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SUMMARY

In this study the filling stage of thermoset injection moulding of a complex shaped
product is numerically analyzed by means of numerical tools based on the finite
element method and the finite difference method. The simulations are validated by
experiments on a mould with the opportunity to test various geometrical influences.

Material models for an ethylene vinyl acetate (EVA) compound are determined
experimentally. The curinQ reaction kinetics are described bv a nth order reaction
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kinetics model, with an Arrhenius temperature dependence. The viscosity function
is modelled with a Carreau model, where the model parameters are dependent on
the extent of reaction. This' model has good predictive capabilities for the non
reactive part, but becomes inadequate when the extent of reaction becomes
important (conversion X ~ 0.5%). Dependent on the temperature history different
internal processes take place in the material. This temperature history dependence
is not incorporated in the model.

The simulations give much detailed information of the state of the material during
the filling stage. In comparison to the experiments there are still major differences.
Variations on a standard case are not good predicted.

The flow front propagation predicted by the numerical tools are well in agreement
with the experimentally determined flow fronts. The pressure at defined places in
the mould, however, is underpredicted by the program during the whole filling
stage. Variations on the processing conditions for experiments and simulations are
difficult to compare as a result of shortcoming of instrumental control over the
injection moulding machine. Also, for a higher mould temperature the boundaries of
the numerical model are exceeded; transport of gelled material is not modelled.
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1 INTRODUCTION

1.1 The injection moulding process

Injection moulding is an important industrial process for the processing of polymer
materials. Characteristics in favour of the injection moulding process are:
- The injection moulding process offers a great freedom of, mostly thin walled,

product shapes. This al!ows the integration of many functions in one part; greatly
reducing the overall cost of a product.

- To a certain extent cheap precision is achievable.
- The repeated use of a mould, which can be used for many production cycles. It is

a typical mass production process.

In figure 1.1 a schematic representation of a reciprocating injection moulding
machine is given. Two functional parts can be distinguished, the injection unit and
the clamp unit with the mould. .

clamping unit

E

moving mould half

injection unit

)(

non-relllm valve

. fiXed mould half

(

)

Fig. 1. 1: Reciprocating screw injection moulding machine.

The total process can be subdivided in five distinct stages. These five stages are
indicated in fig. 1.2 where a schematic representation of the pressure at the gate
versus time is given. The first stage is the injection or filling stage. Before this
injection stage, the granulated raw material is plasticized in the cylinder of a
reciprocating screw extruder. The heat for the plastification is supplied by heat
conduction from heat bands and viscous heating generated by the screw rotation.
The polymer melt is pressurized and homogenized in the metering zone of the
screw. The screw is pushed backwards against a controllable back pressure, until
sufficient material is metered.
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The injection stage is started by pushing the screw in the direction of the injection
chamber. A non-return valve prevents the melt from leaking backwards. The melt is
injected at high pressure through the nozzle, via the sprue, that leads to the
runnersystem, into the mould cavity.

The mould is thermostated by cooling/heating channels. The polymer starts to
solidify at the mould wall immediately after injection (cooling below the transition
temperature Tg for thermoplastics, cross-linking caused by the heat supply of the
warmer mould in case of thermosets). When the mould is completely filled,
additional material is forced into the mould to compensate for thermal shrinkage.
These stages are called the packing and holding stage.

Material continues to enter the cavity until the gate freezes off. This is the start of
the cooling stage in case of a thermoplastic polymer and is called the curing stage
for thermoset injection moulding. The thermal shrinkage and/or polymerization
shrinkage is now compensated by the decreasing pressure. When the pressure
equals the atmospheric pressure and the temperature is still not equilibrated with
the mould temperature, the product will shrink further to dimensions smaller than
the mould dimensions. During the cooling/curing stage, the next batch of material
is melted in the extruder to be injected in the next cycle. One has to wait until the
part is sufficiently cooled or cured, before the mould is opened and the product is
released (stage 5: ejection). Actually, cooling or curing takes place during the
whole injection moulding process.
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Fig 1.2: Pressure versus time at the gate of the cavity.

1.3 The objective

There is a tendency to better control over the quality .and properties of the product
and a decrease in product drop out. This demands requirements, that become so
high that manufacturing experience becomes inadequate. Also the demand to
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decrease production costs is required. Therefore, it is desirable to deve._.J
numerical tools in order to be able to estimate the influence of material properties
and processing conditions on the quality of the product.

In the Division of Physical and Mechanical Engineering Fundamentals of the
Eindhoven University of Technology, a soft-ware package VIp has been developed
to analyze the different stages of the injection moulding process ([16] Sitters, [7]
Douven). Besides the filling behaviour , it is also possible to analyze the frozen-in
molecular orientation, the residual stress state, and the transient dimensions and
shape of a 2%-D amorphous thermoplastic product. 2%-0 means two-dimensional
with respect to pressure calculation and three-dimensional with respect to calcu
lation of the temperature and velocity distribution. Although, the soft-ware package
is developed to analyze the injection moulding process of thermoplastics, which
accounts for about 80% of the raw materials used for injection moulding, models
for kinetics, heat of reaction, and the influence of the conversion on the viscosity
are also implemented, so the filling stage of thermoset injection moulding can be
analyzed too. In close co-operation with the division of Physical and Mechanical
Engineering Fundamentals of the Eindhoven University of Technology, a similar
program is developed at the Centre for Manufacturing Technology (CFT) of Philips
([4] Boshouwers, v.d Wert]). This program, called INJECT-3, is used in this study,
as the program VIp was updated during this work and therefore not available.

The objective of this report is restricted to analyze the filling stage of a product with
a complex geometry and compare numerical results to those of experiments. The
material used, a highly filled EVA, will react during moulding. Therefore, constitutive
models have to be determined, not only for stress and heat flux, but also for the
kinetics. Also material functions for the viscosity, specific heat capacity, the heat
conduction coefficient, the isothermal compression -, and the linear expansion
coefficient need to be determined.

In chapter 2 of this report, the general conservation laws for continuity, energy,
motion, and reactive sides for a compressible, heat conducting, viscous, and
reacting fluid are given. Further, the constitutive equations and the material
functions, suited for the material under examination, are formulated in this chapter.

In chapter 3, the material behaviour is discussed and the applied material
characterization techniques are summarized.

The results of both, simulations and experiments, are discussed in chapter 4 and in
chapter 5 conclusions and recommendations are given.

3



2 MODELLING OF THE INJECTION MOULDING PROCESS ([8] Isayev, [3] Bird,
Stewart, and Lightfoot, and [14] Peters)

2.1 Conservation laws

A compressible, heat conducting, viscous, and reacting fluid is considered as a
continuum. To calculate the density P, the velocity v, the temperature T, and the
conversion X, the balance equations for continuity, energy, motion, and reactive
sides have to be solved. The basic equations are summarized below in their
differential form.

