the 

kth mode in the compressible case. For the stresses it holds that 

1)k 
(2B - B 1) .. l: 39 XX k xx,k zz,k k 

1) ( - 1) .. = k 2Ei B (3.19) zz L 39 zz,k - xx,k k k 

1! st 
1)k -.. = + .. .. = l:-B xz 0 el el k 9k xz,k 

3.4.3 Rheological the isotropic part 

According to the derivation in [3.3] expressions for a and K 

are needed. Using the Tait equation [see 2.4.4] it holds that 

with: v(p • T) 
0 v0 (T)(1- c ln(1 + B~~))) 

v (T) = v + b (T - T ) 
0 q,O 3 g,O 

B(T) = b exp( -b T) 
1 2 

(3.20) 

(3.21) 

(3.22) 



Modelling 57 

3.4.4 Temperature dependence of the material functions 

The material functions are strong functions of temperature. To 

describe this, the time-temperature superposition principle is 

often used (Bird et al. 1987). This principle means that time and 

temperature have an equivalent effect on the rheological response 

of the polymeric system. This arises from considerations of the 

dependence of the relaxation time on the temperature. The lower 

the temperature, the longer it will take for the polymer to relax. 

The shift factor a is the ratio of relaxation times at two dif-
T 

ferent temperatures. This also holds approximately for the zero-

shear rate viscosity. For 

transition temperature T and T 

temperatures between the glass

+ 100 °C, the WLF equation for a 
T q q 

holds for a wide variety of polymers (Ferry 1980). Application to 

the Leonov parameters gives 

-c (T-T ) 
log a = 

T 

1 ref 

c + (T-T ) 

a en 
k 

8 (T ) 
(3.23) 

2 ref k ref 

3.4.5 The stress optical rule for melts 

The most widely used technique for characterizing molecular 

orientation is birefringence (lsayev 1987). It provides a general 

view of the development of molecular orientation. The orientation 

at every point can be characterized by a symmetric tensor of 

refractive index ~. The stress-optical rule suggests that there is 

a linear relationship between the birefringence and stress 

~ = c lf 

with C: stress optical coefficient. 

In plane flow the non-zero components are n , n , n and n . 
XX ZZ yy XZ 



58 Chapter 3 

Expressed in components it holds that 

n - n = c (T - T ) 
XX zz XX zz 

n - n = c (T - T ) (3.24) 
zz yy zz yy 

n = c T 
xz xz 

In this thesis the birefringence profiles in the xz-plane and in 

the xy-plane are investigated (see fig. 3.2). 

L 

a) b) 

Fig. 3.2 Birefringence measurements in a) x-z plane and b) x-y 

plane with light beam L. 

The birefringence in the x-z plane is ~n 

principal values n 
1 

and n
2 

should not be 

n
1 

- n
2

, where the 

confused with the 

components n and n . To measure this component a thin slice is 
XX ZZ 

cut from the sample. In a plane geometry it is relatively easy to 

transform the principal components to the components of the 

refractive tensor (Janeschitz-Kriegl 1983) 
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lm n - n 
1 2 

( )
2 + 4n 

( 
2 ) l/

2 

nxx - nzz xz (3.25) 

Birefringence measurements in the x-y plane give the optical 

effect n - n . However, in this direction (the light beam 
XX yy 

travels in the z-direction) the path difference is the sum over an 

inhomogeneous stress field since the shear stress is zero in the 

centre and maximum at the walls. The optical result then corre

sponds to an average value over the whole stress field so 

<n - n > = C <T - T > (3.26) 
XX yy XX yy 

The range of validity of this rule has been of interest to many 

researchers. Nowadays it is commonly accepted that the rule holds 

for unsteady, non-isothermal flow in the range of temperatures 

above T . A survey of these investigations is given by Janeschitz-
g 

Kriegl (1983). 

3.5 Survey of the equations 

At this stage, all the necessary equations to solve the model 

are specified. This section is used to summarize the total set of 

equations. 

Filling stage 

During the filling stage the influence of the compressibility is 

negligible. So in this stage the original set of equations derived 

by Leonov (1976) can be used and it is not necessary to specify an 

equation of state. The total set of equations describing the fil

ling stage can be summarized 
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continuity and motion 

motion and 

with 

with 

energy 

ap q 
ax s 

e 

constitutive 

ap 
- z ax 

H 

1 J T Z el 
- S -;j"S dz 

e 0 

0 

equations 

H 

-~J z g dz 
1l s 

0 

0 

aB aB 
a~x,k + Ux--:::--,;._ CF + RF 

xx,k xx,k 

au 
CF 2-x B + 2~B 

xx,k ax xx,k xz,k 

RF = - - 1-(B
2 

+ B
2 

- 1) 
xx,k 29 xx,k xz,k 

k 

aB aB 
xz, k + u ~ = CF + RF --ar- X ax Xz,k xz,k 

CF ~B 
xz,k zz,k 

RF = 
xz,k 

--
1
-(B B +B B ) 

29 xx,k xz,k xz,k zz,k 
k 

B B 
xx, k zz, k 

au 
X 

au 
+ Tzz az 

z (3.27) 

energy in the mould area 
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with 

with: T = el 

T 
XX 

ar 
pc -

m pm at 

8: heat production 

1 < m < n 

n: number of layers in the mould 

m: index indicating material of the layer 

l)k 
E-B N = T - T p p - T a xz,k 1 XX zz 0 zz 
k k 

l) l)k 
L : B T = L- B 

xx,k zz a zz,k 
k k k k 

H 
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z aN 
Q 

2 

s Il)ZS dz I 1 • q 
28 = g = ~z 

e • ax 
0 

0 z =0 

Packing stage 

A summary of the resulting equations can be given for the packing 

stage. Due to the compressibility it is necessary to work in this 

stage with the deviatoric part of the strain tensor, 

an equation of state. 

continuity and motion 

H H 

a IT elz - ax Tj""S dz + 
0 

I dT 
adt dz -

0 0 
0 

18 • 
e 

and with 
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b v 

c h2 (s :0 p~ with cx(p ,T) .!(av) = ~ 0 
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aB aB 
xz, k + u ~ = CP + RP at X ax xz,k xz,k 

CP xz,k 
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zz,k 3 ax az xz,k 

RP = xz,k -
1-ca i3 + i3 i3 ) 28 xx,k xz,k xz,k zz,k 

k 

B B xx, k zz, k 

(3.28) 
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3.6 Initial and boundary conditions 

In order to solve the set of equations (3.27) and (3.28) it is 

necessary to prescribe the proper boundary and initial value 

conditions. Because of the incompressibility condition and the 

moving boundary (front), the filling stage requires other 

conditions than the packing stage. This section deals with the 

boundary and initial value conditions of both stages. 
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Fig 3. 3 Domain of interest with boundaries on a certain time 

level. 

Filling 

The domain (see fig. 3. 3) is surrounded by the boundaries r , r , 
1 2 

1) Boundary r : the entrance of the mould. 
1 

To avoid discontinuity problems at the contact point between the 

entrance (x = 0) and the mould wall (x = 0, z = H), the line on 

which the conditions are prescribed lies an arbitrary small dis

tance away from the entrance (x = -a). On th,is line the following 

components are prescribed: the entrance temperature of the melt, 

the flow rate and the values of all the components of the elastic 

strain tensor for every mode. The inlet temperature value is taken 

from experiments (see Chapter 6). The flow rate can be estimated 

rather well by the extruder displacement, however sometimes it is 

necessary to correct for compressibility (Flaman 1988). The com

ponents of the elastic strain tensor are assumed to be fully 

developed. For fully developed flow in a channel the elastic 

strain tensor will take the form (3.27) 
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2~B = - 1
-(B

2 
+ B

2 
- 1) 

xz,k 2ek xx,k xz,k 

~B 
zz,k 

= !_ (B B +B B 
2e xx,k xz,k xz,k zz,k 

k 

B B - B
2 

=1 
xx, k zz, k xz, k 

From (3.29) it can be derived (Leonov 1976) 

B 
xx, k 

with 

j 1 +X 
k 

B 
xz,k 

2·e '1 k 

1 +X 
k 

B 
zz, k 

The momentum equation for fully developed flow is given by 

Integrating (3.31) and using (3.30) 

8p 
- z 
8x 

(3.29) 

(3.30) 

(3.31) 

(3.32) 

Furthermore, for a specified flow rate, Q
0

, it can be written that 

H H 
Q

0 
= - 2B J J t(~)d~dz 

0 z 

Numerical solution of (3.32) and (3.33) 

(3.33) 

8p 
gives r and ax· The 

components of the elastic strain tensor are then computed from 

(3.30), thus 
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r: 
1 

T(x=-a,z,t) = T
0
(t) Q(x=-a) = Q 

0 

Chapter 3 

(3.34) 

B , B , B (x=-a,z,t) ~ 
xx,k xz,k zz,k 

fully developed values 

belonging to T (t) and Q 

2) Boundary r : mould wall 
2 

0 0 

Along this boundary, which is only kinematical, the no-slip condi-

tion is prescribed. 

r: 
2 

u(x,H,t)=O 
X 

and 

3) Boundary r : melt front 
3 

u (x,H,t) 0 (3.35) 
z 

The kinematics in the front area are 2-dimensional and rather 

complicated. The melt at the centre of the thickness direction, 

which moves with a velocity higher than the mean velocity, spills 

out to form the surface of the moulded article. Thus in the front 

region the central core decelerates from the maximum velocity at 

the centre line upstream to the front, to the mean velocity at 

which the front advances. This effect is called " the fountain 

effect" and is discussed by Rose (1961). As applies to injection 

moulding Tadmor (1974) was the first who analyzed this phenomenon. 

Numerical calculations to determine the exact front shape and 

kinematics are carried out by Silliman and Scriven (1980) and 

Behrens et al. (1987). Mavridis et al. (1986) calculated the 

velocity profiles for an isothermal steady flow using Leonov' s 

constitutive equation. Furthermore, they discussed the influence 

of fountain flow on orientation. From literature it holds that: 

- the region of fountain flow is globally 2 H; 

- the influence upon the overall pressure drop will be small if H 

« L; 

- the fountain flow causes a convective heat transport in the 

z-direction in the front area. This aspect influences both the 
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temperature distribution in this region and, due to the 

temperature-dependent viscosity, also the pressure distribution, 

so the influence of fountain flow on the temperature profile is 

more crucial; 

- fountain flow will create large frozen-in orientation in a very 

thin region close to the mould wall. It is extremely difficult 

to determine this effect experimentally; 

- the influence of the constitutive equations used on the kine

matics is limited. This means that the kinematics are mainly 

dominated by the conservation of mass. 

It will be clear that the fountain flow cannot be described by 

making use of the lubrication approximation. However, initial 

conditions for temperature and elastic strain components have to 

be prescribed at the front line. In this thesis the effect of 

fountain flow on frozen-in orientation will not be dealt with, 

because the effect is restricted to a very small region and 

because there are experimental difficulties. However, in view of 

its importance, the effect of fountain flow on the temperature 

profile will be taken into account. The following ideas are used 

to incorporate this phenomenon. The area of interest will be 

closed by a straight line, r , which lies 2H behind the front. The 
3 

shape of the front is semi-circular. These assumptions make it 

possible to determine the volume V between the real front and the 
I 

line r . The flow rate is prescribed, so the time t (contact 
3 c 

time), in which V is filled, can be calculated. During this time 
I 

interval the line r is covered by the polymer melt. The following 
3 

problem is solved to estimate an initial temperature profile on r
3 

(see fig. 3. 4). 
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0 -----~ " 
Tw Tl 

--...T 

Fig. 3.4 Hodel for temperature estimation on front line. 

Initially a polymer fluid occupying the space from z = a to z = 
oo is at a uniform temperature T , which is equal to a calculated 

1 

centre line temperature at the stream wise location upstream of 

the front. This polymer is in contact with a metal mould, which is 

at a uniform temperature T , occupying the space between z = oo 
w 

and z = a. This semi-infinite, one dimensional, transient heat 

conduction problem can be solved analytically (Carslaw and Jaeger 

1954). The temperature profile after t will be taken as the 
c 

initial temperature distribution on line r . The initial values of 
3 

the components of the strain tensor ~ are calculated, solving the 
e 

equations (3.32) and (3.33) with the material parameters evaluated 

at the front temperature. To calculate the pressure from the 

pressure gradient a certain pressure value is prescribed at the 

flow front. 

In order to solve the total set of equations numerically, the 

problem is discretized into different time levels (see section 

3. 7). It will be clear that the front position changes 

continuously during filling, at every time level t the position 
f 
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r: T(x=l,z,t) 
3 £ £ 

B ,B ,B (x=l ,z,t ) 
XX X;z: ;z:;z: £ f" 

p(x=l , t ) 
£ £ 

4) Boundary r : Symmetry line 
4 

au 
r: X (x,z = O,t) = 0 and 

4 ---az 

5) Boundary r : Cooling channel 
5 

r: T(x,z = b,t) = T 
5 w 

calculated profile T (z); 
£ 

fully developed values 

belonging to T (z) and Q ; 
£ 0 
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atmospheric pressure (3.36) 

8T az (x,z = O,t) = 0 (3.37) 

with T : temperature cooling medium (3.38) 
w 

Packing 

During the packing stage compressibility has to be taken into 

account. This assumption changes the type of the pressure equation 

(3.28), it gains an elliptical part. Furthermore, during the post

filling stage the mould is completely filled, so there is no 

longer a front region. This requires changes in the conditions on 

the boundaries r and r ' while describing the post-filling stage. 
1 6 

Furthermore, ini tlal conditions for all the unknowns have to be 

prescribed. These initial values are taken directly from the end 

of the filling stage. 

1) Boundary r : entrance 
1 

r : p(x = 0, z, t) = p(t) with p(t) taken from experimental data. 
1 

2) Boundary r : end of the cavity 
6 

(3.39) 

The atmospheric pressure condition along the melt front is 

replaced by a no-flow condition. From (3.10) it is easy to deduce 
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the pressure gradient with the assumption of q = 0 

H H 

r: 8p - ! J Telz dz + _!Jzgdz ax(x-l,z,t) = 6 s l) s S l)S 
e 0 e 0 

(3.40) 

0 0 

3.7 Numerical scheme 

3.7.1 Introduction 

In sections [3. 5] and [3. 6] the governing equations together 

with their boundary and initial conditions have been reviewed. The 

numerical solution of these equations will be discussed in this 

section. Analyzing the equations (3.27) and (3.28) the following 

can be concluded: 

- the problem is transient, due to the time dependent domain 

occupied by the material during the filling stage, the energy 

equations, the viscoelastic behaviour of the material and the 

time dependent pressure boundary condition (3. 39) during the 

post-filling stage; 

- the problem is two-dimensional, with space variables x and z; 

- the equations are non-linear, mainly due to the complex material 

behaviour; 

- furthermore, they are coupled due to the strong interaction 

between flow and thermal aspects. 

The numerical solution of this problem consists of a number of 

steps. These steps, which will be discussed in the next sections, 

are: 

discretization in space; 

discretization in time; 

- solution of the equations. 
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Due to the coupling and the non-linear character of the equations, 

linearization and iteration processes are needed. Because compli

cated geometries are not used in this thesis the finite difference 

method (Roache 1976) is used to solve the equations. Futhermore it 

should be mentioned that no detailed analysis to the efficiency of 

the algorith is carried out. Accuracy is achieved by using small 

grid distances and small time increments, which ofcourse leads to 

relatively big calculation times. 

3.7.2 Discretization in space 

Fill 

Space discretization involves the approximation of the variables 

at prescribed values of x and z on a spatial grid. In flow direc

tion the differences between the grid lines are fixed with a 

refinement to the entrance of the channel. Because of the high 

Peclet number the heat transport by convection dominates in the 

centre of the channel; heat transport by conduction is only impor

tant in the region close to the wall. This leads to large tempera

ture gradients and, due to the coupling between flow and 

temperature, also to large shear rate gradients in the neighbour

hood of the wall. In order to calculate these gradients correctly 

the gird is refined in the direction towards the mould wall. 

However, the area in which the large gradients occur, changes 

during flow. To tackle this problem the grid points in the z

direction will be adjusted every time step to ensure that the grid 

refinement is in the area where the high gradients occur. This is 

achieved by constructing the grid lines in such a manner that they 

correspond to the stream lines at every time level, whilst main

tainingthe refinement towards the wall. In this method the soli

dified layer, a streamline with zero velocity, wi 11 always be 

represented by grid points, which makes its calculation relatively 
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accurate. This method (Flaman 1986) will be discussed in section 

3. 7. 4. 

Packing 

During the post-filling stage the high temperature gradients will 

disappear because the heat transport by conduction, which smoothes 

out the temperature, is now dominant. In this stage high pressure 

gradients can occur just after filling at the entrance of the 

channel. The grid chosen in this stage will be fixed in time with 

a refinement in the entrance area. 

3.7.3 Discretization in time 

Fill 

The equations are solved in a number of time steps. During the 

filling stage the time steps are coupled to the grid distances in 

x-direction, which are fixed in time. Thus the volume between two 

successive lines is known and together with a prescribed flow rate 

the time step, in which the volume is filled by the polymer melt, 

can be calculated. The solution procedure will now be resumed. The 

set of equations (3. 27) must be solved at each time step. At a 

given time, the polymer melt occupies a certain region, called the 

melt region. Because the equations (3.27) are not elliptic in the 

x-direction they can be solved line by line, from the entrance to 

the front, until a solution in the entire melt region is found. 

After that, the front which is represented by r [see 3.6] moves 
3 

to the next x-grid line, representing the next time level. This 

procedure is repeated until the end of the cavity is reached. 

Packing 

In this stage the time steps used in the calculations are very 

sensitive to numerical instability and convergence problems. 
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However, due to the coupling and the non-linear character of the 

set of equations (3.28) it is difficult to find useful restric

tions for these time steps. 

In order to obtain stable results which converge, the time 

steps are chosen relatively small. Furthermore, it should be noted 

that in this stage it is not possible to solve the pressure 

equation line by line in the flow direction due to its elliptic 

character. 

