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Abstract

To simulate the injection molding process, it is necessary to set material data.
With thermosets injection molding simulation, its material data sheet is found in
limited sources and is seldom available from data bank of simulation tools.
Therefore, before setting material data, it is necessary to create its own material
data sheet that requires an extensive knowledge in measurement of rheological
and thermal properties as well as optimization algorithm. In addition, to simulate
exactly the thermosets injection molding compound process, it requires a
profound knowledge in the mold filling characteristics of thermoset injection
molding compounds. However, investigation of flow behavior of thermosets
injection molding compounds inside the mold has not been adequately described.
Up to now, there is still a big question related to whether there is slip or no slip
phenomenon between thermosets melt and the wall surface during filling the
cavity, for which has not yet been found an exact answer. Because of this the
effect of wall slip on the cavity surface is still ignored during injection molding
simulation process. This thesis focuses on developing method to study slip
phenomenon of polymer melt during filling the cavity, firstly. Experimental
injection studies under different processing conditions were performed. It was
found that there was a strong slip on the interface between the phenolic polymer
and the mold wall surface, which was not found for the thermoplastic injection
molding. Secondly, the rheological and thermal properties of thermoset injection
molding compounds was measured successfully. After that, the numerical
method was developed and written to not only create its material data sheets, but
also predict master curves of viscosity and cure kinetics at any heating rate.
Finally, the generated data sheets that has not yet been found in data bank of any
simulation tool were used to investigate the application of simulation tools in
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simulation of the injection molding process with considering slip boundary
condition. The results of this thesis are beneficial for understanding the slip
phenomenon comprehensively, opening a new thinking about influence of slip
on analysis, calculation and simulation of fiber orientation during the filling
process of glass fiber reinforced thermoset injection molding compounds.
Furthermore, with the developed numerical method, simulation guides become
independent users of material data bank from simulation tools. Finally, it is
impossible to neglect the influence of wall slip on the mold filling behavior of
the thermoset injection molding compounds during simulation.

Keywords

Thermoset injection molding, Wall slip, Material properties, Reactive viscosity
models, Cure kinetics models, Material data sheet, Computers simulation, Slip
boundary condition.
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1 Introduction and research objects

Due to the outstanding process ability and high performance-price ratio, plastic
component plays a significant role in daily life of everyone. With development
of new additives and addition of reinforcing materials, properties of plastic have
been remarkably improved, and its application field has been clearly expanded.
It makes the plastic displacing dominant materials used in different fields
possible. Based on their response to temperature, plastics materials could be
classified into two main categories: thermoplastics and thermosets [1].

\/\/\/\_,
~ N L
=

Figure 1.1 Thermoset before crosslinking or thermoplastic [2]

Before hardening, thermosets like thermoplastics are independent
macromolecules. However, in their final state, after hardening, they have a three-
dimensional structure obtained by chemical crosslinking produced after (spray-
up molding or filament winding) or during the processing (compression or
injection molding, for example) [2]. Figure 1.1 and Figure 1.2 illustrate the
molecular arrangements of the polymers.

Figure 1.2 Thermoset after crosslinking [2]

As one of the most commonly applied processing methods for plastic
compounds, injection molding has received a substantial amount of study and
attention in recent years. In the field of injection molding process, computer
simulation has been widely used to simulate the entire injection molding process.
With computer simulation, potential defects, such as air trap, weld line positions
and sink mark, emerging during injection molding process before doing in the
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reality can be predicted, and therefore mistake of design can be modified without
overfull expense of time and money. In addition, computer simulation is able to
accomplish the experiments which can be difficultly operated in reality.
Therefore, it can help to analyze and thus improve the whole process, raise
success rate of first molding trial, reduce cost of manufacture and shorten the
development cycle. With thermoplastics injection molding, there have been some
significant achievements in application of simulation packages to simulate the
entire phases of thermoplastics injection molding process. The computations are
found in good agreement with experiments. Meanwhile, application of computer
simulation in thermoset injection molding simulation and comparison between
experimental and simulation results seem to be found in limited knowledge
because of not only lacking material data sheet for simulation process that
requires an extensive knowledge in measurement of rheological and thermal
properties as well as optimization algorithm, but also complication in analysis of
the mold filling characteristics of thermoset resin compounds. Up to now,
investigation of flow behavior of thermoset resin compounds inside a mold has
not been adequately described so that an existing question concerning whether
there is slip or no slip on the interface between thermoset melt and cavity has not
yet been found an exact answer. Therefore, the applicability of thermoplastics
injection molding simulation concepts for thermosets is still available question
that should be answered.

The aim of this work is firstly innovation of a method to study the mold filling
behavior of thermosets injection molding compounds. Secondly, developing and
writing a numerical method for creating thermoset material data sheet for
investigation of the application of simulation tools in simulation the filling and
curing phase of thermoset injection molding process. The developed numerical
method helps simulation guides will become independent users of material data
bank from simulation tools and evaluate the similarity and difference in the mold
filling characteristics of thermoset injection molding compounds generated by
both experiment and simulation. To complete these aims, following objectives
and assignments were achieved and accomplished in this dissertation.

a. A new method, namely, the spotwise painting of the mold wall surface
was developed to investigate the slip phenomenon of polymer on the
interface between polymer and cavity surface.

b. The flow behavior of glass-fiber reinforced phenolic thermoset resin in
the presence of the wall surface during injection molding under various
processing parameters has been studied by applying the spotwise
painting of the mold wall surface. The experimental results clearly show
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a strong slip of the phenolic melt on the cavity surface. The complete
difference in the flow behavior of thermosets and thermoplastics
polymer on the cavity surface in the process of filling a mold was
shown, which will lead to a new thinking of taking the influence of wall
slips not only on measuring rheological properties of thermosets resins
into account but also on calculation, analysis and simulation of the flow
of the glass fiber reinforced thermosets resins during the injection
molding filling process.

c. Rheological and thermal properties of thermoset injection molding
compounds were successfully measured. Furthermore, a new numerical
methodology has been written to not only create material data bank of
some thermoset injection molding compounds, but also predict the
rheological and cure kinetics of thermosets resins at multiple heating
rates different from the preset heating rates in a fast way. Finally, the
generated material data sheets that has not yet been found in any
simulation tool was directly imported into Moldex3D simulation tool
for simulating the filling and curing process with and without
considering slip boundary conditions.

d. Comparison in the mold filling characterization of the thermoset
injection molding compounds between experimental and simulation
results was conducted to evaluate the application of simulation tools in
simulation of thermoset injection molding process.
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2 State of art
2.1  Thermoset injection molding process

Injection molding, defined by a cycle and automated process for manufacturing
identical plastic articles from mold, is the most widely used polymer operation
[3]. The process can manufacture either very small or very large parts using
virtually any plastic material [4]. The injection molding is itself a very complex
system composed of multiple components, which are subjected to many cycles
of temperatures and stresses [5]. Injection molding has several features;
including direct path from resin to finished part, i.e. no or only minimal finishing
of the molded part necessary, and process can be fully automated and good
reproducibility of production. So that the main advantage of this process is the
capacity of repetitively and economically fabricating parts with complex
geometries at a high production rate [6]. It presents the most important process
for manufacturing plastics parts and is suitable for mass producing components.
Typical injection molding could be found everywhere in daily life, e.g.
automotive parts, consumer electronics wares and increasing number of
construction part made from fiber reinforced plastic.