Conservation of mass

The global equation for conservation of mass states that the mass in a material
volume V does not change with time.

(1 )

Conservation of momentum

The global equation for conservation of momentum states that the rate of change
of momentum for a material volume is equal to the resulting force of the applied
external loads.

.... ... ...
\l.CJ+Pg = pv

Conservation of moment of momentum

(2)

The global equation for conservation of moment of momentum states that the rate
of change of moment of momentum of a material volume is equal to the resulting
moments of the applied external loads. This leads to:

(3)

Conservation of energy

The global equation for conservation of energy states that the rate of change of the
internal and the kinetic energy of a material volume is equal to the mechanical
power performed by the external loads and the supplied heat per unit of time.

4



pe- pr, - ph,Rc - a:D +V.q = 0

Conservation of reactive sides

(4)

The global equation for conservation of reactive sides states that the rate of change
of the fraction of reactive sides with time is equal to the fractional diffusion and
conversion of reactive sides.

(5)

Entropy inequality (second law of thermodynamics)

The second law of thermodynamics states that, in every thermo-mechanicel
process, the internal entropy production in a material volume is equal to or greater
than zero. This law gives restrictions on possible dependencies of constitutive
variables on the independent variables ([16] Sitters).

2.2 Constitutive equations

q.VT
pTS-pe+a:D- ~ 0

T

(6)

The next step is the specification of the constitutive equations for the stress «(J),
internal energy (e), specific absorbed radiation (r,), the conversion rate (Rc ), and
heat flux (q). The stress is written as a = -Po + a e where Po is the thermodynamic
pressure and cre the so called extra stress tensor.

The constitutive relation for p/p

It can be derived that the thermodynamic pressure depends on three variables,
density p, temperature T, and conversion X ([6] Corbey). It is common to choose
Po as an independent variable and p as a constitutive variable. Under the
assumption that inversion is justified, the density can be written as:

(7)

This leads to:
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. (ap) t (a p ) n (a p) X
p = aT po,X + 5 T,XfJO + ax T,fio

Po
(8)

(9)

Using the definition for the material functions a=-1/p(ap/aT)pO,x, K=1/p(ap/apohx,
and ~ =Co/ p(Op/aX)T,PO (see paragraph 2.3), we get the following expression:

p . 1·
= -aT +KPo+C~X

p 0

The Cauchy stress tensor

For the constitutive equation for the Cauchy stress tensor is a generalized
Newtonian model is chosen. This means that only viscous forces in the fluid are
modelled. Elastic forces are neglected.

(10)

where the viscosity functions Il and 11 have to be determined experimentally and
are in general functions of pressure, temperature, shear rate, and in case of
thermosets, conversion and, sometimes, phase separation. (See paragraph 3.2)

The specific internal energy

The constitutive equation for the specific internal energy is mostly given by ([6]
Corbey)

. . PT·
e = c/- -!..tr(D) - -apo +h,X

p P
(11 )

where the material function cp is the specific heat at constant pressure, while Po
tr(D)/p represents the stored energy due to dilation and the last term the heat due
to chemical reaction.

The specific absorbed radiation

The specific radiation r, absorbed by the body can be neglected for the materials
under examination.

The conversion rate

The constitutive relation for the conversion rate can be described by a product of a
temperature dependent and a conversion dependent empirical relation:

Rc = f(T)g(X)

6
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Here the temperature dependence is described by one Arrhenius expression:

-E
f(T) = ko·exp( R;)

The conversion dependence is described by n-th order kinetics:

g(X) = (1-XY

This leads to the following constitutive equation for the conversion rate:

Rc = ko·exp( ~i)·(1-Xr

(13)

(14)

(15)

where ko is the pre-exponential factor, Ea the activation energy, R the universal gas
constant, T the temperature in Kelvin, X the conversion, and n the reaction order.

The heat flux

The heat flux is assumed to be proportional to the temperature gradient.

q = -A.vT
(16)

This constitutive equation is known as Fourier's law. A is called the thermal
conductivity tensor and is, in general, a function of pressure, temperature,
deformation, and conversion.

The molar flux

For the molar flux a function of the concentration gradient is chosen as the
constitutive relation.

where D is the diffusion tensor.

] = -D.vX

7
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2.3 Material functions

The material functions used in the constitutive relations are summarized in this
paragraph. Characterization of these material functions is explained in chapter 3.

The linear expansion coefficient a

The linear expansion coefficient is defined as

1 lip
a = --p( lIT)po,,,

and can be calculated from the pvT,X-measurements.

The isothermal compression coefficient 1C

The isothermal compression coefficient is defined as

1 lip
K = -(-)lip T...P 0

and can also be derived from the pvT,X-measurements.

The reaction shrinkage coefficient B

The reaction shrinkage coefficient is defined as

(18)

(19)

(20)

In most cases the reaction shrinkage is neglected due to the lack of experimental
data.

The viscosity

The term ~tr(D) in equation (10) is neglected ([7] Douven). Little is known about the
magnitude of the bulk viscosity ~. The gradients in tr(D) are negligible compared to
those in Dd

• The non-linear behaviour of the viscosity is represented by a Carreau
viscosity model, which is formulated as ([2] Bird, Armstrong, Hassager):

(21)

where

(22)
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and

br = exp(aT+b)

(22)

(23)

\A/here n = 7~rl"\ c::h~~r r~t~ N~wtnni~n vi~~n~itv110 -_.- _11 __- ._.. - .,._ ...... _ ••• _ •• ...----.-J

y = shear rate
't' = shear stress level of the transition region between Newtonian and
power law asymptotic limits.
c1 and c2 = constants for WLF-shift
Tref = reference temperature for mastercurve
n = power law exponent
a and b = constants for vertical shift

The influence of the extent of reaction on the viscosity needs to be incorporated in
the material function. Therefore, the parameters of the Carreau viscosity model are
considered to be a function of the conversion. It is assumed that the WLF
parameters are not a function of the conversion.

The heat conduction coefficient A.

The heat conduction coefficient is considered to be constant both in the solid and
the liquid phase. (See paragraph 3.4)

The specific heat capacity cp

The specific heat capacity is a function of the temperature and conversion and is
defined as

(24)

The diffusion tensor D

In the constitutive relation for the molar flux, equation (17), the diffusion tensor D is
small, so the molar flux can be neglected.