3.7.4 Solution of the equations 

Filling (set of equations 3.27) 

As discussed in the previous section the equations which hold in 

the melt region will be solved line by line in the flow direction 

using an iteration process in which all the relevant equations are 

solved successively. The values calculated at the previous time 

level are used as a first estimation in the iteration cycle. A 

special calculation, which will be outlined in section 3. 6, is 

used to calculate the variables at the grid points which enter the 

the melt region the first time. The iteration process at a given 

grid line will be reviewed first by an enumeration of the dif

ferent steps and after that by a separate discussion of each step. 

The iteration process consists of the following steps: 

1) estimation of the positions of the solidified layer and the 

remaining grid points in the z-direction in order to get a new 

grid on a certain line; 

2) solution of the energy equation in the liquid and in the 

different layers of the mould in order to obtain a new tem

perature distribution; 

3) calculation of the combined continuity and motion equation, 

which results in a new pressure gradient value; 
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4) solution of the combined motion and continuity equation in 

order to obtain shear rate values and new components of the 

elastic strain tensor; 

5) convergence check with respect to pressure gradient, position 

of the solidified layer and temperature. 

1 Positions of the in the z-direction. 

The velocity of the solidified layer, expressed in two different 

ways, is used to determine a new estimation of the position of the 

solidified layer. It holds that 

i) 

ii) 

v = [z (t ) - z(t )]/ ~t 
1 s 1 1-1 1 

with 

pv A= 
2 

with 

v 
1 

z (t ) 
s l 

~t 
l 

A aT _ 
s 8z 

v 
2 

A 

A aT 
1 az 

velocity solidified layer 

position layer at t 
I 

time step between t and t 
l 

velocity solidified layer 

heat of fusion coefficient 

1-1 

heat conductivity of solid and liquid. 

This second equation can be derived from an energy balance of a 

small control area at the liquid-solid interface (Sitters 1984). 

The difference ~v = v - v is a function of z and has to approach 
1 2 

zero during the iterative process. The zero value of this 

function, which leads to a new position of the solidified layer is 

calculated with a stable secant method. The remaining grid points 

in the liquid region will now be calculated one after another in 

such a way that they lie on streamlines. In the solidified layer 

the grid distance is chosen to be equidistant. The grid distribu

tion on the entrance grid line (x;-a, see fig. 3.3) is fixed in 
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the z-directlon, thus the volume flux between two adjacent grid 

points can be calculated if the velocity profile on this line is 

known. If the volume flux for all the corresponding grid points on 

every x-grid line is kept constant (q = q , see fig. 3. 5), 
1. j k,j 

the points will be situated on a streamline. 

solidified layer 

q,,j 

k 

Fig. 3.5 Grid distribution at a given time. 

2) Solution of the energy equation. 

The energy equation (3. 27), with the material time derivative 

decomposed into a spatial and a convective part, can be written as 

with II = T 
XX 

au 
X 

ax + •xz 

aT2 

= A.- + II 
az 2 

au 
X 

au 
z 

+ Tzz BZ 

s coordinate along a streamline 

In the solid phase the source term, II, and the convective term 

disappear. The spatial time derivative of T will be approximated 

by a backwards difference scheme. For reasons of stablli ty the 

convective term has to be approximated with a backwards difference 
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scheme (Hieber and Shen 1980). Since the grid points are situated 

on streamlines (see fig. 3.6), the convective term in point k,l at 

time t , can be expressed in a simple way 
1 

1 
v BT ~ [(1 - «)(v) 

s s k-1,1 

with 0 :s « :s 1 

k-1 

1• 

1 

+ «(V ) 
s k,l 

Fig.3.6 Calculation of convective term. 

The conduction term will be approximated implicitly with a central 

difference scheme. The source term, which occurs only in the 

fluid, is evaluated implicitly with the values of the previous 

iteration. 

The terms of the energy equations in the different layers of 

the mould are approximated analogously. At the interfaces of the 

different layers, a continuous energy flow is presumed. The 

approximations mentioned above, together with the boundary 

conditions (3.37) and (3.38) lead to a tridiagonal matrix, which 

can be solved very efficiently (Roache 1976). 
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3) Solution of the combined continui and motion ion 

All the material constants are evaluated at the new calculated 

temperatures. The derivative of the first normal stress difference 

in g is approximated implicitly by a backward difference scheme 

and the integrals are computed numerically by the composite 

Simpson rule. 

4) Solution of the combined motion and constitutive 

The spatial time derivative of the elastic strain components is 

approximated with a backwards difference scheme and the convective 

terms by an implicit backward difference scheme. The pressure 

gradient is updated according to 3. In the creation and relaxation 

terms the values of the elastic strain components are evaluated 

implicitly at the present iteration, while the velocity gradients 

are evaluated implicitly from the previous iteration level. If the 

calculations are carried out with N modes, this results in a 

system of 3N+1 nonlinear functions in 3N + 1 variables: ~. B , 
xx,k 

B , B with k ~ 1 ~ N for every grid point k,l. This set of 
xz,k zz,k 

equations is solved by a modification of the Powell hybrid method 

(Nag lib 1990). 

5) Convergence check 

The iterations are repeated until the changes in pressure 

gradient, temperature and the position of the solidified layer are 

within certain prescribed values. 

Packing (set of equations 3.28) 

The initial values are taken directly from the end of the filling 

stage, by transferring the data to the new grid by interpolation. 

The calculation is continued until the pressure is atmospheric 

again in the entire mould. The initial values needed in the itera-
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tion process are taken from the previous time step. The iterative 

solution procedure of the equations, which describe the post

filling stage, is composed of the following steps: 

1) solution of the energy equation line by line until the end of 

the mould is reached, which results in a new temperature 

estimation in the polymer and mould region; 

2) solution of the combined continuity and motion equation, in 

order to obtain new pressure values in the polymer area; 

3) calculation of the combined motion and constitutive equations 

line by line until the end of the mould is reached, which leads 

to new values for the elastic strain components and the shear 

rate in the entire polymeric region. From these values the 

velocity and the stress components can be calculated; 

4) finally, a convergence check with respect to pressure. 

1) Solution of the energy equation 

In comparison with the energy equation in the filling stage there 

are two differences, the grid lines are straight and the source 

term is extended with a term representing the compression heat. 

The material derivatives are written as 

dT 
dt 

8T 8T 
+ ux ax and 

dp 
0 

8p 
0 

The spatial time derivatives are approximated by a backward 

difference scheme, while the pressure is evaluated at the previous 

iteration level. The convective terms are also approximated by 

backward differences, with the velocity and the pressure at the 

previous iteration. The substantial terms in the energy equation 

are treated in the same way as discussed earlier (see point 2 of 

the filling stage), which leads to a tridiagonal matrix for every 

grid line in the x-direction. 
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2 Solution of the combined continui and motion ion 

The equation (3.28) can be summarized as 

2 
c ap + c ap - c a P = s 

1 at 2 ax 3 ax2 

with c coefficients i => 1 ~ 3 
1 

S source term 

The material derivatives in the source term are all handled in the 
dpo 

same manner as dt in the previous section. The integrals are 

calculated by the composite Simpson rule and the derivative a/ax 
in the source term and in is discretized implicitly by a 

central difference scheme, taking the values of the previous 

iteration level. Finally the time derivative of p is discretized 

backwards and the first and second x derivative are approximated 

by an implicit central difference scheme. Together with the 

boundary conditions (3.39) and (3.40), this leads to a tridiagonal 

matrix concerning p. 

3) Solution of the combined motion and constitutive ion 

These equations are solved in the same way as described in the 

corresponding section about the filling stage. 

4) Convergence check 

For every time step the iteration procedure is continued until the 

change in pressure is within a prescribed value. 
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CHAPTER 4 

MATERIAL CHARACTERIZATION 

4.1 Introduction 

The modelling of polymer processing requires an accurate 

quantitative availability of material properties. In general, 

these properties depend on the field variables such as temperature 

and pressure. In addition, the material properties may also depend 

on molecular orientation and on the thermal and deformation 

history that the material experiences during processing. These 

considerations demand reliable measurements and characterization 

techniques in order to obtain adequate physical property data. A 

large number of experimental data on all kinds of polymers have 

been published, see e.g. VDMA (1982). However, in most of these 

articles it is not quite clear under what circumstances the 

measurements have been carried out. Also, there exists 

considerable scatter in the information extracted from literature. 

Because of this aspect and the often under-estimated importance of 

correct material data to the results of numerical simulation, we 

have carried out most of the characterization experiments 

ourselves. This means that all the details concerning the measure

ments are known and comparison with data from literature is 

possible. In this thesis the selected material is Polystyrene from 

DOW-CHEMICAL (PS 678E). This material was chosen for a number of 

reasons. 

The stress optical coefficient C in the fluid and rubbery 

states is almost three orders of magnitude larger than in the 

glassy state (lsayev 1987). Because this thesis only treats orien

tation stresses, a material is needed, in which these stresses 

cause the main part of the frozen-in birefringence, which is used 
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as the measurement technique to quantify the frozen-in 

orientation. 

Many investigations of frozen-in birefringence in moulded 

articles have been made with PS, e.g. Kamal (1979), lsayev (1983) 

and Dietz and White (1978). Wales (1976) used the same material in 

his extensive work on flow birefringence. 

4.2 Molecular weight distribution 

The molecular weight distribution is determined using Gel 

Permeation Chromatography (GPC), in order to compare the material 

used with data in literature. The measurements are carried out 

twice. Two molecular weight averages are determined: M. the number 
n 

average molecular weight, and M the weight average molecular 
w 

weight. The values are listed in table 4.1 together with the data 

presented by Wales (1976). 

M (g/mol) M (g/mol) M /M 
n w w n 

This work 87000 256000 2.94 

83000 253000 3.05 

Wales 90000 240000 2.67 

Table 4.1 Molecular weight averages of PS 678£. 

4.3 The rheological measurements 

One of the main practical advantages of the Leonov model is 

that the model parameters can be evaluated from standard linear 

viscoelastic properties. In this thesis the shear storage modulus 

G' and the shear loss modulus G'' are determined experimentally as 

a function of frequency w for a variety of temperatures T. For an 
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overview of the different material functions see Bird et al. 

(1987). The derivation of G' and G'' from the Leonov model is 

given in [2.4.7]. The measurements were carried out on a special 

developed cone and plate instrument. This instrument was construc

ted at the Philips Research Laboratories and special attention was 

paid to the stiffness and the temperature regulation of the 

apparatus. In figures 4. 1 and 4. 2 the frequency dependence of G' 

and G'' at various temperatures is presented. 

The time-temperature superposition principle (Bird et al. 1987) 

is used in order to produce the shift factor aT and master curves 

over an extended 
p T 

range of frequencies. The reduced dynamic moduli 
p T 

G' = G' _r_r and 
r p T 

G'' = G' ,_r_r are shown in fig 4. 3 as func-
r p T ' · 

tions of wa 
T 

on a double logarithmic plot for a reference 

temperature T 
r 

of 190 °C, together with the experimental data 

provided by Wales. The relation between p and T is determined from 

the PVT measurements, which will be described in section 4.4. The 

agreement with Wales's data is good, furthermore, it should be 

noticed that, in the range of low frequencies, G' is proportional 

to w
2 and G'' to w, as expected from theory (Bird 1987). 

Wang et al. (1988) investigated the shift factors of a large 

number of Polystyrenes with a broad molecular weight distribution 

comparable to our material. They found good agreement between the 

existing data in literature. Figure 4. 4 shows our experimental 

shift factors together with the data given by Wales (1976), Pfandl 

(1984) and a curve calculated from the W. L. F. equation [3. 4. 4]. 

The 

c = 
1 

are 

WLF constants C , C and T , which produce the best 
1 2 ref 

0 0 12.64, C = 53.6 C and T = 100 C. The experimental 
2 ref 

in good agreement with the data published. 

fit are 

results 
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lar frequency w. The symbols are the same as the ones in fig. 4. 1. 



Haterial characterization 85 

10 5 

-ro 
Q; 104 

(..9 

(..9 
103 

102 

10 1 

10-1 10° 10 1 102 103 

waT (Rad/s) 

Fig. 4. 3 Reduced storage and loss moduli versus wa at a 
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0 temperature of 190 C. Data sets correspond to those given by 
Wales (+), Pfandl (o) and this work (~). The solid curve 
corresponds to the W.L.F. curve. 
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To evaluate the constants of the Leonov constitutive equation a 

method to determine simultaneously the best set of e, ~ and s is 
k k 

developed by Upadhyay (1982). The model parameters are calculated 

using a least squares model on the basis of experimentally deter

mined storage G' and loss G'' moduli. The fitting is done with 

two, three and four modes. The corresponding parametric values are 

given in table 4.2. The parameter Eisa measure for the remaining 

error between the experimental values G~ and G~' and the predicted 

values calculated with the Leonov model G' (w ) and G'' (w ) . The 
j j 

definition of E is 

N {[ G' (w ) 
E2 = \ J 

L G' 
J=l j 

[ 
G'' (wJ) _ ]2} 

G'' 1 
j 

N s ~ (Pas) ek(s) E k 

2 0.009 5142 0.66 2.3 

1622 0.025 

3 0.0066 3212 1.58 0.4 

3220 0.13 

580 0.0091 

4 0.0049 2049 2.68 0.068 

3388 0.328 

1422 0.041 

251.6 0.00446 

Table 4.2 Hodel parameters at T = 190°C. N: number of modes, s, 
~ , e : parameters for the Leonov model and E: measurement of 

k k 

error between experimental and calculated data. 
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experimental data. The points correspond to the theoretical fit 
based on the Leonov model: ( +) total contribution of all the 
modes; (6), (o), (V) and (o) contributions of the first, second, 
third and fourth mode. 
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Figures 4. 5 and 4. 6 show the resulting fit ted curves for the 

four mode model and the corresponding experimental data. To show 

the effect of the different modes, the separate contribution of 

every mode is plotted as well. 

4.4 P.V.T. measurements 

The pressure-volume-temperature (P. V. T.) properties of 

polystyrene have been investigated by several authors (e.g. 

Hellwege et al. 1962 and Quach et al. 1971) using different 

techniques and different temperatures and pressure ranges. Work on 

polystyrene has been recently summarized by Ougizawa et al. 

(1988). They concluded that the PVT data from different 

polystyrenes do not show much difference. However to ensure that 

our material is in the same range PVT measurements have been 

carried out. The density as a function of temperature and pressure 

was measured at DUPONT (Wilmington, U.S.A.) using a PVT apparatus, 

which has been fully described by Zoller et al. (1976). 

The TAIT equation is used to fit the experimental data v . A 
exp 

nonlinear least squares method is performed by minimizing the 

quantity E for the solid (s) and the fluid state (r). E is defined 

as 

E
2 

= \ [<v - v )/v ]
2 

l. l,j exp exp 
1 • J 

where v is the specific volume predicted by the TAIT equation 
1' J 

at p 
1 

and T . The result of the curve fit tlng is presented in 
J 

table 4. 3. 
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3 
6.3 10-6 10-5 0.9758 em T 100°C E E = 1. 1 v = = == q,O g q,O s f 

b (Pa) b (1/oC) b (m3/kg°C) 
1 2 3 

solid 3.5 108 3.0 10-3 2.3 10 - 7 

fluid 2.4 108 3.6 10-3 5.8 10-7 

Table 4.3 Best fit parameters of the TAIT model with error values 
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Fig. 4.7 Specific volume of polystyrene as a function of 
temperature at a series of pressures: (1) 1, (2) 200, (3) 400, 
(4) 600, (5) 800, (6) 1000 and (7) 1200 bar. Solid lines are 
computed from the TAIT equation using the data of table 4.3. The 
markers correspond to the experimental values. 

Experimental data together with the calculated values from the 

Tait equation are shown in fig. 4.7. The equation of state is well 



90 Chapter 4 

described by the TAIT relation, except in the neighbourhood of the 

transition region. The isobars are typically of a glassy material 

undergoing a transition to the melt state as the temperature in

creases. At zero pressure there is a change in slope in the volume 

versus temperature curve near 100°C, marking the zero-pressure 

glass transition temperature. Line A is an isotherm through this 

point. Line B is defined by the intersection of the data in the 

glassy state with the equilibrium melt data. This line is marking 

the pressure-dependent glass transition of the material. 

4.5 Thermal characterization 

A quantitative analysis of the heat transfer in the liquid 

polymer flow requires data on the heat conductivity and specific 

heat of the polymer. The temperature field is sensitive to this 

data. Because of the strong influence of temperature on all the 

material functions it is essential to have accurate thermal pro

perties. However, especially for the thermal conductivity, there 

are rather large differences between data from different sources 

(Laven 1985). Because of this reason the measurements of heat 

conductivity , in the liquid and solid state, were carried out 

twice and very precisely using the hot-wire technique. The results 

obtained for polystyrene are shown in fig. 4. Sa. For comparison 

experimental data for this material from Laven (1985) are also 

shown. The agreement is relatively good. It seems that the thermal 

conductivity of PS is hardly temperature dependent and roughly 

equal to A= 0.17 W/mK. However, it should be noticed that Isayev 

(1980) used A= 0.13 W/mK for this type of material, In his basic 

paper on modelling frozen-in orientation. He based this value on 

data published by van Krevelen (1976). 
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The measurement of specific heat is carried out using a Perkin

Elmer DSC-7 instrument. The specific heat as a function of 

temperature is shown in fig. 4.8b. 
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Fig. 4.8 (a) Heat conductivity of polystyrene as a function of 
temperature. Points represent: (6) data from Laven and (+) data 
from this work. (b) The specific heat capacity as a function of 
temperature 

4.6 Stress optical coefficient 

The value of the stress optical coefficient, C, of polystyrene is 

negative above and positive below T . In his extensive work on 
9 

flow birefringence, Wales (1976) found that the stress optical 

coefficient for PS is almost independent of molecular weight and 

at least in the liquid area independent of temperature. Data ob

tained by Wales and Isayev (1987) show good agreement and point 

out that in the fluid state and rubbery state C is almost three 

orders of magnitude larger than in the glassy state: 
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C (liquid) = -4.8 10-9 m2 /N 
1 

Chapter 4 

C (solid)= +1.1 10 - 11 m2/N. 
s 

This difference points out that the contribution of stresses to 

the birefringence is mainly caused by stresses bull t up in the 

fluid and rubbery state, the so-called orientation stresses. 