2.1.1  Thermoset injection machine

Moulded part

Molten plastics
Raw plastic

Figure 2.1 Plastic injection machine

The basic molding equipment consists of an injection molding machine, an
injection mold, and a mold temperature control unit. These three components can
influence the manufacture process directly and decide its success or failure.
Figure 2.1 is an example of an injection molding machine. The injection molding
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machine can be defined as a machine which produces formed component in a
repeated manner from polymer materials [7, 8]. An injection molding machine
can be broken down into the following components: Plasticizing/injection unit,
clamping unit, control system and tempering devices for the mold. The main
tasks of the plasticizing units are to heat and melt the polymer pellets entering
from the hopper and inject the melt into the cavity of mold. Since injection
molding is a discontinuous process, the machine must be able to open the mold
for demolding and close it again for the next shot. The clamping unit
accomplishes this. Because the polymer is pressed under high pressure into the
mold, the clamping unit must also be able to keep the mold tightly sealed during
the filling and holding pressure stages. At present, clamping units are available
on the market in three different forms [9, 10]. These are known as mechanical,
hydraulic, hydraulic mechanical and electro-mechanical systems. Driving unit
provides necessary pressure of hydraulic oil or kinetic energy from electric
motor. And the sequence of injection molding cycle is manipulated by a control
unit, the function of which are to coordinate the machine sequence, to keep
certain machine parameters constant, and to optimize individual steps in the
process [11]. The control unit is integrated within the machine and operated
through a touch screen nowadays.

2.1.2  Thermoset injection molding cycle

c)—Packing and curing d) Mold open

e) Knock out and ejection

Figure 2.2 Schematic of injection molding system [12, 13, 14, 15]
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The entire injection molding process for thermoset molding compounds is a
consecutive process that includes a series of sequential steps, which partly
overlap one another. To understand the entire thermoset injection molding
process and the influence of each process phase on the quality of the moldings,
we find it helpful to break the process into five sequences of phases as shown in
Figure 2.2. At the beginning of thermoset injection molding process, the granular
molding compound is poured or conveyed directly into the injection machine
hopper. Then, the screw rotates and moves the granules forward the screw barrel.
The polymer is plasticized from solid granules through the combined effect of
heat conduction from the heated barrel and internal shear heating caused by
rotation of the screw. Normally, the thermoset injection molding compounds are
plasticized below cure temperature (circa from 80°C to 100°C). When the
required volume of molding compound has been plasticized, the screw stops
rotating. It moves forward axially without rotation, acting as a ram, forcing the
plasticized compound through the sprue, runners, gates, and into the hot mold
cavities (circa from 160°C to 190°C) thus forming the final shape of plastic
component [16, 17]. As the cavity is filled, the screw moves with a small
displacement to maintain a holding pressure and provides additional material into
the cavity to ensure complete filling and detailed replication as far as possible.
After the polymer melt ceases to flow, the cavity pressure gradually decreases to
zero or a very low value. Simultaneously, the screw starts rotating and moving
backward, and the plasticizing stage of next cycle starts. In the meantime, the
injected polymer in the cavity goes through the curing process. In the filling and
curing process, the temperature of injected polymer increases significantly due
to convention of mechanical energy (pressure) to heat, the shear heating or
frictional heating, the heat transfers from the cavity wall to the polymer and the
heat generated by chemical reaction between substances inside thermoset
injection molding compounds. After the required cure time, the molded part has
achieved final cure and become stiff enough, the mold opens, and the component
can be ejected by ejector pin, sometimes with the help of robot. After this stage,

an injection cycle has been completed, and the next cycle can start.
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2.1.3  Mold filling behavior of thermoset injection molding compounds

The most important stage in injection molding is the mold filling process because
several quality-related properties are strongly influenced by the flow and cooling
processes that take place in the filling phase [18, 19, 20]. The injection molding
of thermosets has received much less attention in comparison with thermoplastics
injection molding. Except for a few reports, mainly mathematical in nature, very
little has been published in relation to the molding injection molding of
thermosets [21, 22]. This is not surprising, since the reactive nature of thermosets
adds a new dimension to the process which serves only to increase the
complexity of the modelling problem. Furthermore, the complexity of
characterizing thermosets has contributed to the scarcity of useful data relating
to the critical thermal, rheological, and thermodynamic properties of these
materials which are essential for adequate modelling and analysis of the
phenomena involved in thermoset processing [23].

qa—*
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Velocity profile Melt front

Figure 2.3 An unsteady flow front of thermosets polymer (above) and supposed flow
characteristic of thermosets (below) (a) Mold; (b) Low viscosity skin layer; (c) High
viscosity core region; (d) uncompacted zone [24]

Up to now, investigation of flow behavior of thermoset resin compounds inside
a mold has not been adequately described. Only a few studies in this field have
been reported. Thienel et al. [24] studied the mold filling behavior of thermoset
resin compounds inside a rectangular cavity with a core using a mold with a glass
window for observing the flow behavior directly. Castro et.al observed the flow
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front of polyurethane by using a mold with a polycarbonate window [25]. They
reported that there was an unsteady flow front of polymer during filling phase,
as shown in Figure 2.3 (above). The mold filling seems to be plug-like flow and
a supposed flow characteristic of thermoset is shown in Figure 2.3 (below).
Nevertheless, to protect the glass window, experiments were conducted with low
injection pressure so that the flow behavior under practical conditions of high
pressure has not yet been observed.

Zone 1 Zone 2 Zone3 |+———
I I ] ™ Tl ox
a) Magnetized patterns observed along the section x-y at observing positions z = 2mm

IO FIY |

b) Magnetized patterns observed along the section X-y

X
Figure 2.4 Flow behavior of thermoset phenolic resin by gate magnetization method [26]

Regarding to flow behavior of thermoset phenolic resin under high pressure with
various processing conditions, Ohta [26] investigated the flow behavior of glass-
fiber reinforced phenolic resin compound inside a rectangular mold under
different injection molding conditions by using the gate-magnetization method
developed by Yokoi and coworkers [27]. With the gate-magnetization method,
magnetic particles, namely, anisotropic strontium ferrite particle, were premixed
into the resin, which was magnetized at the gate by a pulsed magnetic field. The
time for magnetization was controlled by a computer system. Three-dimensional
flow patterns were analyzed by measuring the distribution of magnetized patterns
at different sections of the molded part. The magnetized particles in the section
were detected by using magneto detection liquid, which reacts to small amounts
of magnetism. By observing the magnetized patterns, it was found that plug-like
flow builds up in the cavity in both the horizontal and vertical sections as shown
in Figure 2.4. A slip between the resin compound and the cavity wall occurred
during the filling process. The flow behavior inside the cavity, as shown in
Figure 2.4 (a), was observed in three characteristic zones by the forms of the
magnetized patterns: asymmetric flow zone (zone 1), symmetric flow zone
(zone 2) and arc-flow zone (zone 3) at the gate. However, the short-shot molded
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part has not been done and this measuring method seems to be very complicated
because of the complex design and operation of magnetization circuit. In
addition, the magneto detection liquid can only react to small amounts of
magnetism, which leads to difficulty in visual analysis of magnetized particles at
different sections of a molded part. Furthermore, the slip on the interface between
the polymer and the cavity surface is not clear.