9



3 MATERIAL BEHAVIOUR AND CHARACTERIZATION

3.1 Introduction

In this chapter, the material properties are discussed as functions of the relevant
variables. In paragraphs 3.2-6 the shear viscosity t'\, the specific volume v, the heat
conduction coefficient A, the heat capacity at constant pressure cp , and the curing
kinetics are characterized, respectively. Due to the lack of experimental data, some
material models used have to be simplified.

The moulding compound studied was 1417-A-2 batch number 42639, supplied by
Raychem Ltd., UK. It is based on ethylene-vinyl acetate (EVA) copolymer and is
specially designed for high voltage applications, such as insulators and surge
arresters. The compound is highly filled (ca. 50 wt%). Except for the ethylene-vinyl
acetate copolymer, the material consists of several anti-oxidants, UV-stabilizers, and
pigments. About 35 wt% of the compound consists of an inorganic filler, which
gives the material its high voltage performance. To induce cross-linking of the
rubbery compound, 0.3 wt% of peroxide is added as a curing agent.

Little is known about the influence of the fillers on the curing reaction. It must be
remarked that the properties of the material are explicitly a function of time, which
caused differences in kinetic and rheological behaviour during the time span of
material characterization.

3.2 The shear viscosity

As described in paragraph 2.3 the shear viscosity is a function of temperature,
shear rate, and conversion. This rheological behaviour is characterized by means of
small amplitude (linear) oscillatory shear experiments, measured on a Rheometrics
Dynamic Spectrometer RDS-II, using a 25 mm diameter parallel plate geometry.
Steady state measurements are not possible for highly filled, curing systems. To
translate the dynamic measured complex viscosity t'\ * to the viscosity function t'\, the
Cox-Merz rule is applied:

For the oscillatory experiments, the shear strain (input) is of the form

y = Yocos(<ut) = yoRe(exp(i<Ut))

(25)

(26)

where Yo is the shear strain amplitude, and <U is the angular frequency. When the
amplitude Yo is small, the shear stress 't 12 (output) will be sinusoidal with frequency
<u, but out of phase with the strain input.

10



(27)

The complex shear modulus G* has a real part m(G*) =G', the shear storage
modulus, and a imaginary part ~(G*) =Gil, the shear loss modulus. The dynamic
modulus Gd and the loss angle & are defined as

G
d

= ((G')2+(G")2r/2 (28)

tan&

The complex viscosity flo is defined as

G'
(29)

(30)

The measured data for various temperatures or frequencies can be superposed
onto a single mastercurve, because of the similarity of the separate curves, under
the condition that the displacements are small (linear visco-elastic behaviour). The
measured viscosity at a temperature T and a frequency <J) is therefore both
horizontally and vertically shifted to the viscosity curve of the chosen temperature To
in such a way that the shifted and reference curve coincide for the similar part of
the curve. With the horizontal shift factor an the reduced frequency, defined as

(31)

can be obtained. The reduced viscosity is obtained by flr = Cr.fl where Cr is the
vertical shift factor. Plotting the reduced viscosity versus the reduced frequency
gives the mastercurve. This technique is known as the time-temperature
superposition or the method of reduced variables. The use of this method allows us
to extend the effective frequency range. It must be stressed that it is essential that
substantial portions of the superposed segments overlap, when the shiftprocedure
is applied.

In order to obtain the mastercurve at the reference temperature a two step
procedure is followed:
1) The horizontal shift factor an defined as ([2] Bird, Armstrong, and Hassager)

aT = flo(T). To .~ __1_ (32)
flo(To) T p bT cT

and is determined with

(33)
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The horizontal shift factors can be fitted with a WLF-equation, which holds for a
wide variety of polymers for temperatures between the glass-transition temperature
Tg and Tg +100, but can also be used to describe the temperature dependence of
the horizontal shift factor of the EVA compound, from which the glass transition
temperature is known to be about -30 0 C, for the uncured state. The WLF-equation
is defined as

2} Using the horizontal shift factors, the factor br is determined with

G'(log(,,) ,T) = br(T,TrJ G'(log(,,)ar(T,TrJ, Tret )

and is fitted with an exponential function.

(34)

(35)

For the non-curing material (without peroxide), figure 3.1 shows the composed
mastercurve of the viscosity" as a function of the shear rate y for a reference
temperature of 138 °C. At low shear rates, the polymer has the tendency to
behave like a Newtonian fluid. At high shear rates the viscosity shows a large
decrease; the so called shear thinning effect.

Mastercurve for the non-curing material
6.5

6

5.5

5
.......

<:I.l

'" 4.5e:..
*'"!i 4
ell

..9

3.5

3

2.5

2
-5 -4 -3 -2 -1 o 1 2 3

o

o

4

log reduced angular frequency [rad/s]

Fig. 3.1: The composed mastercurve for the non-curing material at a reference
temperature of 138 0 C.
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The horizontal shift factor aT is depicted in fig. 3.2a, the vertical shift factor bT in fig.
3.2b. The WLF-parameters c1 and c2 are 11.57 and 130.4 respectively. Bird,
Armstrong, and Hassager [2] report that when some data are available, it is
preferable to take c1=8.86 and c2=101.6 K, and then to choose To to give a best fit
of the data.

Horizontal shift factor aT and WLF-fit (-) Vertical shift factor bT vs. temperature
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Fig. 3.2a: The horizontal shift factor aT
as function of temperature with the
WLF-fit.

o'--_-'-_-'--_--'-_---'-_----J._--'-------J
340 360 380 400 420 440 460 480

Temperature IKj

Fig.3.2b: The vertical shift factor bT
versus temperature.

For the curing material, the dynamic viscosity is measured for three different
heating rates, resp. 10, 5, and 3 °C/min and for three different frequencies, resp.
100, 10, and 1 rad/s, resulting in a set of data of viscosity, temperature, frequency,
and time. The results are shown in fig. 3.3. With the kinetic equation (15), see
paragraph 2.2, it is possible to predict the conversion and reaction rate for the
imposed temperature history. This is done by a 2nd order Runge-Kutta numerical
integration method ([5] Claessens, Etman).

For the curing material the shift procedure is executed in a temperature range
where the rheological properties are not influenced by the curing reaction
(conversion is below 1%0). Notice that this shifting is done with IIcurvesll consisting
of only three points. The results for the shift factors aT and bTare shown in fig. 3.2a
and 3.2b. The WLF-parameters c1 and c2 are 6.60 and 96.19. The mastercurve is
depicted in fig. 3.4.
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Viscosity versus temperature for different heating rates
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Fig. 3.3: Dynamic viscosity versus temperature for different heating rates and fre
quencies.
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The effect of adding peroxide on the rheological behaviour is negligible, when the
conversion is low, as can be seen in fig. 3.5, where the composed mastercurves
for the non-curing (-, dynamicly measured) and the curing material (--, dynamicly
measured) are depicted. It can be concluded that for composing the mastercurve
of the curing material the WLF-parameters can also be obtained from
measurements of non-curing material, allowing a larger range of frequencies or
temperatures. Notice that, although quite different, both sets of c1 and c2 (obtained
from the non-curing and the curing material) lead to nearly the same mastercurve.
!n fig. 3.5 are also some points obtained from steady state measurements depicted.
These points (x, stationary measured) are obtained from capillary experiments.
From this can be concluded that the Cox-Merz rule, equation (25) can be applied.