93 

CHAPTER 5 

NUMERICAL SIMULATION RESULTS 

5.1 Introduction 

In this chapter the results of the model outlined in chapter 3 

are presented and discussed. The objective is to understand the 

mechanism of the building up of frozen-in orientation and to 

select the experiments which are needed to verify the model. 

In section 5.2 the building up of the pressure and the stress 

components Nl and T , under characteristic processing conditions, 
xz 

will be discussed. The influence of the flow rate, the melt 

temperature, the mould wall temperature and the packing pressure 

is investigated in section 5.3. During the derivation of the model 

(see chapters 2 and 3) remarks were made on some uncertainties of 

the model like, mould wall elasticity, pressure dependence of 

viscosity, the use of. equilibrium density data in a highly 

transient process and the numbers of modes of the Leonov model 

which have to be used. In section 5. 4 the influence of these 

aspects is discussed. The influence of an insulation layer and 

some calculations with a heater are given in section 5.5. Finally, 

in section 5.6 the results of the previous sections are used to 

select the conditions for the experiments. 

5.2 General test of the model 

In this section calculations are performed using the processing 

conditions given in table 5. 1. A constant pressure value is 

described at the entrance during the packing stage. The rheo-
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logical (2-mode version) and the thermal data are taken from the 

data presented in Chapter 4. The mould geometry is the same as the 

one used in the experiments, see Chapter 6. The mould, however, 

contains a diverging region. The consequences of the geometrical 

effect are discussed in appendix 4. The result of this analysis, 

as well as mould elasticity (see appendix 2). are taken into 

account in the calculation, which will be referred to as the stan

dard calculation. 

T melt temperature 220 (oC) 
m 

T wall 
w 

temperature 50 (oC) 

Q flow rate 7.62 10-6 (m3/s) 

p packing pressure 500 105 (N/m2
) 

p 

210 109 (N/m2
) E mould elasticity 

Table 5.1 Processing conditions of the standard calculation 

Pressure profiles versus time at various locations x = 0, 41 

and 110 mm are shown in fig. 5.1. These profiles show the charac

teristic stages of the injection moulding process. The first stage 

corresponds to the cavity filling, in which the pressure increases 

from zero to a definite value. The second stage corresponds to 

packing. When the packing pressure applied is kept at a level 

above that at the end of filling, the pressure increases very 

rapidly and tends to smooth out in the entire mould. The time 

needed to equalize the pressure depends on the flow resistance, 

which is a strong function of the temperature and the dimensions 

of the channe 1. 
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Fig. 5.1 Calculated pressure profiles at x= 0 mm (solid), x= 41 
mm (dashed) and x = 110 mm (dotted). 
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In this calculation the pressure almost approaches a uniform 

packing pressure level after 0.03 sec. The pressure continues to 

increase until t = 1.5 sec, but in this time interval no appre

ciable density change occurs anymore. The cooling effect now 

becomes significant and a pressure gradient is bull t up. This 

pressure gradient causes material flow, which in turn counteracts 

the pressure decay. However, the flow resistance increases and 

less material can flow into the cavity, which leads to a further 

decrease of the pressure inside the mould. The calculation is 

continued until the glass transition temperature is reached at the 

centr·e of the channel. 

The local pressure gradient,, which will be used to analyze the 

building up of the stresses, and thus also the birefringence com

ponent, is plotted in fig. 5. 2. The development of the stress 

components N = T - 'l: and T during the packing stage as a 
1 XX ZZ XZ 

function of z at x= 41 mm is shown in fig. 5.3, where the time 

levels correspond to the ones indicated in fig. 5.2. As discussed 

already in section 3. 3, the shear stress can be divided into a 

plastic part T = Tt sr and an elastic part T • With regard to 
. pi 0 el 

the plastic part of the shear stress it is assumed that it will be 

frozen in as soon as the glass transition temperature T , which is 
g 

a function of pressure (see section 4.4), is reached. 

The building up of the stress components will now be discussed 

using figures 5. 2 and 5. 3, by dividing the process into the 

discrete time levels indicated in fig. 5. 2. During filling (t ~ 
0 

t
1

), the shear rate and the velocity decrease with increasing time 

in the vicinity of the wall due to the mould cooling. Hence, to 

maintain a constant flow rate, the velocity increases in the hot 

core region, with the· associated maximum shear rate moving 

continually inward from the wall with increasing time. This leads 
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to an increase in the pressure gradient (see fig. 5.2) and con

sequently also to an increase in the normal stress and the shear 

stress. The shear stress is linear in z. Due to the decreasing 

temperature in the wall region the time constants increase and the 

stresses developed cannot relax anymore. This results in the 

stress profiles at the end of the filling stage, t
1

, as shown in 

fig. 5.3. The normal stress increases from the centre of the chan

nel to the wall until a maximum is reached. From this maximum, 

which lies in the neighbourhood of the solidified layer, the 

normal stress decreases again. The major part of the stress in 

this region is frozen ln. The characteristic normal stress profile 

close to the wall is completely determined by the choice of the 

boundary condition at the melt front during the filling stage (see 

section 3.6, boundary r
3

). The initial values of the components of 

the strain tensor ~ are calculated by solving the strain 
e 

equations, which belong to a fully developed flow at the melt 

front temperature. This resu-1 ts in increasing values of normal 

stress towards the wall, with a maximum value at the wall. When 

the front is passed, the normal stress starts to grow in that 

region where the temperature is still high enough. 

Just after filling, when the system changes to the packing 

stage, the high pressure at the entrance of the cavity causes a 

sharp increase in the pressure gradient during a short period of 

time, see fig 5.2 (t ~ t ). This results in a small increase of 
1 2 

the normal stress and the shear stress, at least in that region 
-2 where the temperature allows changes. In approximately 3. 10 sec 

(t
3 

- t
2

) the pressure gradients smooth out in the entire cavity 

due to the supply of extra material. The normal stress as well as 

the shear stress relax in the regions where the temperature is 

still high enough. 
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Fig. 5.3 Calculated normal stress (a) and shear stress (b) at x 
= 41 mm at different time levels (see fig.5.2). 
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The decay of pressure, which starts at the end of the cavity, 

is determined by the competition between cooling and additional 

material flow, caused by a developing pressure gradient. The dif

ference in the slope of the pressure decay of the transducers p
2 

and p
3

, see fig. 5.1, shows that more material is supplied in the 

neighbourhood of the entrance. The increase in the pressure 

gradient, which starts in this example at roughly t
4 

~ 1.6 sec, 

causes an increase in the stresses. During this increase the 

stresses are frozen in at a certain level due to the decreasing 

temperature. The change in the slope of the pressure gradient at 

t
5 

is due to the decrease of the thermal expansion coefficient at 

the glass transition temperature. The stresses at t
6 

are the final 

frozen-in values which also determine the final frozen-in bire

fringence. At this stage the following can be concluded. Due to 

the severe deformation during the filling stage high stresses 

occur, especially in the region close to the mould wall. Part of 

these stresses are frozen-in because of the development of a soli

dified layer. The narrowing of the channel leads to a maximum in 

the frozen-in flow induced stresses near the wall. Just after 

filling even higher deformation rates, which lead to higher stres

ses, occur. However, this deformation which leads to a smooth-out 

of pressure gradients in the mould, occurs so fast that the 

temperature can hardly change. Due to the decay of the pressure 

gradient the stresses can now relax in a certain region. The 

amount of relaxation at this time level depends on the temperature 

distribution, which in turn, is a function of the processing para

meters T , T , Q and mould geometry L and H. After a certain 
m w 

period of time the pressure gradient increases again, combined 

with a decrease in temperature. In this time period a second 

maximum or an intermediate plateau in the stresses is developed 
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until the glass transition temperature is reached. 

5.3 Influence of the processing conditions 

In this section the influence of the flow rate, the melt 

temperature, the mould wall temperature and the packing pressure 

on the birefringence component ~n. at a certain position, will be 

discussed. The standard calculation is made based upon the para

meters of table 5. 1. In the other calculations one parameter is 

changed each time. The conditions used are given in table 5. 2. 

Note that mould wall elasticity as well as the diverging region 

are taken into account in the standard calculation. 

standard 

1 2 3 

Q flow rate (m3/s) 2.54 10-6 7.62 10-6 12.7 10-6 

T melt temperature (OC) 200 220 240 
m 

T mould wall temp. (OC) 30 50 70 
w 

p 
p 

packing pressure (N/m2
) 400 10

5 500 10
5 

600 105 

Table 5.2 Processing conditions 

The birefringence profiles of fig. 5. 4 all show the 

characteristic profiles which can be deduced from the frozen-in 

stresses shown in fig. 5. 3. There exists a maximum near the 

surface, zero values at the centre line and significant values in 

the intermediate zone, which under some special processing 

conditions change into a second maximum. 
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Fig. 5.4 Frozen-in birefringence component on as a function of z 
at x = 41 mm under different flow rates (a), different melt 
temperatures (b), different mould wall temperatures (c) and 
different packing pressures (d). The numbers 1, 2 and 3 corre
spond to those of table 5.2. 
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From fig. 5.4a it can be seen that the flow rate has a major 

effect on the frozen-in birefringence. The lowest flow rate 

results in the highest birefringence levels in the entire region 

and the maximum at the wall moves inwards with decreasing flow 

rate. This can be explained as follows. A lower flow rate, during 

filling, results in lower temperatures at the end of the filling 

stage because both the heat transport by convection and the heat 

produced by dissipation are low. This results in a high pressure, 

relatively thick solidified layers and in high birefringence 

levels at the end of filling. After filling it is difficult to 

pack more material into the cavity due to the high viscosity, the 

pressure will not smooth out in the entire cavity and the pressure 

decay starts earlier. This leads to higher values of the pressure 

gradient values and also to higher birefringence values throughout 

the process. The figure also shows that the effect of an 

increasing flow rate on the birefringence profile tends to become 

less when higher flow rates are used. 

Fig. 5.4b shows the large effect of the melt temperature on the 

birefringence level and profiles. The level decreases with an 

increasing melt temperature in the entire region. A higher melt 

temperature leads to a lower filling pressure, to a more 

homogeneous pressure distribution during packing and to more 

relaxation during the post-filling stage. 

The influence of the mould wall temperature (see fig. 5.4c) on 

the birefringence is not very pronounced. There is a slight 

decrease with higher wall temperatures and the maximum, which is 

built up during the filling stage, tends to move towards the wall. 
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Fig. 5.4d shows the minor effect of the packing pressure on the 

calculated frozen-in birefringence profile. The reason for this is 

that the material parameters in the model are not a function of 

the pressure. Only the glass transition temperature is a function 

of pressure and this determines when the plastic part of the shear 

stress becomes frozen in, which explains the slight differences in 

the region between the maximum at the wall and the intermediate 

zone. The influence of the pressure dependence of the viscosity 

and the relaxation times is one of the subjects of the next 

section. 

5.4 Influence of some material parameters 

In this section the influence of the mould wall elasticity, the 

pressure dependence of the viscosity, the influence of the thermal 

conductivity coefficient and the influence of the number of modes 

chosen in the Leonov model number are discussed. Furthermore, some 

remarks will be made about the use of equilibrium density data. 

The influence of the pressure dependence is investigated by 

using an adaption of the W.L.F. equation (see eq. 3.23). Following 

Shen et al. (1988) it holds that 

-c (T - A ) 
log 1 1 

(5. 1) a = (T - A
1

) T A + 
2 

with A = T + D p 
1 ref 3 

A = c + D p 
2 2 3 

As discussed in section 2.4.4, the specific volume is a 

function of the temperature history. This dependence of the 
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cooling rate leads to changes in the thermal expansion and the 

compressibi 11 ty values. The importance of these parameters with 

regard to the pressure can be shown by a simple quantitative 

analysis. Using (see also 3.3) 

v = v(T,p ) 
0 

it holds for the total differential that 

1 dv 
v dt = .!_ 8v dpo + .!_ 8v dT = dpo dT 

v 8p v 8T dt - "dt + cxdt 
0 

(5.2) 

(5.3) 

Considering only the cooling effect, so no material is added and 

the total volume remains constant, it holds that 

ex 
flp = - AT 

0 K 
(5.4) 

This implies that the pressure decay, due to a temperature 

decrease, is dominated by the factor cx/K. To investigate the sen

sitivity of this effect a calculation is made using the Spencer 

Gilmore equation of state (1949), which can be written as 

with 

~ 

(p + p)(v- v) = RT 
0 

8 2 
p = 1.86 10 N/m 

-4 3 
v = 8. 2 10 m /kg 

R = 80 J/kgK 

(5.5) 

The material data are taken from Hieber (1987), who achieved good 

quantitative results in predicting pressure profiles during the 

packing stage using this equation of state. Fig. 5. 5 shows the 

values of the specific volume in the liquid state obtained using 
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the Spencer Gilmore equation and the Talt equation. It is clear 

that the a/K values of the Spencer Gilmore equation are much lower 

than those of the Tait equation, as represented in the slope of 

the curves. Higher values of a/K result in a faster decrease of 

pressure and in higher pressure gradient values, which result in a 

higher birefringence level of the intermediate zone (see fig. 

5.7). 

1.05 

OJ 
1.00 

Pi' 
E _g 

> 
0.95 

0.90 ~···~·~----~----~----~--~ 
120 140 160 180 200 220 

Fig. 5.5 Specific volume values using the Spencer Gilmore 
equation of state (dotted lines) and specific volume values using 
the Tait equation of state (solid lines). 
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Fig. 5. 6 Pressure profiles as a function of time at x = 41 mm. 
The numbers correspond to (1) standard calculation, (2) no mould 
elasticity, (3) Spencer Gilmore equation, (4) A= 0.13 WlmK, (5) 
pressure dependence of viscosity and (6) four mode model. 
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Fig. 5.7 Birefringence component An as a function of z at x = 41 
mm. The numbers correspond to the ones given in fig. 5.6. 
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In section 3.4.1 the dependence of the thermal conductivity on 

the orientation is discussed. Strong orientation leads to an 

increase of the thermal conductivity in the direction of 

orientation and a decrease in the direction perpendicular to it. 

In our case this leads to a decrease of this coefficient in the 

z-direction. To investigate the influence of a lower thermal con

ductivity a calculation is carried out using a value of A= 0.13 

W/mK. 

In fig. 5.6 the pressure profiles at x = 41 mm are presented 

for the following situations: 

1) standard calculation, see table 5.1; 

2) calculation without mould elasticity; 

3) calculation using the Spencer Gilmore equation; 

4) calculation with A = 0.13 W/mK; 
-a o c-i 

5) calculation with pressure-dependent viscosity, d3 = 7.10 ~ ; 

6) calculation with four modes, see table 4.2. 

Fig. 5.7 shows the birefringence component 6n at x=41 mm for 

the conditions 1, 2, 3, 4, 5 and 6. The calculations 2 to 6 will 

now be compared with the standard calculation 1 and discussed 

separately. 

Mould wall elasticity 

Using the theory developed in appendix 2, a mould wall 

displacement of 10 urn is achieved after 0.03 sec., when the system 

is under high pressure. From fig. 5.6a it can be seen that this 

effect does not influence the pressure profile until after roughly 

2 sec (the filling and packing stage), but it has a major effect 

on the pressure decay during the cooling stage. The wall displace

ment caused by the elasticity holds the pressure longer on the 
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system. The birefringence component tm calculated without using 

mould wall elasticity is plot ted in fig. 5. 7. Due to the rapid 

pressure decrease, the pressure gradients become relatively high, 

which results in a high birefringence level in the intermediate 

zone. 

Spencer Gilmore equation 

Changing the a./K values, using the Spencer Gilmore equation, 

dramatically changes the pressure profile (see fig. 5.6a) and the 

birefringence profile (see fig. 5.7a). The moment when the 

pressure decay starts is not influenced, but the decay itself is 

much slower using the lower a.IK values of the Spencer Gilmore 

equation. The more gradual pressure decay leads to lower pressure 

gradients, which in turn results in lower frozen-in birefringence 

values. 

Heat conductivity 

A decrease in the coefficient of thermal conductivity (see fig. 

5. 6b) increases the time level at which the pressure starts to 

decay and the decay of the pressure is somewhat slower. Due to the 

lower coefficient of thermal conductivity it is more difficult to 

remove the heat from the polymer melt. This results in higher 

temperatures and it is easier to supply additional material during 

the packing stage. The higher temperature level allows more 

relaxation, which results in a lower birefringence level in the 

entire region (see fig. 5.7a). 

Pressure dependence of the viscosities and the relaxation times 

Fig. 5.6b shows that the pressure dependence of the rheological 

material parameters causes an earlier decay of pressure and a 
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somewhat faster decay of pressure. This can be explained by the 

increase in viscosity when higher pressure values are reached, 

which hinders the supply of additional material. An important 

effect with regard to the frozen-in birefringence profile can be 

seen in fig. 5.7a. The pressure dependence increases the frozen-in 

maximum at the wall and tends to increase the level of the inter

mediate zone. As discussed already in section 5. 2, the stress 

levels increase just after filling due to the high pressure 

gradient caused by the packing pressure. Without a pressure depen

dence these high stresses relax because the time needed for this 

pressure smooth out is too short to allow a further temperature 

increase. However, when applying pressure dependence, the time 

constants will increase with increasing pressure and they will 

hamper the stress relaxation. It should be noted that a pressure 

dependence of the rheological parameters will certainly affect the 

frozen-in birefringence profiles when different packing pressure 

levels are used. This aspect will be discussed in section 7.3. 