Melt front

Zone 2: Less compacted polymer with
roughjsurface

-
-
I -
-

Zone 1: Comps rlr:d polymer with
smooth surface

Figure 2.5 Mold filling study of thermoset phenolic injection molding compounds [28]

Recently, Englich [29] studied the influence of processing conditions such as
injection speed, mold temperature on mold filling characteristics and fiber
orientation of glass fiber reinforced phenol-formaldehyde resins in a rectangular
mold. In his PhD thesis, a series of the short-molded parts were molded with
different size of film gates and different processing conditions. Experimental
results show that with each short-molded part, there were two characteristic
zones, as shown in Figure 2.5. Zone 1 was located close to the gate. In this area,
the polymer contacted the wall surface and the melt was compacted. Zone 2 was
located next to zone 1, the melt was less compacted and next to the melt front
there was no contact between the phenolic polymer and the wall surface.
According to the variation of the surface roughness of the short-molded parts, he
also supposed that the mold filling behavior seems to show a plug-like flow,
which means there may be a wall slip between the phenolic polymer and the
cavity surface.

In summary, the molding filling characteristics of glass fiber reinforced
thermoset injection molding compounds has not yet physically explained.
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Therefore, the existing question whether there is or no slip of thermoset injection
molding compounds during the filling phase has not yet found an exact answer.

2.2 Injection molding simulation process

One of the most revolutionary technologies to affect injection molding in the past
decades certainly is computer applications in the industrial production process.
In the injection molding industry, computers permeate all aspects from the
concept of a product design, mold manufacturing, raw material processing,
marketing and sales, recycling, to administration and business, and so on. Many
of the analysis packages promote a better understanding of molding process and
the interrelationships among correlated parameters. This contributes to a better
ability to control previously mysterious phenomena (such as warpage). Instead
of the past costly trial-and-error manufacture process, prediction and
optimization of the product quality at the lowest cost has now become possible [30].

An injection molding
process simulation

v ] ¥
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Figure 2.6 Schematic of an injection molding simulation process (both thermoplastics
and thermosets)
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Table 2.1 Required material properties for filling, packing and cooling/curing
simulation process

Title Input
Viscosity A viscosity model and its coefficients
Heat capacity The value of heat capacity
Thermal conductivity | The value of thermal conductivity
Density The value of density
Curing data A curing model and its coefficients
PVT PVT model and its coefficients

In the field of injection molding simulation process, good simulation result relies
on many crucial factors, as shown in Figure 2.6. There are three main steps for
an injection molding process simulation (both thermoplastics and thermosets),
including pre-proceeding, analysis setup and post-processing. A simulation
software usually offers comprehensive options to help users complete each step
during simulation process. However, the content should be mentioned here is set
material data. For simulation, it is necessary to know some properties of the
material. Material properties required to simulation injection molding depend on
the simulation to be undertaken. For flow analysis (filling, packing, and
cooling/curing) the input material properties are required, as shown in Table 2.1
If users of simulation software want to simulate shrinkage and warpage,
additional properties are required, such as elastic modulus, shear modulus and
coefficient of thermal expansion. With thermoplastics injection molding
simulation, polymer injection molding simulation packages always provide
accurate and comprehensive material data sheet of most thermoplastics’ injection
molding compounds. Users could easily choose thermoplastics material data
sheet already embedded in the material data bank of simulation tools to simulate
the entire phases of thermoplastics injection molding process. There have been
some significant achievements in application of simulation packages to simulate
the entire phases of thermoplastics injection molding process. The computations
are found in good agreement with experiments [31, 32, 33, 34]. Nevertheless,
thermosets material data sheet is found in limited sources and is seldom available
from databank of simulation tools because of complication not only in material
properties measurement but also in modelling rheological and thermal
mathematical equations. Therefore, before setting material data, it is necessary
to create its own material data sheet.
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To create thermoset material data sheet for filling, packing and curing simulation
process, as shown in Table 2.1, firstly, it is necessary to measure critical material
properties including density, heat capacity, thermal conductivity, reactive
viscosity and degree of cure. After that, based on the experimental data,
optimization algorithm must be written to get all fitted coefficients in rheological
and thermal mathematical models used to describe properties of material and
being embedded in simulation tools. Rheological mathematical models are
reactive viscosity models and thermal mathematical models are cure kinetics
models.

2.2.1  Material properties
2.2.1.1  Rheological property

The rheological behavior of plastic melt is termed viscoelastic [35, 36]. This
means that molten plastics behave viscously like a liquid, but also elastically like
an elastic solid [37]. In most cases the viscous properties dominate in the molten
state. The viscous properties can be characterized by the viscosity, which is a
measure of the melt’s inner resistance to flow processes. All flow processes in
the plasticizing or in the mold are strongly influenced by the rheological
behavior.
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Figure 2.7 Flow/curing behavior of thermosets [38, 39, 40]

In thermoplastics processing the results of viscosity measurements show that the
viscosity depends mainly on temperature and shear rate. In the range of high
shear rates viscosity declines noticeably and viscosity decreases as temperature
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rises. However, viscosity of thermoset compounds is more complicated because
it not only depends on temperature and shear rate but also on degree of cure.
Therefore, during the processing of thermoset compounds, the viscosity curve
results in two opposing effects. At low degree of cure, the viscosity of thermoset
resins will decrease due to the elevated temperature (Figure 2.7 graph a), which
is the same for thermoplastic resins. As the temperature reaches a certain level,
the rapid increase in the degree of cure and the cross-linking will cause a
significant increase in viscosity (Figure 2.7 graph b). Consequently, the viscosity
curve of thermoset materials is characterized by a parabolic-curve (Figure 2.7
graph c). Depending on the degree of condensation and reactivity, parabolic
shape can form deep or shallow and narrow or broad [41, 42].

To simulate the flow behavior of polymer during the injection molding process,
it is necessary to model the viscosity functions. A complete function for
characterizing viscosity of a reacting polymer must contain the effects of shear
rate (), temperature (T) and degree of cure (a) [43], as shown in Eq. (2.1).

n=nya) 2.0

Temperature influences viscosity in two opposing ways. Raising the temperature
will cause viscosity to drop but will increase the reaction rate, causing an increase
in conversion and viscosity. In order to separate these effects, the kinetics must
be measured independently. The variation of viscosity and extent of reaction
must be monitored at the same heating rate. Castro and Macosko [44, 45] have
followed such an approach to obtain the following empirical relation.

Py (c1+cz)
. _ g
n(T,y,a) =no(T) (ag — a) 2.2)
Withn (T) = B exp (T, /T)

It could be seen from Cross-Macosko Model, as shown in Eq. (2.2) that the
viscosity depends on temperature and degree-of-cure only and does not depend
on shear rate. Therefore, a complete reactive model was developed and
embedded in some simulation packages such as Moldex3D and Moldflow
simulation tool [46], as shown in Eq. (2.3).