Mastercurve for viscosity
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Fig. 3.5: The mastercurves from dynamic measurements for the non-curing and
curing material and some measurements obtained from capillary viscosimetry.

The composed mastercurve can be fitted by a parametric model. Several parame
tric models are known in literature, e.g. Power-Law, Carreau. For fitting of the
mastercurve of our dynamic experiments a Carreau-model is chosen. (See para
graph 2.3).

To incorporate the conversion dependence in the visGosity model, several
conversion levels are chosen and for each level the reduced frequency and
viscosity corresponding to these points of isoconversion are used to calculate the
three parameters of the Carreau model, applying an iterative Neider-Mead least
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squares method, using the parameters of the previous iteration step as an initial
estimate for the next conversion level ([12] Mathworks). It is assumed that the WLF
parameters are not a function of the conversion.

For a conversion beyond ±0.5%, the lines of isoconversion show that for one
conversion level cj three different mastercurves can be composed for each heating
rate. In other words, a different temperature history creates, independent on the
conversion, a material with different properties. The structure of the material is
in-FI, ,onl"",r! h\l ~/"\rn'" /"\th",.. int",..n!:ll ......./"\I"OCC th!:ln tho m!:lin rO~f"tinn nrnf"AC::C:: i A
II II I \..Iv. I\JOU JJJ .;;1 V 1 1 1'-' VLI.'-'. II .",-,1 I .\,AI ,..,. \,Jv"'...,..... "' .......... I ". IV 11"""1' I I "''''''''...., ... _1 I t'l ......_, •• _

cross-linking of the polymer. Besides the main reaction, leading to the desired
cross-link, a number of side reactions can take place. The most important are chain
cleavage, disproportionation, intramolecular recombination, and recombination with
radicals originated from the decomposed peroxide. It has been found that the chain
cleavage and disproportionation reactions are increased when the temperature is
raised ([1] Berg). For a high temperature scan rate, this will lead to a lower
viscosity as a result of the lower molecular weight. The reaction is more compli
cated than suggested by the nth-order kinetic expression that is used.

It is seen in fig. 3.3 that if the heating rate T is relatively large this internal process
lowers the dynamic viscosity. Knowing that the conversion delays for a higher T, it
seems a reasonable assumption that the kinetics of the unknown, internal process
depends, among other things, on the conversion level. This assumption is suppor
ted by the observation that the lowering of the viscosity starts when the conversion
takes off. The frequency (,) also influences the process. This is shown in the same
figure.

Further, it is noteworthy that the final values of the dynamic modulus G* (G* = 11 *(,»

depend on the temperature history.

The above mentioned phenomena are not taken into account in the viscosity
model.

The results of the iterative Neider-Mead least squares method for determining the
Carreau viscosity model parameters are presented in fig. 3.6, where the open
symbols represents the calculated parameters and the solid lines the measured
mastercurve.

The parameters of the Carreau model were fitted as function of the conversion with
a fifth-order polynomial function for conversion levels from 0,..40%. In appendix A the
results for the parameters as function of conversion are shown. The results of this
fitting procedure leads to the estimation of the viscosity as function of temperature
during the experiments as depicted in the next figure. The viscosity is predicted
quite well in the region where the conversion is low. But when the conversion
becomes important (X>0.5%), and thus also the other internal process, the
quantitative prediction is inadequate.
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measured reduced viscosity with estimated viscosities

reduced frequency

Fig. 3.6: The mastercurve for the curing material with estimated viscosities.
Dynamic viscosity plus fit
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Fig. 3.7: The measured viscosities with fit.
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3.3 The specific volume

The pvT-data as presented in fig. 3.8 give the relationship between pressure,
temperature, and specific volume. This relationship is only measured in the polymer
melt phase, because of the processing window (T= 120-195 °C; Tm = ±85 °C). The
material functions a and K can be extracted from the pvT-data. The isothermal
compressibility coefficient K is a function of temperature, see table 3.1, and could
be fitted by a linear equation, but as input for the simulation program K is
considered to be constant (K = 8e-10). For the same reason the volume expansion
coefficient a is considered as a constant (a = 7e-4) , although a is a function of
pressure. See table 3.2.

PvT experimental data
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Fig. 3.8: The measured pvT-data.

The pvT-measurements were carried out with a non-curing compound, so no effect
of cure is embedded in the pvT-behaviour. With the experimental set-up used,
based on the instrument as described in Zoller et al. ([21]), it is impossible to
control the extent of reaction, because of the large dimensions of the measuring
cell, resulting in a non-uniform temperature profile over the cell, and the long time
to reach temperature equilibrium. It is assumed that the effect of cure on the pvT
relationship is negligible, also considering the high amount of filler material (approx.
50 wt%).
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Table 3.1: The isothermal compressibility coefficient K.

Temperature In (Y1/V2) Pmax-Pmin K [m2/N]

125 9.878e-3 151.5e5 6.54e-10

140.5 1.10e-2 153.5e5 7.17e-10

155 1.16e-2 148.5e5 7.81e-10

170 1 ,)Lic_') 148e5 8.38e-10I.c..~"" "'"

185 1.33e-2 153e5 8.6ge-10

199 1.60e-2 151e5 1.06e-09

Table 3.2: The volume expansion coefficient a.

Pressure [N/m2
] In(y';Va) T1-T2

a [OC-1
]

50e5 5.55e-2 73.03 7.60e-4

100e5 5.34e-2 73 7.32e-4

150e5 5.11e-2 73.78 6.93e-4

200e5 4.94e-2 73.98 6.68e-4

3.4 The heat conduction coefficient

The heat conduction coefficient A of a polymer molecule in the direction of the
backbone differs, in general, from the heat conduction coefficient perpendicular to
that direction. During the injection moulding process a strong orientation of the
molecules will be induced. This means that the effective heat conduction coefficient
will be dependent on the direction of flow. In the constitutive equation for the heat
conduction coefficient, existing of a non-isotropic and a isotropic part for filled
systems, isotropic behaviour is assumed, because of the high volume fraction of
the isotropic filler material. The filler particles are mainly spherical-like.