Influence of the number of modes 

In section 4.3 different numbers of modes are used to fit the 

experimental dynamic data. In fig. 5.6b it is shown that the use 

of the four-mode model has a little influence on the pressure 

profile. On the other hand, the influence on the frozen-in bire

fringence profile (see fig. 5.7b) is somewhat greater, especially 

in the intermediate zone. With regard to this aspect the following 

should be noted. In the purely viscous mode of the Leonov model no 

elastic energy can be stored. In the high temperature region some 

of the relaxation times are so small that their response can be 

regarded as purely viscous (Leonov 1976). However, when the 

temperature is decreased, the relaxation times increase very fast, 
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which means that even the smallest relaxation times approach the 

time levels at which the process deformations take place. As can 

be seen in fig. 4.5 of section 4.3, the smallest relaxation time 

describes the high frequency region or, when applying the time

temperature principle, the low temperature region. In this thesis 

the lowest temperature at which rheological measurements were 

carried out was T = 160 °C. This means that the G' curve, 

described by the Leonov model, becomes horizontal at frequencies 

which are roughly bigger than w = 1/ek , where ek represents the 

smallest relaxation time. In reality, however, the G' curve grows 

slightly with increasing frequency in the rubber region (Wales 

1976). In the model, the deformations and the stresses which occur 

in the cooling stage continuously change until the glass 

transition temperature is reached. So it is possible that the 

small difference between the rheological data predicted by the 

model and the real rheological data in the temperature region 

below T = 160 °C influences the frozen-in birefringence in the 

intermediate zone. To take this effect into account it is 

necessary to characterize the material in the entire temperature 

region between the melt temperature and the glass transition 

temperature. 

5.5 Influence of an insulation layer and heater calculations 

As mentioned already in section 1. 6, the ideal condition in 

injection moulding is to have a hot mould during the first stage 

of the process to allow flow-induced stresses to relax and a cold 

mould for cooling. One possibility would be the application of a 

thin heater layer surrounded by material with a low thermal con

ductivity. To study the effect of an insulation layer and a layer 
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with a heater the following calculations, using the standard pro

cessing conditions of table 5.1, are carried out. 

A) A thin insulation layer of 0.2 mm thickness and with a thermal 

conductivity of A= 0.24 W/mK is modelled at the mould wall. 

B) In the insulation layer, described in calculation (A), a heater 

which produces 500 W is switched on one second before the 

polymer enters the cavity. The heater is switched off again at 

the end of the filling stage 

C) Just after the filling stage a heater source of 1000 W is made 

active for one second. 

5.0 

4.0 

II r 
I 

3.0 0 
D T"" 
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Fig. 5.8 Birefringence profile tm as a function of z at x = 41 
11l1II. (A) calculation with an insulation layer, (B) calculation 
with a heater, which is active during the filling stage, (C) 
calculation with a heater, which is active during the packing 
stage and (D) standard calculation. 
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In fig. 5.8 the birefringence component An as a function of z 

is given at x = 41 mm. for the various calculations mentioned 

above together with the birefringence profile of the standard 

calculation. 

The use of an insulation layer increases the wall temperature 

during filling. During the filling stage the wall temperature 

changes from the initial contact temperature of 127.5 °C to 99.1 

°C at the end of the filling stage. Due to this effect the 

pressure needed to fill the cavity is decreased from 168 bar ln 

the standard calculation to 154 bar. From fig. 5.8 it can be seen 

that the maximum at the wall moves towards the wall and that the 

level of this maximum ls still rather high. This leads to the 

conclusion that the temperature increase due to the insulation 

layer is not high enough to allow relaxation. 

During calculation (B) the heater creates a temperature 

gradient from T = 112.7 °C (cavity side) toT= 63 °C (metal side) 

ln the insulation layer before the polymer enters the cavity. At 

the end of filling the wall temperature at x = 41 mm reaches T = 

155.9 °C and the pressure needed to fill the cavity ls 113 bar. 

Fig. 5.8 shows that the maximum of frozen-in birefringence lies at 

the wall. During the filling stage the temperature of the polymer 

is above the glass trans! tion temperature in the entire region, 

which results in maximum stress values at the wall. When the 

heater is switched off the temperature immediately drops and the 

relatively high stress values are frozen-ln. Furthermore, it can 

be seen that the shape of the frozen-in birefringence profile in 

the wall region is completely changed. The birefringence, which is 

built up during the post-filling stage, resembles the profile of 

the standard calculation. 

During calculation (C) the heater, which produces 1000 W, ls 
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switched on just after the filling stage for one second. This 

leads to an increase in the wall temperature at x = 41 mm of T = 

99.1 °C at the end of the filling stage toT= 178 °C after 1 sec. 

Fig. 5.8 shows the great influence of the heater on the frozen-in 

birefringence, especially in the wall region. 

From fig. 5.8 it can be seen that under the conditions which 

are used in the calculations, the application of a thin insulation 

layer does not influence the frozen-in birefringence to a large 

extent. On the other hand, an active control of the mould surface 

using an insulation layer together with a heater has a big in

fluence on the birefringence profile, especially in the wall 

region. 

5.6 Selection of the experiments 

In sections 5.2 and 5.3 the model calculations show the great 

influence of the flow rate and the melt temperature on the frozen 

birefringence. The influence of the mould wall temperature and the 

level of the packing pressure show a minor inf 1 uence. However, 

with respect to the packing pressure level, it was shown in sec

tion 5. 4 that the introduction of pressure dependent-viscosities 

and time constants changed the birefringence profile. 

In section 5.2, the pressure gradient profile at one position 

is used to explain the building up of the stresses. Furthermore, 

an interesting phenomenon could be seen from this figure. Just 

after filling the pressure gradient increases due to the deforma

tion caused by the packing pressure. However, these stresses can

not be found as frozen-in flow-induced stresses in the final 

product because relaxation can take place in a certain time 

region. The stresses which cause the intermediate plateau or the 
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second maximum are created during the cooling stage when the 

pressure gradient increases again. This leads to the concept that 

it must be possible to reduce the birefringence level by control

ling the packing pressure which is applied to the system, in the 

following way. During a certain period of time (t
2 

~ t
4 

in fig. 

5.2) a high packing pressure, which results in high stresses and 

in additional supply of material, is prescribed to the system. A 

part of the stresses developed will relax. At the time that the 

pressure gradient starts to grow again the packing pressure must 

be adjusted in such a way that the pressure gradient remains as 

low as possible. This can be achieved by minimizing the difference 

between the pressure transducer signal at the entrance and the 

pressure transducer signal at the end of the cavity. From this 

analysis it follows that two criteria are important: firstly the 

height of the packing pressure and secondly the time level at 

which the packing pressure changes from a constant value to a 

prescribed profile. The height of the packing pressure is 

important because to mould a reasonable product, sufficient 

material has to be supplied during the post filling stage to com

pensate the shrinkage. Thus a compromise between the supply of 

material and the relaxation of stresses, determined by the packing 

pressure level and the shape of the profile, has to be found. In 

order to check qualitatively the influence of the packing pressure 

profile on the final shape of the product, the thickness of the 

flat plate will be measured as a function of the length. 

To verify the numerical model and to investigate the influence 

of a packing pressure profile three different kinds of 

experiments, which are described in the next chapter, wi 11 be 

carried out. First, the influences of the melt temperature and the 

flow rate are investigated. After that, experiments with different 
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packing pressure levels are carried out, and finally the influence 

of different packing pressure profiles is investigated. 

The verification of the calculations with the insulation layer 

and the active mould wall temperature control will be the subject 

of future research. 
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CHAPTER 6 

EXPERIMENTS 

6.1 Introduction 

In this Chapter experiments to verify the numerical model are 

presented and evaluated. In Paragraph 6.2, the equipment used to 

carry out the injection moulding experiments and the measurements 

which are performed on the final product are discussed. These 

experiments are divided into three parts. First, the influence of 

the melt temperature and the flow rate on the pressure profiles 

and the frozen-in birefringence will be investigated. After that 

the influence of the packing pressure is discussed and finally the 

influence of different packing pressure profiles, as discussed in 

section 5.6, will be presented. The processing conditions are 

given in section 6.3 and the results are presented and evaluated 

in section 6. 4. 

6.2 Equipment and measurements 

6.2.1 Injection moulding machine and mould 

The injection moulding experiments were performed on a 35-ton 

Arburg machine with a PMC 1000 control system. To achieve flexibi

lity with regard to the cavity, the mould is designed in parts, 

which are conical and clamped together. The mould cavity, which 

determines the product, is rectangular in shape, as shown in fig. 

6.1. The strip dimensions are 80 • 35 • 2 mm. The entrance region 

diverges from 2 to 35 mm over a length of 35 mm. The runner has a 
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cross section of 4 by 4 mm. The cavity is formed by clamping two 

mould blocks together, the empty space is located entirely in one 

of the blocks (see fig. 6.2). 

Thickness 2 

35 80 

Fig. 6. 1 Strip geometry, numbers in mm. 

6.2.2 Process measurements 

The oil pressure in the hydraulic system behind the screw is 

used by the PMC 1000 system to control the injection velocity 

during the filling stage and the packing pressure during the post

filling stage. The hydraulic pressure (Ph) is measured using a 

flush-mounted Philips KS 2150/10 pressure transducer. It can be 

transformed to the corresponding value of the melt pressure by 

multiplication by 22.5 (the area ratio). In this thesis all the 

hydraulic pressure values (Ph) used are converted to melt pressure 

values (P ). 
p 
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mould block II 
T1 

Tm T9 T8 

section 4 

section 5 
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Fig. 6.2 Injection moulding machine, cavity and instrumentation. 

In the mould cavity four Kistler 6157 A pressure transducers 

are located at different distances. The first (p ) is located at 
1 

the end of the runner, the other transducers (p 
2

, p 
3

, p 
4

) are 

located at 6, 41 and 110 mm respectively downstream from the en

trance of the strip, as shown in fig. 6.2. 

In addition, thermocouples are used to characterize the melt 

and the mould thermally. Concerning the melt, two Iron-Constantan 

thermocouples (T , T ) measure the temperatures in sections 4 and 
8 9 
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5 of the extruder. The melt temperature itself is measured with an 

upstream Chrome! Alumel probe (T ) located in the nozzle. The 
m 

mould is equipped with seven Iron - Constantan thermocouples. Two 

of them (T 
1

, T 
2

) are used to control the temperature of the 

cooling medium and are located at 40 mm from the mould surface. 

The temperature of the cooling medium entering the cooling chan

nels is measured at two places (T
3

, T 
4
). The remaining thermo

couples measure the temperature profiles in the mould at three 

different positions. The couples T 
6 

and T
7 

measure the 

temperatures in the mould block, which contains the cavity (mould 

block 1). They are located at the beginning and at the end of the 

flat plate area, at 1 mm from the mould surface. Thermocouple T 
5 

measures the temperature in the opposite mould block (II) at the 

beginning of the flat plate area, also at 1 mm from the mould 

surface. The data registration is carried out fully automatically. 

6.2.3 Product measurements 

Birefringence 

As discussed already in section 3.4.5, the birefringence technique 

is used to investigate the frozen-in molecular orientation. For 

these measurements a Leitz Wetzlar Polarizing Microscope with a 

Kipp compensator with a maximum compensation of 6400 nm was used. 

Values of birefringence are calculated from the tilting-angle 

measurement; this is necessary to fully compensate the bire

fringence at a given point in the material. The value of bire

fringence on the basis of the compensation method is calculated 

according to the formula n = Rid, where R is the value of retar

dation and d is the thickness of the sample. Two birefringence 

components [see 3.4.5] are measured, the mean birefringence com-



Experiments 121 

ponent <n - n > and the gapwise birefringence component An = n 
XX yy 1 

- n , where n and n are the principal values in the x-z plane. 
2 1 2 

The first component is measured at different locations downstream 

from the entrance of the strip by placing the moulded strip be

tween a cross polarizer and an analyzer with the light path going 

through the thickness of the strip, as shown in fig. 6.3. 

Fig. 6. 3 Locations where birefringence measurements are carried 
out, (left) mean birefringence measurements <nxx - nyy) and 
(right) gapwise birefringence measurements An. 

To measure the second component, a thin slice of 1 mm thickness 

is removed from the middle of the moulded part. At various cross 

sections located at 25, 30, 41, 60 , 85 and 110 mm (see fig. 6.3) 

the birefringence values are obtained as a function of the z

direction . The cross sections at 41 and 110 mm correspond to the 

locations of the pressure transducers p and p (see fig. 6. 2). 
3 4 

The slices are removed in such a way that the state of orientation 

is not distorted during the cutting procedure. First a slice of 

1.6 mm is cut from the sample using a circular saw on a milling 



122 Chapter 6 

cutter under severe cooling, after that this slice undergoes post

treatment by a diamond chisel with a rotating speed of about 3000 

rpm and a pitch of 10 j.Lm until the final thickness of 1 mm is 

reached. 

Thickness measurement 

As discussed in section 5.6 the thickness of the product will be 

measured in order to investigate the influence of packing pressure 

profiles on its final shape. These thickness measurements are 

carried out with a TESA feeler at the upper side and a TESA feeler 

at the under side of the sample at different locations (see fig. 

6.4). To achieve the thickness, the signals of the feelers are 

subtracted. 

75 
60 

45 
30 

15 

X 

Fig. 6.4 Locations from the beginning of the flat plate region, 
at which thickness measurements are carried out, in mm. 
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6.3 Range of processing conditions 

The experiments are divided into three parts. First (A, see 

table 6. 1) the melt temperature and the flow rate are adjusted. 

The melt temperature can be set by prescribing certain temperature 

values to the five different heater sections of the extruder, 

which are controlled by the PMC 1000 system. A prescribed value of 

the extruder velocity, to the PMC 100 system, determines the in

jection speed during filling. 

Secondly (8, see table 6.2), the influence of the packing pres

sure will be investigated. After the filling stage, the system 

changes from a velocity control of the plunger to a prescribed 

hydraulic pressure control. The control system offers the oppor-

tunity to select a pressure transducer, in this case p , which 
1 

then determines the moment of change to the packing pressure when 

a certain prescribed value is reached. 

During the final experiments (C, see table 6.3) a packing pres

sure profile is prescribed to the system. The PMC 1000 unit offers 

the possibility to describe certain percentages of the maximal 

hydraulic pressure during certain time intervals (see table 6.4). 

The profiles are chosen in such a way that the pressure difference 

p - p becomes minimal after a certain time, so that the stresses 
3 4 

built-up can partly relax. An example of such a pressure profile 

is given in fig. 6.8. 

The mould temperature is controlled using water, at controlled 

temperatures, as the cooling medium. From our calculations (see 

sect ion 5. 3) and also from 1 i tera ture (Dietz et al. 1978) it 

follows that the influence of the mould temperature on the frozen

in flow induced birefringence is small. This parameter will not be 

varied and a fixed value of S0°C is used during all the 
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experiments. Furthermore it is necessary to specify two time 

intervals to the control system, a time interval in which the 

packing pressure remains on the system, called the holding 

pressure time, and a time interval which determines the total 

cooling time. During all the experiments the cooling time is set 

to 30 seconds, the holding pressure time is prescribed during the 

experiments A and B (see tables 6.1 and 6.2), in experiment C the 

process time is determined by the packing pressure profile. 
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sample flow melt packing holding 
no. rate Q temp T pressure p time 

(m3/s) (OC) II (bar) p (sec. ) 

1 2.54 10-6 

2 7.62 10-6 200 675 15 

3 12.70 10-6 

4 2.54 10-6 

5 7.62 10-6 220 675 15 

6 12.70 10-6 

7 2.54 10-6 

8 7.62 10-6 240 675 15 

9 12.70 10-6 

Table 6. 1 Processing conditions used by changing the melt 
temperature and the flow rate. 

experiment B 

sample flow melt packing holding 
no. rate Q temp T pressure p time 

(m3 /s) (OC) II (bar) p (sec. ) 

10 225 

11 7. 62 10-
6 220 

450 15 
12 563 

13 900 

Table 6.2 Processing conditions used by changing the packing 
pressure. 
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expenment c 
sample flow melt max. packing 

no. rate Q temp T pressure p 

(m3/s) (OC) m (bar) p 

14 675 

15 7.62 10- 6 
220 

900 

16 1125 

17 900 

Table 6. 3 Processing conditions used by experiments with a packing 
pressure profile. 

percentages of maximum packing pressure 

t (sec) no. 14 15 16 17 

0.00 100 100 100 100 

0.60 100 100 100 100 

1. 20 100 100 100 100 

1. 80 100 100 100 100 

2.40 30 50 60 55 

3.00 19 25 35 45 

3.60 14 20 20 30 

4.20 9 15 15 15 

4.80 4 10 10 10 

5.40 0 5 5 5 

6.00 0 0 0 0 

Table 6.4 Percentages of maximum hydraulic packing pressure 
corresponding to experiment C. 
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6.4 Results and Discussion 

6.4.1 Temperature measurements 

Figure 6. 5 shows a characteristic result obtained with the 

thermocouples T
1 
~ T

9 
during the injection moulding of sample no. 

5 (see table 6.1). The influence of the different processing con

ditions on the temperature profiles is presented in table 6. 5. 

This table presents the maximum temperature difference as measured 

by the thermocouples in the mould (T , T and T
7

) under different 
5 6 

processing conditions, during one cycle. 