T (c1+cza)
(T 7, &) = no(T) __ (a ai a)
14 (’h&ﬂ) g (2.3)

Withn (T) = B exp (T, /T)
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The complete reactive viscosity model, as shown in Eq. (2.3) is an extension to
Castro Macosko model, with power-law type shear rate dependence. The reactive
viscosity model is a linear combination of two following terms. The first term is
a Cross-WLF model [47] which shows the influence of temperature and shear
rate on viscosity. The second term is related to gel model that shows the curing
dependence of viscosity. Therefore, the name of Eq. (2.3) is Cross-Castro-
Macosko Model which can easily be found in some commercial injection
molding software [46]. In Castro-Macosko and Cross-Castro-Macosko Model,
n, T, y are viscosity, temperature and shear rate sensitivity, respectively. 1, is
the viscosity as shear rate gradually approaches zero. B is the pre-exponential
and T, represents the 1, temperature sensitivity. T is shear stress at transition
from Newtonian to non- Newtonian flow. n is power-law index with value
between 0 and 1. a, is cross-linking density (gel point) at which flow is no longer
possible. ¢;, c; are constants that fit experimental data. a is degree of cure and
the value of o is between 0 and 1.

2.2.1.2  Cure kinetics property
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Figure 2.8 Schematic DSC heat flow results of an uncured thermoset resin [48]

Degree of cure (o) in shown in Equations (2.2) and (2.3) is not be directly
measured during doing rheological test. It is independently measured by using
differential scanning calorimetry (DSC) [49, 50, 51, 52, 53, 54, 55]. For example,
Figure 2.8 shows the heat rate released during non-isothermal cure of a thermoset
injection molding compound. The plot shows the heat flow as a function of the
sample temperature. The glass transition temperature (T,) represents the region
in which the resin transforms from a hard, glassy solid to a viscous liquid. With
a further increase in the temperature of sample, the resin eventually undergoes a
curing process that is observed as a large exothermic peak area. The onset of cure
is the temperature at which the heat flow deviates from a linear response and the
exothermic peak temperature reflects the maximum rate of curing of the resin.
At the completion of curing or conversion, the DSC heat flow returns to a
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quasilinear response. The value of the peak area can be integrated to give the heat
of cure AH (J/kg). As a thermoset cures or crosslinks, two main things happen
[56], which are increase in T, and decrease in exothermal heat of cure. The
changes in T and the heat of cure can be used to characterize and quantify the
degree of cure of the resin systems. As the resin system approaches complete
cure, the T, will achieve a maximum value, Tgmax. The increase in the Tg
observed as a function of curing represents the increase in the molecular weight
of the resin system. The actual value of Tgmax is dependent upon the chemical
make-up of the particular resin system. As the resin becomes more cross-linked,
the heat of curing becomes increasingly smaller and as the material becomes
completely cured, the heat of cure becomes undetectable.

In order to study the influence of degree of cure (o) on viscosity and simulate the
curing process of thermoset injection molding compounds it is necessary to
define the curing model and fitted coefficients. Several curing functions are
available for reactive injection molding simulation. Some of the most popular are
Kamal model, modified Kamal model and Deng-Isayev-Law Model. The model
that best represents the curing kinetics of thermoset resins and is embedded in
some current injection molding software to describe the degree of cure of
thermoset resins over temperature or time is Kamal model [57, 58, 59, 60, 61].
To model autocatalytic cure kinetics, the model can be applied as

d
d—(:=(k1+k2am)(1—a)“ (24)

Where m and n are the reaction orders and k;, k, are the Arrhenius overall
constants defined by:

k=, exp () (2.5)
=a_ exp | == .
i3 XP T

Fori=1, 2 and a;is the fitted rate coefficient, E; is the activation energy, R is the
universal gas law constant, and 7 is the cure temperature.

2.2.1.3  Specific heat capacity

Specific heat capacity of a material is measure of how much energy is required
to raise the temperature of the material, and conversely, how much energy is
contained in a material at a given temperature. For convection into the mold, the
key property governing the heat into the mold is the specific heat capacity. To
define this, suppose we have some mass of material to which we add some
heat, Q, to bring about an increase in the temperature of AT. The mean heat
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capacity denoted, C, of the body is defined to be the ratio of the change in heat
to the change in temperature:
~_Q
C = — 2.6
AT (2.6)
The heat capacity of the body, C, at a particular temperature, is then defined as
the limit approached by C as temperature difference tends to zero:

Q
= |lim — 2.7
¢ Al%r—r}o AT 2.7)

The specific heat capacity is defined to be the heat capacity per unit mass of
material. The unit of specific heat is Joule per kilogram degree Kelvin (J/kg.K).
Specific heat capacity may be measured under conditions of constant volume or
pressure, and is denoted ¢, or ¢y, respectively. Due to the large stresses exerted

on the containing vessel when heating a sample for constant volume
measurements, the use of ¢, is more common.

Table 2.2 Specific heat of some Polymers and Metals [62, 63]

Material Specific heat ( J/kg.K)

ABS 1300
PA66 1700
Polyethylene 2300
Polypropylene 1900
Polystyrene 1300
Steel (AISI 1020) 460

Steel (AISI P20) 460

In reactive injection molding simulation, specific heat is used to calculate the
heat gain from the heating system to the melt during the filling, packing and
curing. It is also used to calculate the heat generated by viscous dissipation as the
melt flows through the runner system and cavity. Table 2.2 shows some values
for common polymers and steels used for injection molding.

2.2.1.4  Thermal conductivity

Thermal conductivity is a measure of how conductive to heat a material is.
Materials with a high thermal conductivity are used to draw heat away from heat
source. Materials with low thermal conductivity are insulators. In simulation of
molding, the thermal conductivities of the mold and polymer are required.
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Figure 2.9 Definition of thermal conductivity [64]

More formally, imagine a slab of material with thickness Ax, for which one side
is at a temperature, T, and the other at a higher temperature, T+AT, as illustrated
in Figure 2.9. Let AQ be the heat flow across the cross section of area A, in time
At. The average heat flow across the cross section is then AQ/At. Experimentally,
it has been determined that the average rate of heat flow is proportional to the
area and the temperature difference, and inversely proportional to thickness of
the slab:

AQ AT
— xA— (2.8)
At Ax
Introducing the positive constant of proportionality k, we have
AQ AT
— = —kA— 2.9
At Ax @9)
And in the limit, as Ax — 0 and At — 0, we obtain:
AQ dT
— = —kA— 2.10
At dx (2-10)

Eq.(2.10) defines the thermal conductivity, denoted k, of the material. The units
of thermal conductivity are Joules per meter second Kelvin (J/m.s.K) or Watts
per meter Kelvin (W/m.K).
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Table 2.3 Thermal conductivity of Polymers and Metals [65]

Material Conductivity (W.mK)
ABS 0.25
PA66 0.3
Polypropylene 0.60
Polystyrene 0.14
Aluminum 250
Steel (AISI 1020) 51.9
Steel (AISI P20) 51.9

Being complex materials, the thermal conductivity of polymers varies with
temperature. Polymers generally have low thermal conductivities whereas metals
are much more conductive and have high thermal conductivities. Some examples
are given in Table 2.3. Due to their low values, thermal conductivity is a difficult
property to measure for polymers. The most important aspect of thermal
conduction, as it relates to simulation, is Fourier’s law, which can be deduced
from Eq.(2.10) by diving by 4 and generalizing the derivative to get:

q=—kvVT .11

Where q is the local heat flux vector. Most simulation software will assume £ is
a scalar.