The heat conduction coefficient is measured by means of a so-called comparative
method ([11] Khanna, Taylor, Chomyn). A temperature difference is maintained
between a main heater and an auxiliary heater, which are on either end of a stack,
consisting of a copper plate, the sample, and a copper plate, the reference
material, and another copper plate. For each required temperature the system is
allowed to equilibrate and the temperature drop across each component is
measured. To minimize the radial heat losses the stack is covered by insulation. At
equilibrium the heat flow through each of the two components, the reference and
the sample, must be equal and is described by:
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~ = Ai a;i; i=s (sample) ,ref (reference)
I

(36)

where Q = time rate of heat flow
A = area
Ai = heat conduction coefficient
aTj = temperature gradient across the sample
di = specimen thickness

The heat conduction coefficient of the sample follows from:

A = ds(T3 - T2 )Aret
s dret (T2 - T1 )

(37)

As reference, an amorphous glass is used. It is assumed that the heat conduction
coefficient of the reference is constant with respect to temperature. This
assumption is fair compared to the assumption, that the radial heat losses are to
be neglected. Because of the inherent errors of the method used, it is assumed
that the heat conduction coefficients in the fluid and in the solid phase are constant,
with a jump in the melting region (Tmelt= ±85 °C), as depicted in fig 3.9. It was not
possible to measure above a temperature of 100 0 C.

Heat conduction coefficient as function of temperature
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Fig. 3.9: Heat conduction coefficient A as function of temperature.
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The heat conductivity measurements were performed with a non-curing compound.
To measure the influence of cure, several samples were prepared with different
moulding conditions. The samples were opposed to a known temperature history,
the reaction was stopped by placing the samples in a cold press, so the conversion
could be calculated with the kinetic expression as postulated in paragraph 2.2. The
temperature must be chosen in such a way that the conversion rate is low. From
the different conversion levels could be concluded that the heat conduction
coefficient is not influenced, also considering the relative errors of the used
measuring technique.

3.5 The specific heat capacity

The specific heat capacity cp was measured by means of a Differential Scanning
Spectrometer (DSC) with a non-curing compound, because of the experimental
problems using a curing material. The influence of the curing reaction is neglected,
keeping in mind the high amount of fillers.

The results for two different heating rates are presented in fig. 3.10.

Specific heat capacity vs temperature
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Fig. 3.10: Specific heat capacity cp as function of temperature.
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The DSC-measurements were carried out in a Perkin-Elmer DSC-7. Before each
run, the calorimeter was calibrated on temperature and enthalpy, using an indium
standard. Also special attention was paid on the setting of the sensitivity and the
adjustment of the isothermal baseline. In the first run an empty sample pan and an
empty reference pan are placed in the sample holders. The argon gas flow, the
heating rate, and the temperature range are set on the same values as for the
sample measuring run. The second run is performed with a synthetic sapphire, a
reference material for specific heat measurements, in the sample pan. The
measured data are compared with tabulated data from literature ([9] JIS; [20] Yo).
From this comparison, a calculation factor can be derived, to be used in the
measurements of the test specimen to correct for the machine settings. For the
third run the reference material is replaced by the sample. The same sample pan is
used for each run to prevent the influence of differences in heat capacity of sample
pans on the measured sample heat capacity.

3.6 The curing kinetics

The curing kinetics were also determined by means of Differential Scanning
Calorimetry (DSC). Isothermal and non-isothermal scanning modes can be used for
this purpose. Because some time is needed to heat up the sample and the test cell
to the desired temperature, part of the exotherm is obliterated by heat absorbed as
the sample warms up, we used a non-isothermal scanning mode on a Perkin-Elmer
DSC-7.apparatus. The utilization of dynamic techniques involves the assumption of
a constant specific heat capacity or a linear variation of the specific heat with
temperature, while both temperature and degree of conversion vary simultaneously
([10] Kamal, Sourour, and Ryan). The constant heating rate must be selected in the
range where vitrification and decomposition are avoided ([19] R.J.J. Williams).

The dynamic heating experiments were performed from 50° C up to 230°C for
three different heating rates, 10, 5, and 3 °Cjmin. The DSC was calibrated on
temperature and enthalpy with an indium standard. After calibration, a baseline was
measured using two empty pans. The sample weight was 10±0.5 mg. When the
sample is too small, the signal is affected by noise, and in case of large samples a
thermal lag will occur, especially if the thermal conductivity is low. Also a departure
from the linear temperature program can occur, due to excessive exothermal
reaction. Special attention was paid on the contact between the sample and the
bottom of the sample pan. Because, when using a alumina pan, the noise-signal
ratio was very high, caused by sample volatilization, sealable large volume pans
were used. The dynamic runs were always carried out using an empty pan as a
reference. After introduction of the sample to the DSC-cell, the sample was heated
to a preset temperature of 50° C in less than thirty seconds. The exothermic heat of
reaction was determined by carrying the reaction to completion for the different
heating rates. The reaction was considered complete when the supplied heat curve
levels off to a smaller slope just before an increase in heat supply takes place as a
result of other processes, such as thermal degradation.

22



It is usually assumed that the heat of reaction is directly proportional to the extent
of the reaction. This implies that the total heat produced at cure is constant. Then,
the reaction rate can easily be calculated with:

. dX
X= 

dt
1 dh

---
h dt

r

(38)

where dXjdt is the reaction rate, X the conversion, hr is the total heat of reaction,
and dh/dt is the differential heat flow at cure.

By integration of equation (38) over the total cure time the heat of reaction (h,) is
determined. The fractional conversion X(t) is calculated by integrating from t=O to
t=t. For numerical integration, the trapezium rule is used. For each heating rate, a
set of data, containing temperature T, conversion X, and conversion rate dXjdt is
obtained, to be used for fitting the reaction rate ([5] Claessens, Etman).

All the experimental data could be well represented by a three parameter n-th order
kinetic model.

(39)

For fitting the model to the experimental data, several methods are reported in
literature ([13] Patel, Patel, and Patel).

The· Perkin-Elmer DSC-7 Kinetic Analysis Module uses a multi linear regression
method ([18] PE DSC-7 Manual). The kinetic model is transformed into

In(dX) = In(k)-~+n.ln(1-X)
dT RT

This equation is of the general form

y = Co +Cl1 +CX2

(40)

(41)

and the parameters Co, C1 , and C2 can easily be obtained by means of the multi
linear regression method.

Another method used is based on the Neider-Mead least squares method, applied
on the non-linear equation (39). An iterative process is applied with decreasing
tolerance with respect to the relative error. The algorithm is developed to find the
minimum of a function of several variables, starting from an initial estimate. The
results, however, can be influenced by using an improper initial estimate ([5]
Claessens, Etman).