65 225 

60 
220 

2 215 -
55 ~ 

I- 210 I-

50 3 205 
4 

45 200 
0 10 20 30 40 50 

t (s) 

Fig. 6. 5 Temperature profiles of thermocouples mounted in the 
mould and ln the heater sections of the extruder. The numbers 
correspond to the ones used in fig. 6.2. 
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Experiment fiT fiT llT 
5 6 7 

no. 
COC) COC) COC) 

2 4. 1 5.4 3 . 4 

4 4.7 5. 9 3.5 

5 4.7 6.0 3.7 

6 4.7 6.1 3.9 

8 5. 1 6.5 4.2 

Table 6.5 Haxlmum temperature difference of the thermocouples Ts, 
T6 and T7 during one cycle. The experiment numbers correspond to 
the ones in table 6.1 

From fig. 6.5 it can be seen that the temperatures of the water 

CT and T ) and the temperatures of the control thermocouples CT 
3 4 1 

and T ) are relatively constant. The thermocouples in the neigh-
2 

bourhood of the polymer CT , T , T ) show a cyclic thermal beha-
5 6 7 

viour. The dUferences in the profiles are caused by the asym-

metrie mould construction. The difference between the temperature 

increase at the entrance of the mould (T
5 

and T
6

) and the increase 

at the end of the mould CT ) is due to two effects. Firstly, to 
7 

the cooling of the melt during filling and secondly the different 

pos i tion of the transducers. Transducer T is influenced by the 
7 

end of the cavity, while transducer T is further away from the 
6 

walls of the cavity. Comparing T and T , it can be seen that the 
5 6 

temperature increase of T is somewhat higher and the temperature 
6 

decrease is somewhat faster. From table 6.5 it can beseen that a 

higher melt temperature leads to a greater increase in the mould 

temperature and that the influence of the flow rate is negligible. 

Despite the fact that the temperature differences during one cycle 
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and between the two mould parts which form the cavity are 

relatively small there is a spatlal time dependent asymmetrie 

temperature profile in the mould which can influence the final 

frozen-in stress. 

Fig. 6.6 Hydraulic pressure profile and melt temperature profile 
versus time during one cycle. The curves correspond to processing 
condition no. 4 in table 6. 1. 

In fig. 6.6 the values obtained for P and T corresponding to 
p • 

sample no. 5 are plotted. During the f1111ng stage a temperature 

rise occurs from 208 °e to 225 °e. The experiments carried out 

with melt temperatures of 200 °e and 240 °e, which correspond to 

conditions 2 and 8 respectively in table 6.1, result in 

temperature rises from 192 °e to 214 °e and from 227 °e to 244 °e. 
From these values it can be seen that the temperature measured by 
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the thermocouple changes from a value below the setting point to a 

value above the setting point. When the melt is in rest and the 

extruder is removed from the cold mould, a temperature close to 

the setting temperature is measured. Just before the filling stage 

starts, the extruder is moved until it hits the cold mould. A 

temperature gradient in the extruder wall from the nose to section 

5 is built-up. This temperature gradient along the extruder 

influences the temperature T by conduction. This effect leads to 
m 

a lower temperature with respect to the setting temperature at t = 
0 s in fig.6.6. However, when the melt starts to flow the 

temperature increases. This temperature rise during injection can 

be caused by the following effects: 

- new hot melt flows along the thermocouple; 

- viscous heating, due to the high viscosity and the high shear 

rate during flow; 

heat caused by the sudden compression; this effect can be 

clearly seen at the end of the post-filling stage. There the 

sudden drop in hydraulic pressure is accompanied by a sudden 

drop in temperature. 

Fig. 6.6 clearly shows that the melt temperature is not constant 

during the filling stage, as is assumed in almost all the 

numerical simulations presented in 11 terature. Of course it is 

possible to replace the constant melt temperature boundary con

dition by the experimentally measured temperature profile. 

However, it should be noticed that the calculation does not start 

at the nozzle but at the entrance of the flat plate region. During 

filling the pressure profile at these two locations are not the 

same and the compression heat effect can cause differences between 

the experimental value and the real temperature of the melt which 
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enters the cavity. The values measured show that the temperature 

of the melt during filling is higher than the setting temperature. 

6.4.2 Pressure measurements 

The profiles of all the pressure transducers for the processing 

conditions 4 (table 6.1) and 14 (table 6.3) are shown in fig. 6.7 

and fig. 6.8 respectively. Fig. 6.7 gives a characteristic example 

of the pressure profiles for one injection moulding cycle. During 

the filling stage (0.0 - 0.9 sec.) the pressures increase until 

certain values are reached. After the mould is filled the packing 

pressure (p ) is held at a constant level during a certain time. 
p 

The continuous cooling increases the density, which results in a 

pressure drop and in the development of a pressure gradient. This 

pressure gradient causes material flow, which on its turn counter

acts the pressure decay. The amount of material flow depends on 

the flow resistance, which is determined by the temperature and 

the flow length. Because of the flow length dependence, the 

pressure starts to drop at the end of the cavity and because of 

the temperature dependence the slope of the pressure drop in

creases with time until the temperature reaches the glass 

transition temperature, where a change in the thermal expansion 

coefficient occurs. 

Fig 6. 8 shows the pressure profiles, at different locations, 

for a controlled packing pressure profile. Until roughly 3.5 

seconds the profiles correspond to the ones shown in fig. 6. 7. 

After this time level the packing pressure is adjusted to minimize 

the pressure difference occuring between p
3 

and p
4

. 
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Fig. 6. 7 Pressure profiles at different locations versus time 
during one cycle, when using a standard packing pressure 
according to processing condition no. 4 in table 6. 1. The numbers 
correspond to the ones in fig. 6.2. 

800 

600 -I... m 
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Fig. 6. 8 Pressure profiles at different locations versus time 
during one cycle, when using a packing pressure profile according 
to processing condition no. 14 in table 6.3. 
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The pressure difference p - p is an important quantity with 
3 4 

regard to the building up of frozen-in orientation. Fig. 6.9 shows 

the development of this difference as a function of time of the 

standard packing pressure experiment (fig. 6.7) and of the packing 

pressure profile experiment (fig. 6.8). 
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Fig. 6.9 Pressure difference p3- p4 as a function of time during 
one injection moulding cycle of an experiment with a standard 
packing pressure (solid) and of an experiment with a packing 
pressure profile (dotted). The data correspond to no. 4 in table 
6.1 and to no. 14 in table 6.3. 

The pressure difference increases during the filling stage. After 

filling it decreases due to the material supply which smooths out 

the pressure differences and finally it increases again due to the 

cooling. Furthermore this figure clearly shows the influence of 

the packing pressure profile. While the pressure difference is 

continuously growing in the standard experiment, it suddenly de

creases in the experiment with a packing pressure profile. With 
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respect to a packing pressure profile, two ·parameters can be 

adjusted to influence the final frozen-in orientation. Firstly, 

the packing pressure level and secondly the time at which the 

hydraulic pressure starts to drop. In experiments C these two 

parameters were varied (see tables 6.3 and 6.4). 

6.4.3 Birefringence measurements 

In all the samples, the birefringence distribution across the 

thickness has been found to be symmetric with respect to the 

centre line. Accordingly, the results will be shown across half of 

the gap. Data for t.n and <n - n > based on different samples 
XX yy 

under the same processing conditions were found to be repro-

ducible. Difficulties in the birefringence measurements across the 

thickness arose in a region within ~ 6 10-5 m of the surface. In 

this region, where the fountain flow can cause high birefringence 

levels (Mavridis 1988), it was not possible to distinguish 

different values. 

Figure 6. 10 shows the birefringence distribution t.n(z) for 

cross sections located at different distances downstream of the 

entrance. These profiles, which are characteristic for this bire

fringence component, show maxima near the surface, nonzero values 

at the centre line and significant values in the intermediate 

zone. Generally, the birefringence decreases with increasing 

distance from the entrance. Near the entrance an additional local 

maximum occurs in the intermediate zone, this second maximum 

gradually changes into an intermediate plateau as the distance 

from the entrance increases. Further it is noted that the position 

of the maximum near the surface is fairly constant in the entrance 

region but decreases at the end of the cavity. These observations 
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are in agreement with the experiments carried out by Wang et al. 

(1980) and the explanation given in chapter 5, section 5.3. 
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fig. 6.10 Gapwise birefringence 6n distribution at different 
distances x from the cavity entrance (+ ~ 25, 6 ~ 30, o ~ 41, V ~ 
60, + ~ 85, c ~ 110 mm) for condition no. 5 in table 6.1. 

The influence of the melt temperature on the birefringence 

profiles 6n and <n - n > is shown in fig. 6. 11. Fig. 6. 11a 
XX yy 

shows the birefringence data at a fixed x-position (x = 41 mm) for 
0 the different setting temperatures of 240, 220 and 200 C, corre-

sponding to the sample numbers 2, 5 and 8 of table 6.1. It is not 

possible to measure the maximum near the wall of sample no. 2 

because of the limited range of the compensator used. Further it 

is seen that increasing the melt temperature substantially 

decreases the birefringence level 6n in the entire cross section. 
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Fig. 6.11 Gapwise birefringence profile ~nat x = 41 mm (a) and 
mean birefringence <nxx - nyy> versus distance from the cavity 
entrance (b) for setting temperatures T = 200 °C (+), T = 220 °C 
(~) and T = 240 °C (o) corresponding to the sample numbers 2, 5 
and 8 of table 6.1. 
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Fig. 6.12 Gapwise birefringence profile ~nat x = 41 mm (a) and 
mean birefringence <nxx - nyy> versus distance from the cavitv 

-6 3 -'6 entrance (b) for flow rates Q = 2.54 10 m /s (+), Q = 7.62 10 
3 -6 3 m /s (~)and Q = 12.7 10 m /s (o), corresponding to the sample 

numbers 4, 5 and 6 of table 6. 1. 
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Fig. 6. 11 b shows the va 1 ues of <n - n > versus distance from 
XX yy 

the cavity entrance for three different melt temperatures. The 

birefringence component <n - n > is seen to decrease rapidly 
XX yy 

near the entrance, which is the start of the diverging region, 

followed by a more gradual decay in the rest of the cavity. An 

increasing melt temperature decreases the values of <n - n > in 
XX YY 

the entire cavity. 

The influence of the flow rate on the birefringence profiles is 

shown in fig. 6.12. The flow rates are 2.54 10-6
, 7.62 10-6 and 

-6 3 
12.7 10 m /s and correspond to mean melt front velocities of 

3. 63, 10. 89 and 18. 15 cm/s and to the sample no. 4, 5 and 6 of 

table 6.1. A decreasing flow rate increases the values of ~nand 

<n - n > everywhere in the cavity. However, the influence of 
XX yy 

the flow rate on the birefringence profiles seems to decrease as 

higher flow rates are approached. 

The influence of packing pressure level is shown in figure 

6. 13. The level of the packing pressure influences the gapwise 

birefringence distribution ~n as shown in fig. 6. 13a and 6. 13b. 

Near the gate (see fig. 6. 13a), where two maxima appear, it can be 

seen that the positions of the maxima are hardly influenced by the 

packing pressure level, its height however increases with in

creasing packing pressure. Due to the difference in distance to 

the entrance compared with fig. 6. 13a, the curves of fig. 6. 13b 

reach a plateau in the intermediate region. This intermediate 

plateau almost disappears when the packing pressure decreases. The 

mean birefringence component <n - n > is shifted entirely 
XX yy 

upwards by an increasing packing pressure level, as shown in fig. 

6. 13c. 
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Fig. 6.13 Gapwise birefringence profile an at x = 30 mm (a), at 
x= 41 mm (b) and the mean birefringence <nxx - nyy> versus dis
tance from the cavity entrance (c) for packing pressures of 225 
bar (+), 450 bar (a), 675 bar (o) and 900 bar (V), corresponding 
to the sample nos. 10, 11, 5 and 13 of tables 6.1 and 6.2. 
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The influence of the packing pressure profile on the gapwise bire

fringence component and on the mean birefringence component <n 
XX 

n > is shown in figures 6. 14, 6. 15 and 6. 16. In fig. 6. 14 a 
yy 

sample processed with a standard packing pressure is compared with 

a sample processed with a packing pressure profile, both using a 

maximum packing pressure level of 675 bar. It can be seen that the 

earlier decrease in the pressure, using a packing pressure 

profile, has a major influence on the gapwise birefringence com

ponent, especially in the intermediate region. 
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Fig. 6. 14 Gapwise birefringence component ~n at two different 
locations for an experiment with a standard packing pressure 
(solid) and an experiment with a packing pressure profile 
(dotted) with the same maximal packing pressure level of 675 bar. 
The data correspond to sample no. 5 (o ~ x = 30 mm) and (V ~ x = 
41 mm) and to sample no. 14 (+ ~ x = 30 mm) and (~ ~ x = 41 mm) 
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Fig. 6.15 Hean birefringence <nxx- nyy> versus distance from the 
cavity entrance for a packing pressure profile with a maximum 
packing pressure of 675 bar (+ sample no. 14), for an experiment 
with a standard packing pressure of 675 bar (6 sample no. 5) and 
for a packing pressure profile with a maximum packing pressure of 
900 bar (o sample no. 15). The sample numbers correspond to the 
ones in tables 6.3 and 6.1. 

The same tendency occurs with regard to the mean birefringence 

(see fig. 6. 15), where two samples processed with a packing 

pressure level of 675 bar are shown. Also shown in this figure is 

sample no. 15, which is processed with a maximum packing pressure 

level of 900 bar. It is interesting to see that the final mean 

birefringence level is comparable with the birefringence level of 

sample no. 5 which is processed with a maximum packing pressure 

level of 675 bar. 
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Fig. 6.16 Hean birefringence <nxx- nyy> versus distance from the 
cavity entrance for different packing pressure profiles. The data 
correspond to (+) sample no. 14, (ll) sample no. 15, (o) sample 
no. 16 and (V) sample no. 17 of table 6.3. 

Fig. 6. 16 shows the mean birefringence component of all the 

samples processed with different packing pressure profiles. Sample 

14 is processed with a maximum packing pressure of 675 bar, the 

samples 15 and 17 with 900 bar, but the pressure drop starts 

earlier for sample no. 17, and sample no. 16 is processed with a 

maximum packing pressure of 1125 bar. The mean birefringence level 

increases with an increasing packing pressure level. Samples 15 

and 17 show that the shift in time, where the packing pressure 

starts to drop, has a minor influence on the mean birefringence 

profile. 
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6.4.4 Thickness measurement 

The final thickness of the product cannot be calculated by the 

numerical model developed in this thesis. The interpretation is 

difficult and many effects, such as thermal stresses (Baaijens 

1989), play a role in this complicated area. In this thesis the 

thickness measurements are used to show qualitatively the influen

ces of the processing conditions and to examine the effect of the 

application of a packing pressure profile. Note that the results 

do not include information about flatness and parallelism. 

All the results of the thickness measurements are presented in 

Appendix 3. A selection of the data is presented in this section. 

25 

20 

E 
15 ..2 

0 
I 

10 I 
I 

5 

0 
35 55 75 95 115 

x {mm) 

Fig. 6.17 Thickness differences (~m) as a function of flow length 
for three different melt temperatures. The data (+ ~ 200 °C, 0 ~ 
220 °C and d ~ 240 °C) correspond to the sample numbers 2, 3 and 
8 of table 6. 1. 
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Fig. 6. 18 Thickness differences (~m) as a function of flow length 

for three different flow rates. The data (6 ~ 2.54 10- 6 m3 /s), (o 

~ 7. 62 10- 6 m
3 
/s) and (V ~ 12.7 10- 6 

m
3 /s) correspond to the 

sample numbers 4, 5 and 6 of table 6. 1. 

The influences of the melt temperature, the flow rate and the 

packing pressure are plotted in fig. 6.17, fig 6.18 and fig. 6.19 

respectively. In these figures the difference between the measured 

thickness and a normalized thickness of 2 mm is plotted in ~m as a 

function of the flow length. 

In fig. 6.17 the lines all have the same shape, a decreasing 

thickness with increasing flow length up to a certain position 

from which the thickness increases until the end of the product. 

Due to the higher temperature more material can be packed in the 
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mould, especially in the entrance region. This effect results in 

thicker products with increasing temperature and a decrease of the 

thickness as a function of flow length. The change in slope at the 

end of the product is caused by two dimensional cooling effects 

at the corners. 

The effect of the flow rate (see fig. 6.18) is as clear as the 

dependence on melt temperature. It seems that the thickness in

creases with an increasing flow rate, although the lowest flow 

rate shows a totally different behaviour. Samples 5 and 6 show a 

profile which corresponds to the ones which are shown in fig. 

6.17. A higher flow rate (sample 6) results in higher temperatures 

and a thinner solidified layer at the end of the filling stage, 

thus more material can be supplied during the packing stage, which 

in turn results in a thicker product. Processing with a low flow 

rate (sample 4) leads to longer filling times and less 

dissipation, which results in lower temperatures and thicker soli

dified layers at the end of the filling stage. Thus, the 

temperature was probably too low to transport enough material to 

the end of the cavity, so that the major part of the material is 

supplied in the entrance region, which then leads to a higher 

slope in decrease of thickness. The fact that the absolute value 

of the thickness of sample 4 is higher than the corresponding 

value of sample 5 is due to the fact that the overall shrinkage of 

sample 4 is lower than the shrinkage of sample 5 because of the 

higher temperature level of this sample during the first stage of 

the cooling period. 

Fig. 6.19 shows the enormous influence of packing pressure on 

the final thickness of the product. This figure clearly shows that 

a certain minimum packing pressure level is necessary to add 

enough material in the entire mould region. 
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Fig. 6.19 Thickness differences (~m) as a function of flow length 
for five different packing pressure levels. The data correspond 
to ( +) Pp = 225 bar sample number 10, ( ll) Pp = 450 bar sample 
number 11, (o) Pp = 563 bar sample number 12, (V) Pp = 675 bar 
sample number 5 and (c) Pp = 900 bar sample number 8. The sample 
numbers correspond to tables 6.1 and 6.2. 

The influence of the packing pressure profile on the bire

fringence components and on the thickness will now be discussed. 