2.2.1.5 Pressure-Volume-Temperature (PVT) data
Expansively and compressibility

Several thermodynamic properties are required for molding simulation. These
are obtained from the equation of stage of the material. This is often referred to
as the PV'T data. An equation of state relates these three variables, pressure p,
specific volume V, and temperature 7 [66]. For any material, we could write the
equation of state in the form

fV,T)=0 (2.12)

Given any two variables, the third may be obtained from the equation of state. In
particular, we can write

V=gpT) (2.13)

Where g is some function. Graphing the function g, we obtain PV'T surface as in
Figure 2.10. Imagine that the material at a temperature, T,, undergoes a change
in temperature while the pressure is held constant. What is the subsequent change
in volume? This can be answered by Figure 2.10, where this is illustrated as a
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change from point a to . A change in temperature from 7, to 7,+4T causes a
change in volume equal to g(p,, T, + AT) — g(pa, Ta). The average change in
the volume over temperature change is therefore

AV _ g(pa' T, + AT) B g(pa' Ta)
AT — AT
_ V(pa' Ta + AT) - V(pa' Ta)
B AT

(2.14)

In the limit as AT — 0, we obtain the instantaneous change in volume for the
material which we demote by

<AV> 2.15

7). 2.15)

Where the subscript p indicates that the pressure is constant.

The coefficient of volume expansion, 3, of the material, is defined as

1 <AV> 516
b=7(a7), 2.16)
And has units of reciprocal Kelvin (K™!). The coefficient of volume expansion is
also called the expansively of the material.

Figure 2.10 PVT surface [65]

Now consider the change in volume due to a change in pressure while keeping
the temperature constant. This is illustrated by moving from point b to ¢
in Figure 2.10 . The average change in volume due to a change in pressure is
given by
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AV g(p, + Ap, Tb ) - 9@a Tp)

AT —
2.17
Va8, Ty) = V) @17
AT
In the limit as Ap — 0, we obtain the instantaneous change in volume for the
material which we demote by
(AV) 2.18
AT), (2.18)
The isothermal compressibility coefficient %, is defined as
k= ! <AV> 2.19
- v\AT/; (2.19)

Where negative sign indicates that the volume decreases with increasing
pressure. The isothermal compressibility coefficient has units of one square
meter per Newton (m>N-1).

PVT model

For polymers, the equation of state is of the type V' = V(p,T) and is usually
provided as a PV'T diagram that gives the specific volume as a function of p and
T. A commonly used equation is the Tail equation

Vp,T) = Vo(T) [1 Cin (1 + Bm)] V., T)

bl,s + bZ,S(T - bs): if T < Ttrans

With V, T = {bl,m + bz,m(T - bs), if T > Tirans

b3,sexp[_b4,s(T_b5)]: ifT < Ttrans (2.20)
b3,mexp[_b4,m(T - bs)], If T > Terans

b7eXp[b8(T - bs) - b9p]' if T < Ttrans
0 ifT > Ttrans

B(T) = {

And V.(p,T) = {

With Tirans = bs + bgp

Where C = 0.0894 is a constant, and considered to be universal. the superscripts
I, s represents the solid and, melt state of the polymer, respectively. Tians is the
transition temperature. The b;(i =1+ 9) is fitted coefficients in the Tait
equation.
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2.2.2  Influence of material properties on simulation process

The polymer melt is assumed to be Generalized Newtonian Fluid (GNF) [65].
That is

o =—pl+2nD (2.21)
V.o =V.(—pl + 2nD) =—Vp + 2V.nD (2.22)
o:Vv = (—pl + 2nD) : Vv

=—pl: Vv + 2nD: Vv

=—pV.v+n[W+ (W)T]: Vv

) (2.23)
=—pV.v+ ;U[VV + (W [Vv + (VW)T]

=—pV.v + 2nD:D

=—pV.v + ny?
The field of polymer transport is the basis of polymer processing. In the filling
process, both plastic melt and air are assumed weak compressible. Therefore, the

non-isothermal 3D flow motion can be mathematically described by using the
conservation principles of mass, momentum, and energy.

Conservation of mass:

dp
—+V.pv= 2.24
5t +V.pv=0 (2.24)

Conservation of momentum:

0
E: (pv) = pg+V.c—V.(pvv) (2.25)
Conservation of energy:

<6T+ VT)— T(6p+ V)+v
Pep\Gp TV VT ) = BT (G +V-VP )+ VPV (2.26)
+06:Av+ V. (k.VT) + Q

We now consider implications and effects of material properties that was
introduced in section 2.2.1 on these equations.

The conservation of mass equation remains unchanged and is the same as in
Eq.(2.24). However, the material properties affect both the conservation of
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momentum and energy equations. We deal with the conversation of momentum
first. Substituting Eq.(2.22) into Eq.(2.25), we obtain

0
E('DV) =pg—Vp+2V.nD — V. (pvv) (2.27)

The left hand of Eq.(2.27) may be expanded to give:

O ovy= 2Ly Y e @ v o 228
a(pv)—av PE——( VIV Pot (2.28)

Where it must be used the conservation of mass equation, Eq. (2.24). The last
term V. (pvv) of Eq.(2.27) may be expanded as follows:

V.(pvv) = pv.Vv + (V. pv)v (2.29)
Submitting Eq.(2.28) and (2.29) into Eq.(2.27), we obtain
—(V.pv)v+p=pg—Vp+2V.nD —pv.Vv — (V.pv)v  (2.30)

That is,

av

pE=pg—l7p+2l7.nD—pv.Vv (2.31)

Now consider the energy equation, Eq.(2.26). Assuming constant thermal
conductivity, and substituting Eq.(2.23) into Eq.(2.26), we get

aT dp . .
pC, (E +v. VT) =BT <E +v. Vp) +ny2 +kVT+Q (2.32)
In equations from (2.24) to (2.32) @ is stress tensor, p is pressure, Vp is pressure
gradient, pl is thermodynamic pressure, D is deformation tensor, 7 is viscosity
function, v is velocity vector, p is density, g is the total body force per unit mass.
¢pis heat capacity, k is thermal conductivity, 7 is temperature, VT is temperature
gradient, f8 is coefficient of volume expansion and Q represents the heat source.

Most computation codes will be based upon the Equations (2.24), (2.31) and
(2.32) for conservation of mass, momentum, and energy, respectively [65, 67].
All symbols of material properties such as viscosity (1), heat capacity (c,),
thermal conductivity (k), density (p) appear in the most important equations that
is employed to write the codes for simulating the flow behavior of polymer
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compounds. To improve the simulation results, there is a need to develop
material modelling techniques that allow users to transform the measured data to
data that is relevant in simulations. The challenge for code developers-
commercial and academic, is to provide a more complete modelling of the
injection molding process; particularly the modelling of material properties.

2.2.3  Modelling material properties
2.2.3.1 Optimization algorithm

Model jeR
f(x, ¢)

e

X

E——

Figure 2.11 Schematic of a model with parameter x € R™ which is to be adjusted so that
the prediction j by the model agrees as well as possible with the available
measurements.