The results of data analysis from multi regression technique are presented in table
3.3. Also the values for the total heat of reaction, calculated from the area under
the exotherm, are listed in table 3.3. For the calculation of the total heat of reaction,
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it is difficult to determine the temperature at which the curing reaction commences
(departure from the baseline), and the temperature at which the reaction is
completed. This can cause errors in the determination of the kinetic parameters.
Therefore, the average of each kinetic parameter is chosen to fit each reaction rate
temperature curve for different heating rates. The results are depicted in fig. 3.11.

Table 3.3: Kinetic parameters using a multi linear regression method.

II heating rate I in(KJ Ea
I I h, III n

eCjmin) (-) (KJjmol) (-) (Jjg)

3 36.36 163.24 0.83 -12.37

3 42.08 184.27 0.89 -9.32

5 39.15 174.17 0.84 -10.34

5 39.42 174.83 0.85 -10.42

10 36.98 165.77 0.89 -9.60

10 37.19 166.69 0.80 -9.42

15 37.16 166.97 0.88 -9.57

15 36.31 162.94 0.82 -9.99

average 38.08±2.00 169.86±7.34 0.85±0.03 -10.13±0.99

The data used can be fit quite reasonable, despite the fact that the standard
deviation of the separate kinetic parameters is large. At scan rates of 10 and 15
°Cjmin the prediction in the temperature range beyond the reaction rate maximum
becomes inadequate.
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Reaction Rate vs temperature for different heating rates
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Fig. 3.11: Measured data for the reaction rate Rc with fit using average kinetic para
meters from table 3.3.
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4 NUMERICAL SIMULATIONS AND EXPERIMENTS

4.1 Introduction

In this chapter, the results of a number of calculations and experiments are
presented to show the possibility to get detailed, local information of the state of
the material. This gives the opportunity to investigate and explain different end
orooerties for different sections of the oroduct. In oaraaraoh 4.2 the standard case
• • • I "" I

is defined and analyzed, both the numerical and experimental results. In section 4.3
the attention is focused on the variations of the processing conditions on the
standard case, while in section 4.4 the results of some geometrical changes are
discussed.

4.2 The standard case

4.2.1 Mould geometry

The product is a modified 200S high voltage insulator and has been drawn in fig.
B.1 in appendix B. The mould is designed in such a way, that by changing the
sprue.andjor core pin configuration various products can be moulded to test the
implemented material models and to understand the filling stage for the 2008
moulds. The various options are presented in fig. B.2. The tapered sprue with a
diameter from 4 to 9 mm lies perpendicular to the plane of drawing. For the
standard case, the mould configuration as depicted in fig. 4.1 is used.

o

===============~

o o
Fig. 4.1: Mould configuration used for standard case (shaded area: Product and
runner).

The pressure and temperature transducer locations have been indicated on fig. 4.2.
It must be remarked that measuring temperatures of molten polymers is not accu
rate, due to two problems. The first problem is that there is a temperature gradient
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in the direction of the cavity height. If the temperature in a defined place in the fluid
needs to be measured, the transducer should be located in the fluid. Locating the
transducers in the fluid however will disturb the flow through the cavity. Therefore, it
is only useful to measure the temperature at the wall. This is the reason that the
transducers should be flush-mounted. The second problem is that the transducer
must level with the temperature of the instationary flow very quickly. Because
polymers are bad heat conductors, the transducers should have a small heat
capacity and must therefore be very small. At the same time transducers must
withstand high pressures and forces.

'- T P
-tal+- - --0-- -6- ~-----

T

Fig. 4..2: Pressure and temperature locations.

The finite element mesh is shown in fig. 4.3. The tapered sprue is represented by
three line element groups of increasing diameter. Also for the runner and the ring,
cylindrical line elements are used, while the restriction and the 2008 mould are
represented by triangular elements. All nodes of the line elements from the ring are
connected to corresponding nodes of the triangular elements from the restriction.
The tapered sheds are split up into two rings with a thickness of 4.23 and 3.08 mm
for the first and third shed, while the second shed is split up into rings of a
thickness of 4.00 and 3.48 mm. The mesh is refined in the region of the restriction.
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Fig. 4.3: Finite element mesh.

4.2.2 The results of the standard case

The filling pattern

To measure the flow fronts as a function of time, short shots were made using a
configuration that only fills the first shed. This choice was based on the limitations
of the soft-ware. As these limitations are removed at this moment, calculated filling
patterns are shown for the complete product. The calculations have been
performed with the same processing conditions used during the experimental trials
on the modified 2005 mould (table 4.1). Although the injection moulding machine
was equipped with units to control the screw speed, the hydraulic pressure, the
injection-, and mould temperature, uncertainties in material and mould temperature
must be taken into account. For the calculations a constant flow rate was given by
specifying the injection time. INJECT-3 uses the flow rate required to fill the volume
of the part in the specified amount of time. The flow rate during the experiments
could not be measured as a function of time. The filling rate, however, decreases
towards the end of the filling stage due to the increasing flow resistance. Never
theless, there is a qualitative good agreement between the flow fronts predicted by
the program (appendix C) and the short shots as shown in fig. 4.4 and 4.5.
(Compare the short shots with the first and second filling pattern) When the runner
has been filled, the material starts to fill the ring and the mould. Two flows of
material will meet in the ring and the mould, resulting in a so-called weld line. This
meeting line of two different flows will be transported towards the shed. Also in the
shed different flows will meet and form a weld-line.
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Table 4.1: The process conditions for the standard case.

Injection Mould Average Injection
Temperature Temperature Flow Rate Time

(0 C) (OC) (cm3js) (s)

120 195 1.64 55

Fig. 4.4: Short shots (side view).

f
Fig. 4.5: Short shots (top view).
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Pressure versus time

Fig. 4.6 shows the calculated and measured pressures as a function of time for the
transducer located in the runner. The pressure is underpredicted for the complete
filling stage. The jump in the calculated pressures at t =26.3 seconds is a
consequence of the grid point distribution in the direction of the cavity height. Only
6 gridpoints are used for half of the cavity height. Then, the conversion level in the
gridpoint on the mould wall has reached the gelpoint. Then the viscosity is set to a
very high value (fl = 1010 [Pa.s]) to simulate the no flow behaviour of the gelled
material. This will result in an increase of the flow resistance.

Several possibilities can be indicated to explain the underprediction of the pressure
in the runner. First, the level of cure at the start of the filling stage is not known.
Because of the long residence time of the material in the extruder (approx. 40
minutes), an estimation of the start conversion level has to be made. This is
difficult, because the material in the extruder is not only heated by conduction of
heat from the conduction bands, but also by dissipation as a result of the screw
rotation.