Fig. 6.15 shows the mean birefringence component <n - n >as a 
XX yy 

function of flow length for three different samples. Samples 5 and 

14 refer to a maximal hydraulic packing pressure of 675 bar and 

sample 15 refers to a maximal hydraulic packing pressure level of 

900 bar. Samples 14 and 15 were processed using a packing pressure 

profile (see table 6.3) and sample 5 was processed using a 
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standard packing pressure. From this figure it can be concluded 

that the mean birefringence level decreases when the prescribed 

packing pressure profile is applied, even the higher packing 

pressure level of 900 bar results in a lower mean birefringence 

level. The effect of these processing conditions on the gapwise 

birefringence component An is shown in fig. 6.20. 
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Fig. 6.20 Gapwise birefringence profile at x = 41 mm for three 
different processing conditions. The data correspond to (A) Pp = 
675 bar no profile, (+) Pp = 675 bar profile and (o) Pp = 900 bar 
profile. The sample nos. are 5, 14 and 15 respectively, referring 
to tables 6.1 and 6.3. 

This figure shows the relaxation of this birefringence 

component in the centre region at x = 6 mm when comparing sample 

numbers 5 and 14 which are both processed under the same maximal 

hydraulic packing pressure. Sample no. 15 shows a somewhat higher 
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birefringence level near the wall, due to the higher packing 

pressure level, but a considerably lower level in the centre 

region. Now, it is interesting to look at the thickness results of 

these samples. 
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Fig. 6.21 Thickness differences (~m) as a function of flow length 
for four different packing pressure levels. The data correspond 
to (+) Pp = 675 bar sample number 5 without profile, (~) Pp = 675 
bar sample number 14 with profile, (o) Pp = 900 bar sample number 
15 with profile and (V) Pp = 900 bar sample number 13 without 
profile. The sample nos. correspond to tables 6.2 and 6.3. 

Figure 6.21 shows the thickness of the sample numbers 5, 14, 15 

and 13. Sample no. 13, processed with a packing pressure level of 

900 bar without using a profile, is adjusted for completeness. 

This figure shows the different shapes of the lines corresponding 

to samples no. 14 and 15 compared with samples no. 5 and 13. The 

lines corresponding to sample 14 and 15, which are processed using 
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a packing pressure profile, show a tendency to increase with in

creasing flow length at the entrance region, while samples 5 and 

13 show a tendency to decrease. The most important effect however 

is the higher thickness level over the entire region from sample 

no. 15 in comparison with sample no. 5, while the birefringence 

components are lower. This leads to the conclusion that it must be 

possible to manipulate the birefringence components and still make 

good products by applying a specified packing pressure profile. 
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CHAPTER 7 

COMPARISON BITVEEN SIMULATION AND EXPERIMENT 

7.1 Introduction 

In chapter 6 experiments carried out under different processing 

conditions are described, while in chapter 5 some general results 

of the numerical model are given. In this chapter model 

calculations are presented based on the experimental conditions in 

order to investigate the predictive capacity of the model 

developed in this thesis. 

In section 7. 2 and section 7. 3 the processing conditions and 

the material data which are used in the calculations are reviewed. 

In section 7.4 the values of the mould temperature, the 

pressure profiles and the birefringence profiles of the calcula

tions are compared with those of the experiments. 

7.2 Processing conditions 

The processing conditions are taken from chapter 6 (see tables 

6.1, 6.2 and 6.3) and are reviewed in table 7.1. The mould wall 

temperature, measured at 40 mm from the cavity wall, remains 

constant during the injection moulding cycle, as shown in fig. 6.2 

of section 6.4.1. So a constant value ofT =50 °C at z = 40 mm 
w 

is prescribed in the calculations. 
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standard 

1 2 3 

Q flow rate (m3 /s) 2.54 10-6 7.62 10- 6 12.7 10-6 

T melt temperature ( oc) 214 225 244 
m 

pp packing pressure (N/m2
) 450 105 675 105 900 105 

Table 7.1 Processing conditions which are used in the calculations 

The values of the melt temperature which differ from the setting 

values of table 6. 1 are taken from the experimental values 

measured by the upstream thermocouple, as discussed in section 

6.4. 1. During the packing stage the experimental pressure profile, 

which is measured by transducer p (see fig. 6.2), is prescribed 
2 

at the entrance. The processing values in column 2 of table 7.1 

will be used as the standard values. When the influence of a 

processing condition is investigated these conditions are used, 

changing one parameter at a time. To indicate the different 

experiments, reference is made to the sample numbers used in the 

tables 6. 1, 6.2 and 6.3 of section 6.3. 

7.3 Material parameters 

The rheological and the thermal data are taken from the data 

presented in chapter 4. The 2-mode Leonov model (see table 4. 2, 

section 4.3) is used to describe the deviatoric responses and the 

Tai t model (see table 4. 3, section 4. 4) describes the volumetric 

changes. The thermal data can be found in section 4. 5 and the 

stress optical coefficient is given in section 4. 6. The 

temperature dependence of the material parameters is described by 
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the W. L. F. equation (see section 4. 3). The pressure dependence, 

which can also be included in the W. L. F equation (see 5. 4), is 

neglected during the first calculations. The geometrical effect of 

the diverging region at the entrance of the cavity (see appendix 

4) and the influence of mould wall elasticity (see appendix 2) are 

both taken into account. 

7.4 Results 

7.4.1 Mould wall temperature 

Fig. 7.1 shows the experimental and the calculated mould 

temperature profiles at x = 48 and x = 97 mm at 1 mm from the 

cavity surface for the standard condition, which corresponds to 

sample number 5 of table 6. 1. 
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Fig. 7.1 Hould temperature profiles at x = 48 (a) and x = 97 mm 
(b). The lines without markers represent the experimental values 
and the lines with the markers represent the calculated values. 
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From this figure it can be seen that the measured temperatures are 

lower then the calculated ones and that the measured temperature 

increase is slower. The latter effect is caused by the relatively 

long response time of the thermocouples. The difference in 

absolute values are most probably caused by geometrical effects. 

From fig. 6.2 it can be seen that the thermocouples T and T are 
6 7 

located close to the side and back walls of the mould. This 

implies that the mould cooling at these locations is more dimen

sional, while the numerical model is only one dimensional with 

respect to mould cooling. The effect of changes in mould 

temperature on the birefringence is, however, relatively small as 

shown in fig. 5.4c. 

7.4.2 Pressure profiles 

In table 7.2 the calculated values of the pressure at the end 

of the filling stage are compared with the experimental values. 

T T T T T T 
1 2 3 1 2 3 

Q1 236 187 151 251 214 168 

Q2 168 145 117 171 147 118 

Q3 159 135 115 158 138 111 

experimental calculated 

Table 7. 2 Experimental and calculated pressure values in bar at 
the end of the filling stage at x = 6 mm. 
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From table 7.2 it can be seen that the predicted values agree 

reasonably well with the experimental ones, except in the low 
-6 3 flow rate region. When a flow rate of 2.54 10 m /s, which corre-

sponds to a filling time of almost 3 s, is applied, severe melt 

cooling occurs during the filling stage. A small error in the 

temperature dependence of the viscosity at low temperatures causes 

relatively big errors in the pressure prediction. 

In fig. 7.2 the experimental (lines) and the calculated 

pressure profiles (markers) are plotted as a function of time for 

the standard conditions, which correspond to sample number 5. The 

time level t = 0 (s) indicates the end of the filling stage. The 

numbers 1, 2 and 3 correspond to x = 6, x = 41 and x = 110 mm. 
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Fig. 7. 2 Experimental (lines) and calculated pressure profiles 
(markers) at x = 6 (1, prescribed profile), x = 41 (2) and at x = 
110 mm (3). The processing conditions correspond to the standard 
conditions and to sample no. 5 of table 6.1. 
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From this figure a number of conclusions can be drawn. The 

calculated pressure profiles during filling agree well with the 

experimental data. Because the experimental data of p
1 

are used as 

a pressure boundary condition in the post-filling stage, these 

data are equivalent. The pressure level, which is reached just 

after the packing pressure is applied, is predicted well at the 

other x locations. The calculated pressures p and p remain too 
. 2 3 

long at a high level and after that the decays are too fast. These 

two effects appear in all the calculations which were made with 

the model. 
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Fig. 7. 3 Experimental (line) and calculated (marker) pressure 
difference p

2 
- p

3 
as a function of time. 

From roughly 4 s the rapid pressure decay leads to an over

prediction of the calculated pressure difference p
2 

- p
3

, as shown 

in fig. 7.3. As discussed already in section 5.2, this pressure 



Verification of the model 157 

difference, which is a measure of the pressure gradient, deter

mines the frozen-in birefringence in the intermediate zone. So a 

priori it can be stated that the prediction of the frozen-in bire

fringence will not be correct because the prediction of the 

pressure difference is wrong. 

In section 5.4 (see fig. 5.6) the sensitivity of the calculated 

pressure and frozen-in orientation profiles on different material 

parameters has been discussed. This analysis shows that the time 

at which the pressure decay starts depends on the pressure depen

dence of the viscosities and the relaxation times. That a certain 

pressure dependence of the material parameters must be present can 

also be concluded from fig. 6.13 (section 6.4.3) and fig. 5.4d and 

fig. 5.7a (section 5.4). The experimental birefringence values of 

fig. 6. 13 show a packing pressure dependence, while the calculated 

birefringence values of fig. 5. 4d do not show this dependence. 

However, when a pressure dependence of the material parameters is 

introduced into the model, the frozen-in birefringence becomes a 

function of the packing pressure level, as shown in fig. 5.7. 

Fig. 5. 6 also shows the significant influence of mould wall 

elasticity and the oc!K values, used in the equation of state, on 

the slope of the pressure decay. Neglecting the mould elasticity 

accelerates the pressure decay, while lower ociK values, due to a 

cooling rate dependence of the specific volume data, delays the 

pressure decay. These arguments lead to the conclusion that not 

only the mould elasticity, but also the pressure dependence of the 

material parameters and the non-equilibrium effects on the 

specific volume are important with respect to the prediction of 

pressure profiles and consequently of the frozen-in birefringence. 

At this moment, however, no reliable independent material data 

with regard to these aspects are available. 
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In order to investigate the predictability of the frozen-in 

birefringence it is necessary to at least describe correct 

pressure profiles. A calculation is performed with pressure depen

dent viscosities and time constants to achieve an earlier pressure 

decay, using the Spencer-Gilmore equation of state to achieve a 

slower pressure decay. Application of the Spencer-Gilmore equation 

combined with mould wall elasticity resulted, however, in a 

pressure decay which was too slow. As a consequence a calculation 

was carried out which used the Spencer Gilmore equation of state 

(see section 5. 4), a pressure dependence of the viscosities and 

the relaxation times, with the coefficient D
3 

= 1.3 10-7 (°Cm2/N) 

and no mould wall elasticity. These conditions will be referred to 

as extended material data. 

Fig. 7.4 shows the results of this calculation for the standard 

conditions (sample number 5) and for the simulation of the 

experiment (sample no. 14) with an optimized pressure profile, 

completed with the experimental data. This figure shows good 

agreement between the experiments and the simulation for both 

conditions. However, before the frozen-in birefringence profiles 

are discussed the following should be noted. It is not clear a 

priori that the above material data, which apparently improve the 

predicted pressure profiles, will have the same positive effect on 

the prediction of the frozen-in birefringence profile. The reason 

for this is that there exist various different ways to achieve 

correct pressure profiles and every route has a different influen

ce on the frozen-in birefringence. Independent material data are 

needed to break through this vicious circle. Despite these 

worrying aspects, the frozen-in birefringence profiles, as discus

sed in the next section, are calculated using the extended 

material data. 
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7.4.3 Birefringence profiles 

1 Different locations 

Fig. 7. 5 shows the birefringence profiles at four different 

positions x = 25, x = 41, x = 60 and x = 110 mm, respectively. The 

experimental values of the standard condition (a, sample no. 5) 

are compared with the calculated profiles with the original 

material data (b) and those calculated with the extended material 

data (c). 

On comparing figures 7.5b and 7.5c the influence of the exten

ded material data on the frozen-in birefringence can be analyzed. 

The application of pressure dependent viscosities and relaxation 

times increases the maximum at the wall and increases the 

difference between these maximum values at different x locations. 

Furthermore, the maximum is shifted away from the wall and the 

second maximum in the intermediate zone, which appears in b at x = 
25 mm, is changed in a more gradual decay of the birefringence 

towards the centre. As discussed already in section 5. 4, the 

pressure dependence increases the birefringence level in the 

intermediate zone. The same aspect holds when no mould elasticity 

is applied. Lower values of a/K, however, decrease the birefrin

gence level of the intermediate zone. As can be seen in fig. 7.5, 

the latter effect is dominant. 
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When the experimental values are compared with the calculated 

values it can be seen that the tendencies in the profiles agree 

quite well, except the profile at x= 25 for condition c, where no 

minimum is predicted anymore. However, there is a big difference 

between the absolute experimental and predicted birefringence 

values. This can be due to a number of reasons. 

Firstly, the number of modes in the Leonov model. The 

calculated elastic stresses can be too low due to the effect that 

not enough modes, especially the ones that describe the low 

temperature region, are taken into account. When the relaxation 

time becomes too great, due to a decrease in temperature, no 

elastic energy can be added anymore to that particular mode. So 

when this effect occurs in all the modes used the only possibility 

to change stresses, is a change in the plastic part of the shear 

stress. An example of this phenomenon is shown in fig. 5.7b, where 

the influence of different modes on the birefringence component ~n 

is investigated. 

Secondly, thermal stresses can influence the frozen-in 

birefringence as well. The absolute values of the thermal stresses 

during quenching and injection moulding experiments as published 

by Isayev (1987) are maximal one order of magnitude greater then 

the entropic stresses, while the stress optical coefficient in the 

fluid state is three orders of magnitude greater than the one in 

the solid state. So, it is expected that this effect is 

negligible. 

Finally, the absolute value of the stress optical coefficient 

is not so unambiguous. Janeschitz Kriegl (1983) reported values of 

stress optical coefficient of polystyrene, which varies from - 4 

10-9 to - 6 10-9 m2/N. In this thesis a value of -4.8 10-9 is used 

(Wales 1976). The temperature dependence of the stress optical 
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coefficient of Polystyrene was investigated by Retting (1978), who 

reported increasing stress optical coefficient values with 

decreasing temperatures coming from the melt. Wales, however, 

could not find this temperature dependence. Furthermore, the 

stress optical coefficient becomes time dependent in the neigh

bourhood of the glass transition temperature. Because it can be 

seen from the calculations that the prediction of the profile is 

reasonable well while the absolute level is too low in the entire 

region, it is probable that the differences between the calculated 

and experimental values are due to uncertainties in the stress 

optical coefficient. 

2. Different melt temperature 

The experimental and the calculated values of the birefringence 

profiles t.n and <n - n > using different melt temperatures are 
XX yy 

shown in fig. 7.6. 

Fig. 7.6a shows the birefringence data at a fixed position (x = 
41 mm) for the different melt temperatures of 214, 225 and 244 °C, 

corresponding to the sample numbers 2, 5 and 8 of table 6.1. The 

calculated profiles are again obtained with the extended material 

data. Qualitatively, the experimental and calculated profiles 

agree quite well. The maxima at the wall as well as the relatively 

flat shape in the intermediate zone are predicted. The change in 

slope in the profile between the intermediate zone and the maximum 

at the wall is more gradual in the calculated data, which can be 

caused by an over-prediction of the pressure dependence. The pre

dicted values of the maxima at the wall are too low. The influence 

of the melt temperature on the calculated level of the inter

mediate plateau is less compared with the experimental values. The 

intermediate level of the lowest temperature is under-predicted, 
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while the level of the highest temperature is slightly over

predicted. The calculations show that the absolute value of the 

intermediate plateau is influenced by the temperature boundary 

condition at the entrance during the post filling stage. Of 

course, this effect is more pronounced in the entrance region than 

at the end of the cavity. During the post filling stage the melt 

temperature at the entrance remains constant, as shown by the melt 

temperature measurements in the nozzle (see fig. 6. 6, section 

6.4.1). The location, however, of the upstream thermocouple 

differs from the entrance of the mould and it is probable that the 

melt temperature at the entrance decreases somewhat faster, which 

would lead to a lower level of the frozen-in birefringence in the 

intermediate zone. 

Fig. 7.6b shows the mean birefringence component <n - n > as 
XX yy 

a function of the distance from the entrance. Again, qualitatively 

the predictions agree quite well, but the absolute values are too 

low, especially in the entrance region. 
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3 Different flow rates 

The experimental and the calculated values of the birefringence 

profiles 1m and <n - n > with different flow rates are shown in 
XX yy 

fig. 7. 7. 

Fig. 7.7a shows the birefringence data at a fixed position (x = 

41 mm) for the different flow rates of 2.54 10- 6
, 7.62 10- 6 and 

-6 3 12.7 10 m /s, corresponding to the sample numbers 4, 5 and 6 of 

table 6. 1. Again, the shape of the profiles is predicted well 

using the extended material data, but the absolute level is too 

low. 

Fig. 7. 7b shows the mean birefringence component <n - n > as 
XX yy 

a function of the flow length under three different flow rates. 

The shape of the profiles of the two highest flow rates are pre

dicted well, despite the fact that the absolute value is too low. 

The profile of the lowest flow rate (solid line) shows some 

discrepancy. The profile remains too flat at the end of the 

cavity. This corresponds with the over-prediction of the pressure 

at the end of the filling stage (see table 7.1), which means that 

the pressure gradients at the end of the cavity during filling 

were probably too high due to the low temperatures. Consequently, 

in the calculation a major part of the birefringence is already 

frozen in during the filling stage. 
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4 Different packing pressures 

Fig. 7.8a shows the birefringence data at a fixed position (x = 

41 mm) for the different packing pressures of 450, 675 and 900 

bar, corresponding to the sample numbers 11, 5 and 13 of the 

tables 6.1 and 6.2. The tendencies are predicted reasonably well, 

but the absolute values are again too low. It should be noted that 

the influence of the packing pressure on the birefringence level 

of the maximum close to the wall, which can be clearly seen from 

the experimental data (exp), can only be predicted if the pressure 

dependence of the material parameters is taken into account. 

Fig. 7. 8b shows the mean birefringence component <n - n > as 
XX yy 

a function of the flow length. The dependence on packing pressure 

is predicted well but the absolute values are too low. 