Numerous problems in the engineering and economic sciences are of the
following type. We have a functional model f(§) which describes a
relation j = g(&) between the independent variables ¢ € R™ and dependent
quantity j € R. This quantity contains parameters x € R® which are yet
unknown, and we express this as follows:

Jj=f(x8) (2.33)

The problem is to choose the parameter x € R™ in such a way that the model
will fit available measurements (j;, &) € R" X R,i = 1, ....,m, best possible.
Finding the best parameter vector x € R™ (in a sense to be made precise) is
known as parameter identification, parameter estimation, model calibration,
curve fitting, or data assimilation. In fact, the data pairs (j;,§;) € R" X R, i =
1, ....,mare given, and they lead to the residuals

() =f,&)—j, i=1..m (2.34)

We are looking for a global (or at least a local) minimizer of the least-squares
problem
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Minimize Y7, 7;(x)%, x € R" (2.35)

To solve the optimization problem, as shown in Eq.(2.35), the optimization
algorithm, namely, the least-squares estimation algorithm (LMA) developed by
Levender- Marquardt [68]. In the field of mathematics and computing, the LMA
was used to model mathematical models based on experimental data [69, 70,
71]. A good comparison between fitted curves and experimental curves was
found, as shown in Figure 2.12.
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Figure 2.12 Fit a damped sine wave [72]

2.2.3.2  Application of optimization algorithm in modelling material
properties

Up to know, modelling of cure kinetics and reactive viscosity for the thermoset
injection molding process simulation has not been adequately described. In
another way, how to obtain the value of variables that is called as fitted
parameters in cure kinetics and reactive viscosity models from experimental data
has been found in limited knowledge only.
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Figure 2.13 Dynamic validation of Kamal-Sourour model: Heat flow vs. temperature [73]

In the field of polymer processing, some studies have applied the LMA to write
a fitting code to fit Kamal Model to the DSC scans data [74, 75, 76]. They
reported that Kamal Model could describe the cure kinetics of thermoset
injection molding compounds well, as shown in Figure 2.13. However, the fitted
parameters were not used as fitted coefficients in Kamal model embedded in
current reactive injection model of injection molding simulation packages to
simulate flow behavior of thermoset polymer in a mold correctly. In additions,
all these researches mentioned above have not yet shown the numerical method
for predicting cure kinetics of thermoset resins for multiple heating rates different
from the measured heating rates. In another way if DSC scans at only some
heating rates such as 5 K/min and 20 K/min is conducted to measure the cure
kinetics of thermoset resins, and then the challenge is how to predict the cure
kinetics of thermoset resins at various heating rates that is different from 5 K/min
and 20 K/min. Finally, the degree of cure () in all these studies was not used as
a necessary input data for modelling a reactive viscosity model such as Cross
Castro Macosko Model. It could be seen from Eq.(2.3) that there is appearance
of the degree of cure («) in Cross Castro Macosko model. Therefore, the input
experimental data during modelling Cross Castro Macosko model includes not
only viscosity over temperature and shear rate, but also the degree of cure (o).
Nevertheless, the degree of cure (o) which happens during rheological tests is
not be measured directly. It must be measured independently by cure kinetics
measurement and could be calculated from a cure kinetics model such as Kamal
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model. Due to these complexes, there was drawback in witting numerical method
to model reactive viscosity for thermoset injection molding compounds. These
problems are leading to the users ‘dependency on the material data bank of
simulation tools and restriction in application of computer simulation in
thermoset injection molding simulation and comparison between experimental
and simulation results.

2.2.4  Reactive injection molding simulation

Up to now, there is only few reports related to reactive injection molding
simulation. Ramarino used Moldflow 6.2 CAE software to simulate the injection
molding process for an engineering rubber component [77]. However, the
rheological tests were performed on compounds without cross-linking agent, for
mold flow simulation, only the parameters concerning the shear rate dependence
of viscosity were determined from the experimental data. In addition, the filling
results such as temperature distribution, viscosity variation, conversion of rubber
component in a mold has not been shown. Kallien [78] used Sigma tool to
optimize the injection molding of thermosets with 3D simulation. In his study,
Cross-Castro-Macosko Model embedded in Sigma tool was used to characterize
the viscosity distribution of thermoset polymer. The mold filling characterization
of a thermoset compound predicted by simulation was compared to short-shot
molded part generated by doing injection molding. Sensor nodes were installed
during simulation process to observe the variation of pressure and pressure
profile. Unfortunately, the material data sheet of thermoset material compound
used to do injection molding and simulation was not illustrated. The distribution
of viscosity over temperature or time, which was measured by rheological test
and fitted to Cross-Castro-Macosko Model has not been shown. In addition,
comparison of pressure profile generated by simulation and experiment was not
done, which reflect partly the accuracy of viscosity measurement and modeling
of reactive viscosity model based on experimental data. Recently, in 2017,
Raschke [79] investigated flow behavior of phenolic injection molding
compounds by doing injection molding experiment and simulation. In her thesis,
phenolic 1110 of Hexion GmBH (PF1110) was used to do injection molding
experimental. A series of incomplete molded parts was molded and compared
with incomplete molded part generated from simulation. Nevertheless, due to
material data sheet of PF1110 for injection molding process simulation has not
been found in any simulation tool so simulation had to be done with material data
sheet of CRASTIN®HTI619. The information about data sheet of
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CRASTIN®HTI619 has not been shown. Finally, because the mold filling
behavior of thermoset molding compounds has not been adequately described.
The existing question concerning whether there is slip or no slip on the interface
between thermoset melt and cavity [28, 29] has not yet been found an exact
answer. Therefore, all literatures about thermoset injection molding simulation
mentioned above has been done without consideration of slip boundary
condition. In another way, the influence of wall slip on the mold filling
characterization of thermoset injection compounds in the simulation process was
neglected.
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3 Experiment
3.1 Selecting experimental material

Table 3.1 Technical data sheet of Vyncolit X655 [80]

Properties Unit Value Method
Density g/em’ 2.08 ISO 1183
Molding shrinkage % 0.15 ISO 2577
Post shrinkage % 0.3 ISO 2577
Water absorption % 0.06 ISO 62
Flexural modulus GPa 25 ISO 178
Tensile strength MPa 95 ISO 527-1

A commercial phenolic mold compound, namely, Vyncolit X655 of Sbhpp was
adopted as the experimental polymer. Vyncolit X655 is a glass fiber and mineral
filled phenolic molding compound with excellent dimensional stability and high
electrical insulation properties. It consists of 20 percent of resin, hardener, all
other ingredients to improve molding process and 80 percent of short glass fiber
and mineral. Some important material properties are shown in Table 3.1.

3.2 Rheological measurement

3.2.1 Rheometer samples

Thermoset Bravender Press Lathe and Viscosity
pellets machine machine cutting machine  specimens

Figure 3.1 Sample preparation for measurement of viscosity of Vyncolit X655

Before doing rheology tests, rheometer samples must be prepared, as shown in
Figure 3.1. Firstly, thermoset pellets were crushed into flour and lightly molten
by using Brabender. In order to limit chemical reaction between components
contained in thermoset resins occurs during crushing process, temperature of
crushing machine used in this step was from 80°C to 90°C and the maximum
torque of machine was 50 N.m. Secondly, the lightly molten polymer in the first
step was put and pressed in a cylinder of the hydraulic press. The temperature
and pressure of the hydraulic compression machine was 90°C and 20 MPa,
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respectively. The pressing time was 4s. Finally, the cylinder samples generated
by using the press was cut into test specimens of known dimensions (the diameter
was 25 mm and the thickness was 1 mm) by using lathe and cutting machine.
These test specimens were used as samples to measure viscosity distribution of
thermoset resins over time or temperature.