Second, at the end of the runner a transition from a small to a relatively large
cross-sectional area occurs. In such axisymmetrical, diverging, two-dimensional
flows, changes in the cross-sectional flow area can cause significant adjustments in
the kinematic, stress, and pressure fields, not only dependent on the geometry, but
also on the rheological properties of the material ([8] Isayev). For polymers, the
pressure drop comes from the interaction of viscous and elastic properties of the
material. These elastic effects, however, are not taken into account. To quantify this
effect, experiments with a smaller transition, Le. larger runner diameter, should be
performed.

Third, the number of gridpoints over the cavity height is not enough for an accurate
calculation. This can be excluded, because increasing the number of gridpoints
from 6 to 10 over half of the cavity height didn't lead to a better pressure
calculation.

The pressures in the ring (P2) and between the second and third shed (P3) are
significantly better predicted, both qualitative and quantitative, as can be seen in fig.
4.7. From these measured pressures, the flow front propagation in the product can
be followed. The calculated pressure profiles are slightly different, because the
tapered sheds are represented in the mesh by two rings with constant thicknes
ses.
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Pressure vs. time for transducer in the runner
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Fig. 4.6: Pressure versus time for the transducer located in the runner (P1).
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Conversion and temperature development in the mould

Temperature in node 2903
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End properties of a product are determined by the history of the material during the
filling and curing stage. To be able to predict differences in these properties over a
product, it is necessary to know the history of every material particle. The results
shown below of the temperature and conversion development at some locations in
the mould, where it is known that the properties will be different, are meant to
illustrate that such a detailed knowledge is obtained from the numerical simulations.
The temperature profile at the location P1 in the runner (see fig. 4.3) is pictured in
fig. 4.8 and 4.9. The material at the wall has the wall temperature. This material is
not moving because of the no slip boundary condition. When the conversion in the
gridpoint located at the wall reaches a value beyond the gelpoint (this is set on a
conversion X=0.10), the material will behave like a solid (the viscosity is set to a
value of 1010

) and a sudden increase of the temperature in the gridpoints located
nearest the wall can be observed. The actual runner diameter will decrease with
20%. This decrease of the diameter will increase the maxi-mum shear rate and
therefore the dissipation energy (o:D in equation (4) page 5) and thus the
temperature. The temperature in location P2 shows the same profile.
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Fig. 4.8: Temperatures versus time in
P1.

Z-coordinate [mm]

Fig. 4.9: Temperatures versus z-coor-
dinate in P1.

The temperature profile at a place near the end of the first shed as indicated in fig.
4.10 shows a different profile (fig. 4.10 and fig. 4.11), because after this section is
filled the material is not refreshed contrary to the runner and ring section. The
material will substantially be heated by conduction. The heat due to the curing
reaction is negligible, because of the [ow reaction enthalpy. The same qualitative
temperature profile can be observed in the second and third shed, but the
temperatures are higher and the temperature gradients lower.

The flow rate in the ring and runner will be constant over the complete filling stage.
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Fig. 4.11: Temperatures versus z-coor-
dinate in the first shed.

At locations between the sheds the flow rate is not constant. Two material flows
can be distinguished during the filling of a shed. One flow which fills the shed and a
second flow that fills the tube beyond that shed. This second flow will increase as
the shed is filled and the first flow stops. This results in the calculated temperature
profile in T1 as shown in fig. 4.12 and fig. 4.13. The temperature of the flowing
material will drop as a result of the shorter time history or, in other words, the
altered influence of the convection. The same drop can be seen in the conversion
distribution (see fig. 4.14 and 4.15). Temperature in node 633
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Fig. 4.10: Temperatures versus time in
the first shed.
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Fig. 4.12: Temperatures versus time in
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Fig. 4.13: Temperatures versus z-coor
dinate in T1 .
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Fig. 4.15: Conversions versus z-coordi
nate in T1.

In the previous paragraphs quantitative data are presented at some locations in the
product. Also, overall pictures of variables are available. These kind of pictures are
suited for a quick view of the distribution of the considered variable. The contour
plot of the conversion distribution over the midplane of the product at the end of
the filling stage is depicted in fig. 4.16. It is observed that the extent of cure is
significantly higher for the section opposite the runner inlet as a result of the
different temperature history. Besides, there is no circle symmetrical conversion
profile in the product. Notice that such a distribution is not suggested by the filling
patterns which look much more circlesymmetrically.

The conversion distribution as shown -is a base for the explanation of the
distribution of the end properties. For a complete description of the origin of the
properties also the cure stage must be analyzed and the relation between the
material structure and the end properties must be established.
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Variation on injection temperature

4.3 Variation of processing conditions

To test the predictive capabilities of the model, variations on the process
parameters were carried out during the experiments. Two injection temperatures
different from the standard case were chosen (105 and 130 °C). From the results
of the experiments as depicted in fig. 4.17 it can be seen that for an injection
temperature of 130 °C a higher pressure is needed. One expects a lower pressure,
because the viscosity is lowered by increasing the temperature, but probably the
temperature influence on the viscosity is overruled by the conversion, because of
the long residence time of the material in the extruder (approx. 45 minutes). The
conversion level at the start of the filling stage will be higher.

A simulation was performed with a start conversion of zero and an injection
temperature of 130 °C, but no significant increase in pressure could be seen
compared to a simulation with an injection temperature of 120 °C and a start
conversion of zero. An injection temperature of 130 °C and a starting cure level of
2% did also not give any significant improvement of the numerical results. An
explanation for the measured increased pressure level is the lack of control over
the filling time.

The reason for this deviation, the insensitivity of the pressure for the start condition,
is not understood yet. Further investigation requires the possibility to control the
filling rate.
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Fig. 4.17: Pressure versus time for different injection temperatures during experi
ments.
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Also some experiments and simulations were performed with varying mould
temperatures. The processparameters are summarized in table 4.2. During the
experiments it was observed that for a high mould temperature (210 °C) the
conversion reached such a level that the material gels in a major or even the
complete part of the cavity height before the mould was filled completely. This was
observed from the pressure readings of transducer P2. Although material passed
this transducer, there was no detectable signal. This can be understood as the
material is passing the transducer as a rubber. The product was also not a smooth
part but broken into pieces.

The results from the experiments are presented in fig. 4.18. It can be seen that the
pressure in the runner increases faster when the mould temperature is 210 0 C.
This behaviour was not observed with the simulations. Varying the mould
temperature did not have a significant effect in the filling behaviour. The
calculations, however, didn't show this pressure profile nor the filling behaviour. The
product was completely filled. The jump in the calculated pressure profile occurred
at a shorter time. A comparison is not possible, because this is beyond the
modelling of the process. It is questionable if modelling of this stage is possible
and/or necessary.