5 Prescribed pressure profiles 

Finally, the effect of the application of a packing pressure 

profile on the frozen-in birefringence is investigated. In chapter 

5, section 5.6, it is discussed that the application of a packing 

pressure profile can reduce the frozen-in birefringence without 

decreasing the final product thickness. In chapter 6 experiments 

are carried out with different packing pressure profiles. At this 

stage the sample numbers 5, 14 and 15 of tables 6.1 and 6.3 will 

be investigated. Sample number 5 is processed under standard con

ditions (P = 675 bar) without the application of a packing 
p 

pressure profile. Sample number 14 is processed with the same 

maximum packing pressure level as number 5, but from a certain 

time level a packing pressure profile is prescribed. Sample number 

15 is processed with a maximum packing pressure level of 900 bar 

and again after some time a packing pressure profile is 

prescribed. 
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In chapter 6 it is shown experimentally (figures 6. 15, 6.20 and 

6.21) that the frozen-in birefringence level of sample number 15 

is lower than the birefringence level of sample number 5, while 

the thickness of the sample of number 15 was bigger than the 

thickness of sample number 5 over the entire flow length. It 

should be noted that the experimental and calculated pressure 

profiles of sample number 14 are shown in fig. 7.3 and that the 

predicted values, with the adapted material parameters, agree well 

with the experimental values. 

The gapwise birefringence component lm at x = 41 mm and the 

mean birefringence component <n - n > are shown in fig. 7. 9 for 
XX yy 

the sample numbers 5, 14 and 15. The calculated shape of the pro-

files of both components, as shown in figures 7.9a and 7.9b, agree 

markedly well with the experimental data. Again, only the absolute 

values of the predictions of both components are too low. 

For further discussion and evaluation of these results, see 

chapter 8. 
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CHAPTER 8 

GENERAL DISCUSSION AND RECOMMENDATIONS 

8.1 General discussion 

8.1.1 Pressure gradients 

The numerical model developed in this thesis predicts the 

build-up of flow induced molecular orientation in amorphous injec

tion moulded products of simple geometry. Experiments, using 

different processing conditions were carried out to verify the 

modeL The predicted pressure profiles during the filling stage 

agree well with the experimental values. The predicted values in 

the packing stage, however, are less satisfying. Two effects occur 

in all the calculations carried out. The pressure remains too long 

at a high level and after that the pressure drop is too fast. To 

explain these effects, calculations were carried out in which the 

sensitivity of the pressure profiles on different material para

meters was investigated. In this analysis (see section 5. 4) the 

following parameters were changed: 

- the pressure dependence of viscosities and relaxation times; 

- the a/K values, used in the equation of state; 

- mould elasticity; 

- the heat conductivity coefficient; 

- the number of modes used in the Leonov model. 

This analysis showed that the time at which the pressure starts to 

decay depends on the pressure dependence of the viscosities and 

the relaxation times. The slope of the pressure decay is strongly 

influenced by the mould elasticity and the a/K values used in the 
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equation of state. By applying a Spencer-Gilmore equation of state 

instead of the Tait equation and introducing a pressure dependent 

viscosity it became possible to achieve good predictions of the 

pressure profiles in the post-filling stage. The Spencer-Gilmore 

equation of state, however, does not correctly describes the equi

librium specific volume data. Because this model middles the ther

mal coefficients of the liquid and the solid state, it predicts 

lower a/K values, compared with the Tait equation, in the entire 

temperature region. These lower a./K values result in a slower 

pressure drop during the post-filling stage. It should be noted 

that better correspondence between calculated and experimental 

pressure gradients can be achieved by various different ways e.g. 

using the Tait equation of state together with a higher value of 

mould elasticity. Furthermore, the sensitivity analysis showed 

that the number of modes used in the Leonov model hardly influence 

the pressure profile. Application of a lower value of the thermal 

conductivity resulted in a somewhat slower pressure drop but the 

time in which the high pressure remained on the system increased. 

8.1.2 Birefringence 

Correct pressure profiles in the holding phase are prerequisite 

for a correct prediction of the remaining orientation and bire

fringence. For this reason the calculated birefringence profiles 

are obtained using the Spencer-Gilmore equation of state and a 

pressure dependent viscosity. 

The birefringence components lm and <n n > show 
XX yy 

characteristic profiles. The gapwise distribution of the local 

birefringence component ~n(z) shows a maximum near the wall and 

significant values in the intermediate zone. There is a strong 
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dependence of this component on the flow length. Near the entrance 

an additional maximum can occur in the intermediate zone, this 

second maximum gradually changes into an intermediate plateau as 

the distance from the entrance increases. The mean birefringence 

component <n - n > shows a rapid decrease in the diverging 
XX yy 

region at the entrance followed by a more gradual decay in the 

rest of the cavity. 

The experiments show a pronounced influence of the melt 

temperature and the flow rate on the birefringence components. A 

higher melt temperature decreases the birefringence component ~n 

in the entire cross section, so both the maximum near the wall as 

well as the intermediate level decreased. A decreasing flow rate 

increases the values of ~n and <n - n > everywhere in the 
XX yy 

cavity. The influence of the flow rate, however, seems to become 

less when approaching to higher flow rates. The influence of the 

packing pressure on the birefringence components is somewhat less 

compared with the influence of the melt temperature and the flow 

rate. A higher packing pressure increased the birefringence 

component ~n in the entire cross section, so both the maximum at 

the wall as well as the level of the intermediate plateau. 

The birefringence profiles calculated with the model, developed 

in this thesis, show all the effects mentioned above. The shape of 

the profiles of both the gapwise birefringence component as well 

as the mean birefringence component are predicted satisfactory. 

The location of the maxima at the wall in ~n show good agreement 

with the experimental values. The tendencies in the experimental 

birefringence profiles as a function of the processing conditions 

are all described well by the model. It should be noticed, 

however, that the influence of the packing pressure on the maxima 

at the wall in the gapwise birefringence component can only be 
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described if a pressure dependence of the viscosities and the 

relaxation times is taken into account. 

The absolute values of the predicted birefringence components 

are, however, too low. To investigate this difference, the in

fluence of some material properties on the calculated frozen-in 

birefringence is investigated (see section 5.4). From this 

analysis it can be seen that an increasing dependence on pressure 

of the viscosities and the relaxation times increases the maximum 

value at the wall and also the level of the intermediate plateau. 

The application of more modes in the Leonov model, especially the 

modes which describe the low temperature region, do not influence 

the maximum at the wall but increase the level of the intermediate 

zone. 

Furthermore it followed from preliminary calculations that the 

birefringence level in the region between the intermediate zone 

and the maximum at the wall is influenced by the pressure depen

dence of the glass transition temperature. This is caused by the 

plastic part of the shear stress which will be frozen in at a 

higher temperature when the the glass transition temperature is 

increased by the pressure dependence. This effect leads to lower 

values of the frozen-in birefringence values in the region between 

the maximum at the wall and the intermediate zone. The temperature 

boundary condition at the entrance of the cavity influences the 

final frozen-in level of the intermediate zone, especially in this 

entrance region. When extra material is supplied at a higher 

temperature during the post-filling stage, the pressure gradient 

remains longer on the system which results in a higher level of 

birefringence. 
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8.1.3 Improvements 

In this thesis the frozen-in birefringence is calculated by 

applying the stress optical rule. This implies that the stresses 

are calculated and that these components are multiplied by a 

constant factor, called the stress optical coefficient, to achieve 

the birefringence values. This implies that a change in the value 

of the stress-optical coefficient directly influences those of the 

birefringence. All these arguments lead to the conclusion that in 

order to predict the pressure and the birefringence profiles quan

titatively, more detailed independent information about the 

material functions and about the process is necessary. With regard 

to the material one needs: 

- the pressure dependence of the viscosities and the relaxation 

times; 

- non-equilibrium specific volume data together with the pressure 

dependence of the glass transition temperature; 

- rheological data in the entire temperature region from the melt 

temperature to the glass transition temperature, in order to fit 

the material functions of the visco-elastic model with suf

ficient modes; 

- accurate value of the stress optical coefficient as a function 

of time and temperature. 

With respect to the process extra attention has to be paid to: 

the temperature measurement of the melt during the entire 

process at the same location at which the temperature boundary 

condition is prescribed to the model; 

- the elastic deformation of the mould wall during the post

filling stage. 



178 Chapter 8 

8.1.4 Optimization 

In order to mould a high quality product with minimum 

orientation, the processing parameters can be adjusted, especially 

the melt temperature and the flow rate as shown in the experiments 

and in the calculations. Furthermore, in this thesis experiments 

with a prescribed packing pressure profile has been carried in 

order to minimize the frozen-in birefringence. In chapter 6 it was 

shown that it is possible to mould a thicker product with less 

frozen-in orientation by applying a specified packing profile. 

Again the shape and the tendencies of the predicted birefringence 

profiles of these samples processed with a packing pressure 

profile agree well with the experimental values. This leads to the 

conclusion that the program can be used to optimize the profile of 

the packing pressure, which has to be supplied to the system, in 

order to achieve less orientation. 

However, there are limits to the adjustable range of the 

processing parameters to achieve minimum orientation while the 

application of a packing pressure profile mainly influences the 

birefringence level of the intermediate zone and does not affect 

the frozen-in birefringence maximum at the wall. This maximum can 

be influenced by controlling the mould wall temperature. Because 

all the tendencies which occur in the experimental birefringence 

profiles are described well with the model, the expectation exists 

that the preliminary calculations with respect to the temperature 

regulation of the mould wall also leads to the right tendencies. 

The calculations described in section 5.5 showed that the applica

tion of a passive insulation layer is not sufficient to reduce the 

frozen-in birefringence level at the wall. On the other hand the 

application of an active mould wall control strongly reduces the 
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frozen-in birefringence level at the wall. A first series of 

preliminary experiments using a electrical heater between two thin 

insulation layers at the mould wall are already carried out. The 

pressures needed to fill the cavity decreased. However, these 

experiments are not described in this thesis because the optical 

quality of the samples was not good enough to determine the bire

fringence values in the wall region. Further experiments with 

active mould wall temperature control will be carried out in the 

future. 

Finally it can be concluded that the model can be used to 

optimize the processing conditions and the geometry of the insula

tion together with the heat flux profile to mould high quality 

products with minimum orientation. The application of the heater 

minimizes the frozen-in birefringence at the wall while a 

prescribed packing pressure profile minimizes the level of the 

intermediate zone. 

8.2 Recommendations 

In the previous section of this chapter a number of recommenda

tions for future research have been indicated. To conclude this 

thesis on the modelling of frozen-in orientation in injection 

moulding, a recapitulation of the most important recommendations 

is presented. 

1) The following material functions should be determined indepen

dently to achieve better quantitative predictions of the 

pressure and the frozen-in birefringence profiles: 

- pressure dependence of viscosity and relaxation times; 

- cooling rate dependent specific volume data; 
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- rheological data in the temperature region between the melt 

temperature and the glass transition temperature; 

- stress optical coefficient as a function of temperature and 

time. 

2) In the injection moulding experiments extra attention should be 

paid to the measurements of the parameters which are used as a 

boundary or an initial condition at the right location, e.g. 

the melt temperature at the entrance. Furthermore the mould 

displacement during the post-filling should be measured. 

3) The melt temperatures, which is the most important parameter in 

the process, due to its pronounced dependence on the material 

functions, should be measured at different locations in the 

mould without disturbing the flow field. In order to evaluate 

quantitatively the calculations of the temperature field. 

4) Extended experiments should be executed to test the application 

of a thin insulation layer with a heater at the mould wall 

surface. 

5) The model developed should be used in conjunction with active 

mould wall temperature control to specify the processing 

conditions and to optimize the packing pressure profile to 

mould high quality products with minimum frozen-in orientation. 

6) In combined shear and extensional flow, which occur in more 

complicated geometries like divergent and disc shaped moulds, 

attention should be paid to the applicability of the Leonov 

model. Furthermore, more information about the extensional 
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viscosity in these types of flows is needed. 

7) Due to its pronounced influence on the pressure profiles the 

dependence of the thermal conductivity on the the orientation 

should be investigated. 

8) In order to predict the frozen-in birefringence in other 

materials like PC and PMMA, the influence of thermal stresses 

on the final frozen-in profiles should be studied. 
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APPENDIX 1: ENERGY EQUATION OF COMPRESSIBLE VISCO-ELASTIC 

MATERIALS VITH ENTROPIC ELASTICITY 

Polymeric fluids can be considered as simple fluids with a 

fading memory (Astarita 1974). For such fluids, the internal 

energy is a function of the entire history of temperature and 

deformation (Coleman 1967). At the same time it is usual to cal

culate internal energy changes, just as is done for Newtonian 

liquids. Following Astarita (1977,1978) the consequences of this 

assumption are discussed in this appendix. 

The energy balance equation, i.e. the first law of thermo

dynamics, can be written in general in the form (Bird 1960) 

pe - v·Ci + w with w = lf:[) (Al. 1) 

W is the rate of work done by the internal stresses which does not 

result in accumulation of kinetic energy. According to the prin

ciple of equipresence (Truesdall 1969) it is assumed, respectively 

for the internal energy e and the free energy f that 

e = e(T,p,iB ) 
e 

and f = f(T,p,iB ) (A1.2) 
e 

The entropy is given by (2.31) as 

(A1.3) 

The rate of change of internal energy can be calculated from 

(Al. 2) 

8e· 8e· 8e 
e = -T + -p + - : IB 

8T 8p aiBe e 
(A1.4) 

Making use of the definition of free energy 
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f = e - Ts 

and (A1.2) one obtains 

ae af + Tas af 
ap = ap ap - ap 

(A1.5) 

(Al. 6) 

Multiplying (A1.6) with p
2 and combining it with the thermodynamic 

pressure p = p2

8
8

f = p (p,T) yields 
0 p 0 

ap 
28e T-o p- = p -ap o ap 

Finally combination of (A1.2), (A1.4) and (A1.6) results in 

pc T 
v [ 

ap ]' . 0 -- ae-
+ p -T-e.+V'·q-J:[)=-p-:18 

0 ap p aiB e 
e 

(Al. 7) 

(Al. 8) 

where c is the specific heat capacity at constant deformation, 
v 

which implies constant density and constant deviatoric strain. 

Assuming that the relation for p = p (p,T) is invertible then p 
0 0 0 

can be considered as an independent variable instead of p, this 

converts (A1.8) into 

ae .:. 
= -p-:18 

aiB e 
e 

(Al. 9) 

where c is the specific heat capacity at constant thermodynamic 
p 

pressure and is defined according to 

h = e + p /p 
0 

(Al. 10) 

where h is the specific enthalpy. This derivation can be found in 

(Sitters 1988). Equations (Al. 8) and (Al. 9) are different from 

the classical form that the energy balance takes in the case of 
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purely viscous fluids (Bird 1960). The difference lies in the 

right-hand side, which is identically zero in the case of viscous 

fluids. The nature of this term is recognized when a specific 

elastic energy term according to Astarita (1977) is introduced. 

The flow of a visco-elastic material is an irreversible pheno

menon. At each point in the flow field a 'rate of mechanical 

energy dissipation' ~ can be calculated which can never be 
m 

negative. In the case of purely viscous fluids, the mechanical 

dissipation ~ is always equal to the stress power W. Yet W cannot 
Ill 

in general be identified with ~ . In ideally elastic solids, the 
m 

stress power equals the rate of accumulation of elastic energy for 

one unit volume 

W = pu (A1. 11) 

which can be positive (loading) and negative (unloading). 

In the case of a polymeric fluid endowed with some degree of 

elasticity, the stress power equals the sum of dissipation and 

accumulation of elastic energy 

W = ~ + pu 
m 

(A1. 12) 

Combining the first (2.22) and second law (2.23) of thermodynamics 

yields 

(A1. 13) 

At this stage it is possible to define the mechanical and thermal 

dissipation rate 

A = w - p(e - rs) 
m 

A 
T 

(A1. 14) 

(A1. 15) 

With equation (A1. 12) the rate of accumulation of elastic energy 
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per unit mass can be written as 

u = e - Ts (Al. 16) 

Introducing the free energy one can obtain 

f = f - arT = e - Ts 
T aT 

(Al. 17) 

i.e. fT is identified with the rate of increase of elastic energy. 

Using f = f(T,e ) it is possible to write 
e 

= ~.~ = ae ~ as ~ 
f T ae . ,., e ,., e - T ae : ,., e u (Al. 18) 

e e e 

Equation (Al. 18) shows that elastic energy can be accumulated 

both by increasing internal energy as a function of strain e and 
e 

by decreasing entropy as a function of e . 
e 

At this point an important assumption is made. The only contri-

bution of internal energy to the elastic energy is due to volume 

changes. It means that deviatoric strains will accumulate elastic 

energy only by way of a decrease of conformational entropy. This 

is the basic axiom of the theory of materials with entropic 

elasticity (Sarti 1978). 

The simple neo-Hookean elastic potential (Treloar 1975) can be 

derived from network theory if the same assumption is made. For 

materials with entropic elasticity it holds that 

e = e(T,p) ae = 0 (A1.19) 
ae 

e 

Substitution of (A1. 19) into (A1.9) yields 

PC T + p p +Tap p' =-"·q-T .. [) 
p op p aT o v " 

(Al. 20) 

This leads to the conclusion that the energy balance equation for 

materials with entropic shape elasticity has the same form as for 
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purely viscous materials although the stress power is essentially 

non-dissipative. Using the Leonov model [Chapter 2] the stress 

power can be written as 

(Al. 21) 

By making use of equation (A1.16) and (A1.20), equation (A1.21) 

can be transformed as follows 

• - - d d 
pc T = -V·q + l :ID + l :ID + 1/3trl ID + To:p

0 P e P P 
(Al. 22) 

The assumption of entropic elasticity appears reasonable for amor

phous polymers at temperatures sufficiently above T (Sarti 1978). 
q 
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APPENDIX 2: ELASTICITY OF THE MOULD 

As discussed in chapter 3 the elasticity of the mould wall can 

cause wall displacement because of the high pressure, which occurs 

in the polymer melt especially during the post-filling stage. 