3.2.2 Rotational rheometer tests

A plate-plate rheometer (AR 2000) was used to determine the flow curves of
thermoset injection molding compounds under non-isothermal temperature and
isothermal temperature. A specimen of known dimensions (the diameter is
25 mm and the thickness is 1 mm) was held between parallel plates so that the
material acts as elastic and dissipative element in a mechanically driven
oscillatory system. The drive motor provides the mechanical perturbation and the
resulting torque transmitted through the test specimen was recorded by the torque
sensor. With non-isothermal temperature (heating rate of 1 K/min, 2 K/min,
5 K/min), the system was used in oscillation mode with a frequency of 1 Hz and
a deformation of 0.1 %. With isothermal conditions, the viscosity test was
conducted under constant temperature of 100°C and 110°C, respectively, the
system was used in oscillation mode with a variation in frequency from 0 Hz to
100 Hz and a deformation of 0.1 %.

3.3 Thermal properties measurement
3.3.1  Cure kinetics measurement

Differential scanning calorimeter equipment, namely DSC Q2000, manufactured
by TA instruments was used to measure the reaction heat of samples under non-
isothermal conditions. The mass of the samples was about 10 mg of powder.
Open aluminum pans were used to contain materials. The samples were heated
from -60°C to 350°C by using multiple scanning rates of 5 K/min, 10 K/min and
20 K/min.

3.3.2  Heat capacity measurement

Heat capacity of a full cured thermoset injection molding compound (Vyncolit
X655) was measured via DSC Q2000. The range of temperature was from 110°C
up to 200°C.

3.3.3 Thermal conductivity measurement

DTC 300 manufactured by TA instruments was used to measure thermal
conductivity of full a cured thermoset injection molding compound (Vyncolit
X655). The range of temperature was from 20°C up to 300°C.
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3.4 Injection molding experiment

3.4.1 Developing technical method for investigating wall slip
phenomenon

(a) Before an injection molding process
ISRy

|:>_ .................................

Position of original color mark

TETTVLV TR LR

(b) During the filling phase of an injection molding process

No-slip between polymer and Slip between polymer and
cavity surface cavity surface

Figure 3.2 The spotwise painting of the mold wall surface method

The ‘no-slip’ is a fundamental assumption and generally-accepted boundary
condition in rheology, tribology and fluid mechanics with strong experimental
support. The violations of this condition, however, are widely recognized in
many situations, especially in the flow of non-Newtonian fluids. Wall slip could
lead to large errors and flow instabilities, such as shark skin formation and spurt
flow, and hence complicates the analysis of fluid systems and introduces serious
practical difficulties. In this content, a new method, namely, the spotwise
painting of the mold wall surface method was developed and applied to
investigate slip on the interface between polymer and wall surface during filling
phase. The principle of the spotwise painting of the mold wall surface method is
described in Figure 3.2. Before doing a new shot of injection molding, white
color will be employed to paint manually a rectangular mark on the cavity surface
of a mold (Figure 3.2 (a)). After being ejected from the mold, via analysis the
position of white color appeared on the surface of molded parts, for the existing
question whether “there is slip or no-slip on the interface between polymer and
cavity surface during the filling” will be found an exact answer. If the position
of white color on the surface of molded parts is the same as the original white
color mark, that means there is no-slip on the interface between polymer and
cavity surface during the filling phase. However, if slip occurs during filling the
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cavity, there will be frictional force on the interface between polymer and cavity
surface. As a result, there will be movement of white color on the surface of
molded parts, as shown in Figure 3.2 (b).

3.4.2  Study cavities

Plate part Spiral flow part
i
"“1 . %
N

-1 Q\% |
N\\x\!r %

Complex part
Figure 3.3 The studying objects

The study objects for injection molding experiments were 3 different parts. The
first object was a plate with a dimension of 150 mm x 150 mm x 4 mm
(Figure 3.3) with the film gate with a height of 2.5 mm, which was used to study
slip phenomenon of thermoset polymer in the presence of a wall surface. A spiral
part was the second studying object with flow length of 1385 mm and wall
thickness is 4 mm. The purpose of using the spiral flow part is to investigate the
maximum of flow length and degree of cure of thermoset injection molding
compounds during the injection molding process. Finally, a complex part from
industry was employed to study the formation of weld lines.

3.4.3  Experimental procedure

Table 3.2 Design of experiment for plate part

Parameters Value Unit
Cylinder temperature 100-80-60 °C
Mold temperature 160; 175; 190 °C
Injection speed 16; 32; 48 cm’/s
Surface roughness (R,) 0.0846 pm
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The injection molding experiments was performed with plate part, spiral part and
complex part respectively. With the injection molding process of plate part,
Hydraulic Krauss Maffei injection molding machine KM150-460B with three-
zone plasticizing cylinder, a screw diameter of 45 mm and the maximum pressure
is 180 MPa, was employed. A simple standard two plate mold was used.
Processing conditions for thermoset phenolic resin injection molding of molded
parts consist of a variation of mold temperature and injection speed, as shown in
Table 3.2. Firstly, the mold temperature was constantly kept at 170°C for the
different injection rates of 16 cm?s, 32 cm’/s and 48 cm’/s. After that the
injection speed was constantly kept at 32 cm?/s and the mold temperature was
160°C, 170°C, and 190°C, respectively.

-

el

B

7 X
White mark

Figure 3.4 Schematic location of white marks on the mold wall surface

e

In order to study mold filling characteristics of phenolic injection molding
compounds, with each processing parameter, a series of the incomplete molded
parts were molded by setting different metering strokes in the controls of
injection molding machine. Before doing a new shot of injection molding, the
white marks were manually painted on the surfaces of the mold. Figure 3.4 shows
schematically the position of the white mark, which was painted on the wall
surfaces of the mold. The white mark was painted on the surface of the mold by
which the behavior of the phenolic melts dyed white on the interface between the
phenolic melt and the mold wall surface was observed. In these experiments,
distance (a-mm) between the location of the white mark and the boundary line
between the cavity and the film gate was 0 mm and 20 mm, respectively. The
white mark was applied in different shapes.

Table 3.3 Design of experiment for spiral part

Parameters Value Unit
Cylinder temperature 100-80-60 °C
Mold temperature 175 °C
Injection speed profile 32-16-8 cm?/s
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For the spiral flow injection molding, Hydraulic Krauss Maffei injection molding
machine KM160-750CX with three-zone plasticizing cylinder, a screw
diameter of 35 mm and the maximum pressure is 230 MPa, was used. Processing
conditions for doing the spiral injection molding is summarized in Table 3.3.

Table 3.4 Design of experiment for complex part

Parameters Value Unit

Cylinder temperature 105-80-60 oC

Mold temperature 175 °C
13-09-07

Injection speed profile 20-18-14 cm?/s
40-36-28

To understand the formation of weld lines of thermoset injection molding
compounds, the commercial part from industry was selected to do experiments.
With the complex part injection molding experiment, injection molding machine
KM125-520C, with three-zone plasticizing cylinder, a screw diameter of 45 mm
and the maximum pressure is 180 MPa, was used. The injection molding process
was conducted with constant temperature and different injection speed profile,
as summarized in Table 3.4.