Variation on mould temperature (pressure in runner)
40
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Fig. 4.18: Pressure versus time for different mould temperatures.
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Table 4.2: Variations on the mould temperature.

Injection Mould Average Injection
Temperature Temperature Flow Rate Time

eC) eC) (cm3 js) (s)

Standard Case 120 195 1.64 55

Low Mould 120 175 1.64 55
Temperature

High Mould 120 210 - 55
Temperature

4.4 Variation on geometry

4.4.1 Mould geometry of short runner configuration

The mould geometry of the short runner configuration with the changed sprue
configuration, used for these .. experiments, is depicted in fig. 8.2.2. The length of
the runner is 10 mm and the 'diameter is 6 mm, while the restriction has a length of
3 mm, instead of 2 mm as used for the standard case. The process conditions are
summarized in table 4.3.

4.4.2 The results of short runner configuration

The numerical results of the filling behaviour are depicted in appendix D. The
injection time is, using the same hydraulic pressure, only 15 seconds instead of 55
for the standard case. The pressure for the transducer in the ring is presented in
fig. 4.22.

Table 4.3: Variation of the geometry: Short runner and longer restriction.

Injection Mould Average Injection
Temperature Temperature Flow Rate Time

eC) eC) (cm3js) (s)

120 195 5.61 15

The influence of the longer restriction is negligible for the filling patterns as
calculated (See figures C.1-4 and D.1-4).

38



Pressure vs. time for the shortrunner configuration
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Fig. 4.22: Pressure versus time for short runner configuration.
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5 CONCLUSIONS AND RECOMMENDATIONS

In this report, the modelling of the filling stage of the thermoset injection moulding
process is described and used in order to understand the filling behaviour of a
complex three shedded part. An existing software package, INJECT-3, developed
for thermoplastics was used with curing kinetics, heat of reaction, and the effect of
cure on the viscosity for the material under examination. The constitutive relations
and the material functions for the material under examination, a highly filled EVA
''''''\r'Y'\nnl Inri !:lro rlotorrYlinori ovnorirYll:lnt!:lIl\l""'''''111''''''''''''''''1.'''''', '-41 \J ""'''''''''''. II 11'1'"""'" """1""""' ... 1_- 11k_1I]_

The simulations give much detailed information of the state of the material during
the filling stage. In comparison to experiments there are still major differences.
Variations on the process parameters of the standard case are not good predicted.
This could be expected as a result of a number of insecurities:
- process control, especially the filling rate
- start condition of the material (Xc)
- rheological behaviour, especially the conversion- and temperature history
dependence. During the variation of the mould temperature experiments the
boundaries of the modelling were exceeded. Transportation of gelled material is not
incorporated in the model.

For the curing kinetics a first-order model with an Arrhenius temperature
dependence is proposed with good predictive capabilities. As material model for
the viscosity a Carreau-model is chosen, where the parameters are a function of
the extent of cure. A mastercurve for the viscosity is composed applying the
method of reduced variables. The horizontal shift factor aT can be fitted with a WLF
equation, while the factor bT can be fitted with an exponential function. The
mastercurve for the non-curing (without cross-linking agent) material is nearly as
identical as for the curing material in the low conversion region. Therefore the
shiftfactors can be determined with the non-curing material allowing a larger
temperatures or frequency range. The viscosity model has good qualitative and
quantitative capabilities unless the conversion becomes important. This is a result
of the fact that the influence of the temperature rate during the experiments, is not
taken into account. The shift factors are also assumed not to be influenced by the
conversion. This assumption is maybe not correct. To translate the dynamicly
measured viscosity to the steady state shear viscosity the Cox-Merz rule can be
applied.

After implementation of the material models, the simulations show that using a
restriction with a height of 2 mm and 1.5 mm thick, the mould is filled
asymmetrically. The pressure is underpredicted during the complete filling stage,
especially in the runner section, where a deviation of nearly 40% occurs. Changing
the number of grid-points over the cavity height from 6 to 10 or even more does
not result in a better prediction.

Changing the restriction length from 2 to 3 mm, in order to get a more symmetrical
filling behaviour, still results in an asymmetrical filling pattern. This is however not
experimentally verified by short shots. Because of the asymmetrical filling pattern,
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the mechanical properties of the part will be also asymmetrical. So, when designing
a new mould, the attention should be focused on the gate section to get a
symmetrical filling behaviour.

Because of the long residence time in the extruder, the extent of cure at the start of
the filling stage is non-zero, but not known. Changing the injection temperature will
lead to a different start conversion. The viscosity will be influenced by the extent of
cure overruling the temperature effect. Experiments with a higher mould tempera
ture sho'll a completely different behaviour than the ca!culations. In the program
INJECT-3 gelled material is treated as a solid by setting the viscosity to a high
value (1010 Pas), while during the experiments the gelled material is still pushed in
the mould. This flow behaviour is not modelled. Also the gelpoint of the material is
not known accurately.

Finally, an important observation was that the different batches, although mixed in
the same ratio, show a different rheological behaviour and are changing in time by
just storing the material at room temperature.

Recommendations

The material model for the viscosity still needs attention. Especially the effect of
cure on the viscosity is not clear. The incorporation of conversion dependence of
the shift factors and a dependence on the temperature history might improve the
results.

The gelpoint can not be determined from the rheology experiments. Extraction or
Soxhlet methods can give a better insight in this matter.

Experiments with a larger runner diameter can give a better insight in the
underprediction of the pressure in the runner section for the standard case.

The flow rate during the experiments was not constant. With a displacement
transducer the flow rate can be measured as a function of time. This can be used
as input for the numerical simulations.

Analysis of curing stage may result in shorter cycle times, decreasing the
production costs. Therefore experiments should be performed to determine the
effect of cure on the required modulus.

To predict the transportation of the weld-line formed at the end of the ring the
numerical tools should be extended with a particle tracking algorithm.
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APPENDIX A: Carreau-model paramaters as function of conversion.
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Coefficients for polynomial fit of (n-l)/2:

2.7066863e+02 -2.2161561e+02 6.780952ge+Ol
-1. 0439103e+Ol 8.0433318e-Ol -3.172588ge-Ol

Coefficients for polynomial fit of lambda:

1.2564892e+05 -8.5360682e+04 2.3352160e+04
-2.543393ge+03 2.3057994e+02 4.9734342e+OO

Coefficients for polynomial fit of reduced etaO:

1. 995671ge+09 -1. 4520581e+09 4.1650043e+08
-4.4770860e+07 2.4178857e+06 1. 8694623e+05
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