Despite the fact that the change in volume is small it can cause 

big changes in the pressure distribution, due to the low 

compressibility of the polymer melt. To take into account this 

effect, the relation between the wall displacement and the 

pressure, which depends strongly on the mould construction, has to 

be known. As discussed in section 6. 2. 1 the mould, used in our 

experiments, consists of different blocks clamped together as 

shown in fig. 1. This figure shows a schematic representation of 

one half of the mould. The cavity is formed by the blocks 2, 3 and 

4 and all these blocks are assembled on a supporting plate 1. This 

plate is designed in such a way that its bending is less than 1 ~m 

(Samoy 1990) under normal processing conditions. 

Fel Fel 

1 l l 

~ 4 

1'1 ~1 2 4 

ttt 
i i t t t t t p t 

§: 
N 

:c 

2 4 3 
§: ... 
:c 

-----
'---- -

Pel Pel 

a b c 

Fig.l Schematic representation of the upper part of the mould. 
(a) Situation in rest, no forces on the system; (b) pre-filling 
stage, the mould is closed; (c) situation during processing, the 
mould is closed and the polymer is in the cavity. 
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The bending of the supporting plate will be neglected, 

whichimplies that the elastic deformation of this plate is not 

important because it does not contribute to changes in the cavity 

dimensions. The changes in the cavity dimensions are caused by the 

relative displacement between the blocks 2, 3 and 4. 

Assuming linear elastic behaviour of the different mould 

blocks, a relation between the height of the cavity and the mean 

pressure in the mould will now be derived. Before the filling of 

polymer starts, the cavity is closed mechanically with a clamping 

force F of 350 kN, which creates a stress p and an elastic 
cl cl 

deformation in the contact area A , see fig. lb. For the elastic 
c 

deformation of the blocks 2 and 3 it holds that 

with 

(A2. 1) 

H (0) :reference height of the blocks 2 and 3 
2 

H (t) :height of the blocks 2 and 3 at time t 
2 

E elasticity modulus of the blocks 

During the filling and the post-filling stage a pressure distribu

tion in the cavity, which causes elastic deformation of block 4, 

is built up. From this distribution a mean pressure value can be 

calculated by 

L 
- - 1 p(t) - [ I p(x)dx (A2.2) 

x=O 

with L length of the cavity 

For the elastic deformation of block 4 it holds that 
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with 

H (0) - H (t) p(t) 
4 4 
~---------- = -----

H (0) 
4 

E 

H (0) :reference height of block 4 
4 

H
4
(t) :height of block 4 at timet 
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(A2.3) 

The force F has to be in equilibrium with p acting on A and 
cl cl cl 

p acting on the mould surface A (see fig. 1c) thus 
m 

F =pA +PA 
cl cl cl m 

(A2.4) 

The current height of the cavity H is defined as 
s 

H = H (t) - H (t) 
s 2 4 

(A2.5) 

Combining (A2. 5), (A2. 4), (A2. 3) with (A2. 1) it can be deduced 

that 

H = H (O) - H (0) -
s 2 4 

F H (0) 
cl 2 

A E 
cl 

+ p 
H (0) A H (0) 

2 m - 4 
EA +p-E-

el 

(A2.6) 

From equation (A2.6) it can be seen that during the pre-injection 

stage (p = 0), the cavity height decreases due to the elastic 

deformation of the blocks 2 and 3 caused by the clamping force 

F . During injection, the cavity height increases due to two 
cl 

effects. First the pressure in the cavity causes elastic 

deformation of block 4 and secondly the resulting pressure p 
cl 

acting on the contact area decreases, because equation (A2.4) must 

hold during the entire cycle. During the cooling stage the mean 

pressure in the mould decreases, which results in a increasing p 
cl 

and a decreasing cavity height. An example of the behaviour of the 

mould wall during one injection moulding cycle is plotted in fig. 
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2 under the assumption of a certain clamping force profile and a 

pressure profile, see table 1. 

H2(0) = H
3

(0) t (s) F (N) 2 = 37d-3 p (N/m ) 
cl 

H (0) (m) = 36d-3 0 ~ 1 0 ~ 3.5d5 0 
4 

A (m2) = 1.08d-2 1 ~ 2 3.5d5 0 ~ 1d7 
cl 

A (m2) = 0.36d-2 2 ~ 2.2 3.5d5 1d7 ~ 6d7 
Ill 

E (N/m2) = 210d9 2.2 ~ 4.2 3.5d5 6d7 

4.2 ~ 7 3.5d5 6d7 ~ 3d7 

Table 1. Values used to plot the cavity height as a function of 
time. 

800 1010 

"I:: 
I \--(.11 

8 600 r····· ... \ 1005 
E f · .. \ D.. +---· 

2 400 1000 
(/) 

1'1 --- I 0 ..... 
200 995 

0 u.. 

0 990 
0 1 234567 

t {s) 

Fig. 2 Clamping force (solid line), Mean pressure profile 
(dotted line) and the cavity height (dashed line) as a function 
of time. 
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The influence of the mould elasticity on the pressure profile 

during the packing stage can be taken into accopnt by introducing 

a wall velocity u defined as 
w 

dH 
s 

u =
w dt (A2.7) 

Combining (A2.6} with (A2.7} and making use of the fact that the 

clamping force does not change during the post-filling stage gives 

u 
w 

H (0} A . H (0} 
2 m 4 

p EA +p--E-
el 

(A2.8} 

Integration of the continuity equation (3. 6) over gap height H 

results in 

H ap) I dT + v -
0 

dz - a.- dz 
X ax dt 

0 

According to (3.14) it holds that 

a (s ap) ax eax -

H 
T Z 

!!_J~ dz ax 11 s 
0 0 

aq 
- ax - u.., 

H 

a I z f dz = ax l)
0

S 

0 

Combining (A2.10) with (A2.9) using (A2.8) results in 

ap (a2 - as e) ap s a2p = 
atat + -a -a -X X eax2 

H 

I dT 
a.a-£rlz 

0 0 

-- p 
H (0} A 

2 m 
E A 

cl 

(A2.9) 

(A2.10) 

(A2. 11) 

_ H
4 

(0) 
- p 
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Further, it should be noted that the displacement of the mould 

wall is small compared with the height of the channel. This makes 

it possible to solve (A2.11) on a f~xed grid, thus the only dif

ference with (3. 15) consists of the last two terms in (A2. 11), 

which can be interpreted as material outflow by an increase of 

pressure and material inflow by a decrease of pressure. 
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APPENDIX 3: TIIICKNESS DATA 

experiment A 

sample x (mm) 

no. 35 50 65 80 95 110 

1 2.019 2.018 2.016 2.013 2.008 2.004 

2 2.018 2.017 2.015 2.012 2.009 2.010 

3 2.020 2.019 2.017 2.014 2.012 2.014 

4 2.022 2.022 2.020 2.018 2.014 2.011 

5 2.021 2.020 2.018 2.015 2.012 2.013 

6 2.022 2.021 2.020 2.017 2.015 2.018 

7 2.024 2.024 2.023 2.020 2.017 2.015 

8 2.023 2.022 2.020 2.018 2.015 2.017 

9 2.024 2.023 2.022 2.019 2.017 2.019 

experiment B 

10 1. 976 1.970 1.968 1. 967 1. 967 1. 935 

11 1.997 1. 994 1. 991 1.989 1.988 1.977 

12 2.010 2.008 2.006 2.002 1. 999 1.999 

13 2.046 2.047 2.046 2.043 2.040 2.040 

experiment C 

14 2.004 2.007 2.008 2.007 2.006 2.008 

15 2.031 2.035 2.037 2.037 2.035 2.036 

16 2.061 2.069 2.072 2.071 2.068 2.068 

17 2.028 2.033 2.034 2.034 2.032 2.033 

18 2.005 2.008 2.010 2.009 2.008 2.011 

19 2.033 2.038 2.040 2.040 2.038 2.040 

Table A3.1 Thickness of PS strips at different x-locations in mm. 
The sample no. correspond to the ones in the tables 6.1, 6.2 and 
6.3 of chapter 6. 
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APPENDIX 4: DIVERGING ENTRANCE OF THE MOULD 

In the derivation of the pressure equation in section 3.3 the 

width B of the channel was taken constant. The mould, however, 

which was used to do the experiments contains a diverging region 

see section 6.2.1 , fig. 6.1). This effect influences the velocity 

profiles and also the pressure profiles. The consequences of this 

diverging reason to the pressure equation are discussed in this 

appendix. During the filling stage the adaption is very simple due 

to the incompressibility condition. In the set of equations (3.27) 

of section 3.5 the specific flow rate is defined as 

with 

q = _g_ 
2B 

Q: flow rate (m3/s) 

B: the width of the channel (m) 

{A4. 1) 

The only change with the derivation of chapter 3 is the fact that 

B = B{x) and that q becomes a function of x in the diverging 

entrance region too. 

Due to the compressibility more changes are necessary in the 

packing stage. A mass balance over a stationary volume element 

BHdx through which the melt is flowing leads to 

{A4.2) 

H H 

with p = Jpdz q = Ju dz 
X 

0 0 

B{x): width of the channel 

dx : infinite small element in x-direction 
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Rewriting (A4.2) leads to 

ap - dB 
28+.=- = -2pq-at dx 

2Bqap - 2B~ 
ax ,.ax 

Dividing (A4.3) by 2Bp gives 

! [ap + lP1 = 1 dp = q dB 
- at axJ - dt 8 dx p p 

aq 
ax 

Appendix 4 

(A4.3) 

(A4.4) 

Comparing this equation with (3. 5) and (3. 11) of section 3. 3 it 

can be seen that due to the x-dependence of B the following extra 

term arises 

q dB 
8 dx 

This term is added to the pressure equation (3.15) of section 3.3 

when the geometrical aspect of the diverging region is taken into 

account. 
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SAMENVAl'TING 

Het doel van dit onderzoek is het ontwikkelen van een numeriek 

model dat inzicht verschaft in het mechanisme van de opbouw en de 

relaxatle van moleculaire orientatie in gespultgiete produkten. 

Dit model kan worden gebruikt om methoden te ontwikkelen die 

leiden tot een vermindering van de hoeveelheid ingevroren orienta

tie. Om het model te verifieren zijn een aantal experimenten 

uitgevoerd met een amorfe thermoplast in een eenvoudige geometrie. 

De rheologle van het materiaal wordt beschreven met behulp van 

een uitgebreide vorm van het Leonov-model. Een uitbreiding van dit 

visco-elastlsche model is noodzakelijk om de compressiblliteit, 

die zich vooral manlfesteert in de nadrukfase, correct te be

schrljven. Volume effecten worden beschreven m.b.v. twee verschll

lende toestandsvergelijkingen: het Tait-model en het Spencer

Gilmore-model. In de modellering van het spuitgietproces worden de 

constitutieve vergelijkingen gekoppeld aan de behoudswetten. Dit 

resulteert in een stelsel niet-lineaire partiele differentiaal

vergelijkingen dat wordt opgelost m.b.v. een elndige-differentie

techniek. De met het model berekende spanningen worden gekoppeld 

aan de meetbare dubbele breking door middel van de spannings

optische wet. De dubbele breklng wordt tenslotte gebruikt om de 

moleculaire orientatie te karakteriseren. De thermische analyse 

bevat warmtetransport door convectie en geleiding, viskeuze dis

sipatie en compressiewarmte. Om de invloed te onderzoeken van een 

gekontroleerde wandtemperatuur van de matrijs op de dubbele 

breking wordt de matrijs verdeeld in een aantal gebieden. De 

thermische eigenschappen van deze gebieden kunnen worden gewljzlgd 

en tevens kan een warmtebron in deze lagen worden gesi tueerd. 
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Teslotte wordt de invloed van de elasticiteit van de matrijs, de 

drukafhankelijkheid van verschillende materiaalparameters en de 

invloed van het aantal modes op de druk- en de dubbele

brekingsprofielen via simulaties onderzocht. 

Spuitgietexperimenten zijn uitgevoerd met Polystyreen (PS 678E) 

van OOW-CHEMICAL. Een onafhankelijke rheologische en thermische 

karakterisering is ui tgevoerd en de verkregen data worden ver

geleken met die uit de literatuur. 

Er is gebruik gemaakt van een 35 tons Arburg-machine, welke 

beschikt over een PMC 1000 besturingssysteem. De druk- en 

temperatuurprofielen worden op verschillende plaatsen in de 

matrijs en in de machine gemeten. Speciale aandacht is besteed aan 

de temperatuurmeting van de kunststofsmelt. De invloed van smelt

temperatuur, deblet en nadrukhoogte op de drukprofielen en de 

ingevroren dubbele breking is onderzocht. Twee dubbele

brekingscomponenten worden op verschillende plaatsen in het 

monster gemeten met behulp van een polarisatie-microscoop en een 

compensator. Verder wordt met TESA-apparatuur de dikte van het 

monster op verschillende posities bepaald. 

De resul taten van het model worden vergeleken met die van de 

experimenten. Kwalitatief komen beide goed overeen. Er treden 

echter verschillen op tussen de absolute berekende en de experi

menteel gevonden waarden voor de dubbele-breking. Deze verschillen 

worden onderzocht aan de hand van een gevoeligheidsanalyse, waarin 

de invloed van verschillende materiaalparameters op de druk- en 

dubbele-brekingsprofielen wordt bestudeerd. Deze analyse toont aan 

dat het noodzakelijk is om de drukafhankelijkheid van de visco-
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sl tel t en de relaxatletljden, het speclflek volume onder nlet

evenwichtscondlties, de rheologlsche data in het gehele tem

peratuurbereik en de spannings-optische coeficlent onafhankelijk 

van elkaar te meten. 

Het model voorspel t op een correcte manier de tendensen die 

optreden in de dubbele-brekingsproflelen onder lnvloed van 

variatie van de procesparameters. Dlt leidt tot de conclusie dat 

het model kan worden gebruikt om de procescondltles en de 

temperatuursturing van de matrijs te optlmaliseren om kwalltatlef 

hoogwaardige produkten met een minimum aan orientatie te pro

duceren. Het maximum in de dubbele-breklng aan de wand kan worden 

gereduceerd door mlddel van een temperatuursturlng van de matrljs

wand. Het dubbele-breklngsnlveau in het middenvlak kan worden ver

mlnderd door toepassing van een gestuurd nadrukproflel. 

Experlmenteel is aangetoond dat het mogelljk is om dikkere 

plaatjes te produceren met een gerlnger dubbele-breklngs-niveau 

door toepassing van een voorgeschreven drukprofiel. 
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1. Om tot bet ere kwanti tatieve drukvoorspell ingen te komen bij 
bet spuitgietproces is bet noodzakelijk om de drukafhankelijk
heid van de viscositeit, bet P-V-T-gedrag onder procescon
dities en de elastische deformatie van de matrijs te kennen. 

Dit proefschrift, hoofdstuk 5 en 7. 

2. Het is onjuist om de waarde van de aan de spui tgietmachine 
ingestelde smel ttemperatuur te gebrulken als randvoorwaarde 
voor de temperatuur aan de instroomzijde. Het verschll tussen 
de lngestelde waarde en de werkelljke smelttemperatuur wordt 
groter naarmate de smelttemperatuur daalt. 

Dit proefschrift, hoofdstuk 7. 

3. Bij de modellerlng van bet spultgietproces wordt ln bet 
algemeen te weinlg aandacht besteed aan de deformatie
geschiedenls van bet materlaal aan de instroomrand. 

Dit proefschrift, paragraaf 3.7. 

4. Het voorschrijven van een geschikt nadrukprofiel blj spui t
gieten leldt tot een vermindering van de lngevroren dubbele
breklng. 

Dit proefschrift, paragraaf 6.4. 

5. De door Isayev en Hieber voorgestelde schuifspannings
berekening is niet correct, omdat deze tot gevolg heeft dat de 
dubbele-breking blijft veranderen in bet reeds gestolde 
gebied. 

A.I. Isayev and C.A. Hieber. Rheol. Acta, 19, 168, (1980). 

6. Een isotherm Newtonmodel is ln staat om de meeste fenomenen 
die te maken hebben met de gecompliceerde frontstroming 
tijdens bet spuitgieten van thermoplasten te voorspellen, 
omdat de stroming hoofdzakelijk wordt bepaald door massabehoud 
samen met de randvoorwaarden. 

D.J. Coyle and J.W. Blake. AIChE Journal, 33, 1168, (1987). 



7. Er verschijnen regelmatig publikaties over de nadelige invloed 
op de gezondheid van "gekookte koffie". De aanduiding 
"gekookte koffie" is daarbij op zijn minst misleidend, omdat 
deze ten onrechte de suggestie wekt dat de schadelijke werking 
samenhangt met het koken van de koffie tijdens de extractie. 

A. Aro et.al. Metabolism, 36, 1027, (1987). 
A. Bak et.al. New England J. of Hedicine, 321, 1432, (1989). 

8. Het is onjuist te veronderstellen dat met een beperking van 10 
tot 20 X in/de emissie van broeikasgassen in de ontwikkelde 
wereld het risico van veranderingen in klimaat en niveau van 
de zeespiegel kan worden ingedamd, omdat 80 % van de wereld
bevolking nog een enorme groei in energiegebruik op haar 
verlanglijstje heeft staan. 

9. De Wet van Say, die zegt dat elk aanbod zijn eigen vraag 
schept, is niet van toepassing op de markt voor statische 
geheugenchips. 

R.T. Gill. Economics, Prentice-Hall,INC, London, (1974). 

10. De ene beursindex is qua representatie en berekeningswijze de 
andere niet, wat tot gevolg heeft dat klakkeloos volgen en 
vergelijken van de verschillende indices kan leiden tot 
een verkeerd aankoopbeleid. 

11. Het leereffect in managementcursussen zou beter zijn als er 
meer aandacht werd besteed aan afleren. 

12. Het schrijven van een proefschrift vereist meer doorzettings
vermogen dan het lopen van een marathon. 