3.5 Summary of chapter

This chapter illustrates technical methods to measure rheological and thermal
properties of thermoset injection molding compounds. Furthermore, a rather
simple but effective and useful method, namely, the spotwise painting of the
mold wall surface was developed to investigate slip between plastics melt and
wall surface during the filling phase of injection molding process. The geometry
of studying objects and processing conditions was designed and summarized.
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4 Experimental results
4,1 Material properties
4.1.1  Viscosity
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Figure 4.1 Influence of temperature on viscosity

The influence of temperature on viscosity is shown in Figure 4.1. In general, at
the beginning viscosity decreases, followed by a significant increase. However,
the temperature at which viscosity increases is different among heat rates.
Specifically, with heating rate of 1 K/min, at 105°C viscosity increase while its
numbers are 110°C and 115°C with heating rates of 2 K/min and 5 K/min,
respectively. The main factor leading to these differences is influence of degree
of cure on viscosity. At lower heating rate, there is more time for curing reaction.
As a result, the point of temperature at which curing process starts is earlier than
higher heating rates.
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Figure 4.2 Influence of shear rate on viscosity

Viscosity in Figure 4.1 was measured by using the oscillation mode with a
frequency of 1 Hz and a deformation of 0.1 %, which means the dependence of
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viscosity on shear rate is not shown. In order to show the shear rate dependence
of viscosity. A plate-plate rheometer, namely, AR 2000, by TA instruments was
also used to determine the flow curves of Vyncolit X655 at constant temperatures
of 100°C and 110°C, respectively. The system was used in oscillation mode with
a variation in frequency from 0 Hz to 100 Hz and a deformation of 0.1 %. The
influence of shear rate on viscosity is illustrated in Figure 4.2. Viscosity
decreases significantly as shear rate increases.

4.1.2  Cure kinetics
== 5K/min ——10K/min ——20K/min

100
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Degree of cure o (%)
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Temperature T (°C)

Figure 4.3 Degree of cure of Vyncolit X655 over temperature

Figure 4.3 shows the degree of cure of Vyncolit X655. The temperature at which
curing process begins depends on heating rates. In particular, the lower the
heating rate the earlier the curing process is. The reaction rate (do/dt) values as
function of time (t) described in Figure 4.4, is easily calculated from plots of o
over t. These data will be used to obtain the fitted coefficients of Kamal model
to characterize the cure kinetics of the material, which will be shown in the next
chapter.
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0.02
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Figure 4.4 Reaction rate of Vyncolit X655 over temperature
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4.1.3  Heat capacity

Heat capacity of full cured thermoset injection molding compound was measured
via DSC Q2000. Heat capacity data is summarized in Table 4.1.

Table 4.1 Heat capacity data

Temperature
(°C)
Heat

capacity data | 894 | 926 | 946 | 974 | 1010 | 1042 | 1072 | 1087 | 1093 | 1099

C, (J/kg.K)

110 | 120 | 130 | 140 | 150 160 170 180 190 200

4.1.4  Thermal conductivity

Thermal conductivity data of full cures Vycolite X655 was measured and is
given in Table 4.2.

Table 4.2 Thermal conductivity data

Temperature (°C) | Thermal conductivity £ (W/m.K)
60 0.86

4.2 Injection molding results
4.2.1 Slip phenomenon in the presence of a wall surface
Zone withoutjwhite color **

Zone fwith
white folor

(b)

Figure 4.5 Distance a =20 mm. Slip of the white stripes on the surface of the incomplete
molded parts

The surface of incomplete molded parts and the distribution of the phenolic
polymer dyed white on the interface between the phenolic melt and the wall
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surface in the x-y plane are shown in Figure 4.5. The original position of the
white mark in this case is 20 mm from the boundary line between the film gate
and the cavity. It can be seen from Figure 4.5 (a) that at the beginning of injection
molding, there is no white stripe on the surface of the incomplete molded part,
which means the phenolic melt had no contact with the wall surface at the
beginning of flow. As the cavity volume is filled with more amount of the
phenolic polymer as shown in Figure 4.5 (b), the white stripes appear clearly on
the surface of the molded parts and there is a slip of the white stripes in the flow
direction. The length of the phenolic polymer region dyed white does not reach
the melt front that means near to the melt front, the polymer without the white
stripes is found, which seems that this polymer region originated from the initial
polymer portion which flew into the cavity before reaching the original white
mark.

The visual analysis of slip of the phenolic resin during injection molding process
with another position of the white mark is shown in Figure 4.6 . In this case, the
white mark was painted at the boundary line between the film gate and the cavity
(a = 0 mm). Therefore, the phenolic polymer must contact and flow through
before reaching the cavity. It could be seen from Figure 4.6 that there are long
stripes from the original white mark to the melt front. These white stripes
demonstrate that the slip of the phenolic polymer begins immediately as the
phenolic melt contacts the white mark and extends to the melt front. The white
stripes appear clearly at the melt front of all incomplete molded parts, which
means that the polymer region originated from the initial polymer portion which
touched the white mark will reach the melt front. More specially, the white
stripes still appear on areas where the polymer portion has an interrupted contact
with the wall surface.

Zone [with
white color

Zong[with
white color

y u
-~ (a)

X

Figure 4.6 Slip of the white stripes on the surface of the incomplete molded parts
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The spotwise painting of the mold wall surface was employed for all processing
conditions, which have been investigated, it was found that there is a strong slip
on the interface between the phenolic polymer and the mold wall surface, as
shown in Figure 4.7.

Figure 4.7 Slip of the white stripes on the cavity surface along the section x-y with
constant mold temperature at 170°C and different injection rates (a) 16 cm®/s, (b) 32
cm?/s, (¢) 48 cm®/s

With the spiral part and commercial complex part, the experimental results show
also that there is strong slip between the phenolic melt and wall surface for all
processing conditions, as shown in Figure 4.8 and Figure 4.9.

Flow direction

Original mark

Figure 4.8 The movement of white stripe on the surface of spiral flow part

Original mark

Figure 4.9 The movement of white stripe on the surface of complex part
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4.2.2  Difference in the mold filling behavior between thermosetting and
thermoplastic materials

(a) Phenolic X655 with 80% fibre and mineral (b) PAG6 with 30% fibre

Figure 4.10 Difference in the flow behavior between thermosets and thermoplastics

The method of painting the wall surfaces of a mold was applied to thermoplastic
injection molding to compare the movement of the phenolic melt and of a (wall
sticking) thermoplastics melt on the cavity surface. Figure 4.10 shows a complete
difference in the distribution of the white stripes on the surface of the molded
parts made of thermoset phenolic resin and thermoplastic PA6 resin,
respectively. For these thermoset phenolic injection molding, there is a strong
slip between the phenolic melt and wall surface, which is not found for the
injection molding of the PA6 with 30 percent of glass fiber. The factors which
could lead to these differences are not only the influence of resin, high mold
temperature but also the amount of fiber and filler. These opposite results help
us to conclude that it is impossible to apply the thermoplastics injection molding
concepts and rheological theory, simulation packages, respectively for
thermosets. In addition, these differences will be leading to new thinking about
influence of slip on calculation, analysis and simulation of fiber orientation
during the filling process of the glass fiber reinforced thermoset resins injection
molding compounds.
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4.2.3 Mechanism of slip phenomenon between thermoset polymer and
cavity surface

Position of original color mark

Molten p()lyme]‘ Velocity Intermittent  Melt
profile contact front

(a) Beginning of filling phase // M W l/
\ T
\ TV\
Movement of painted color because of slip ’/\/

between polymer and the wall surface

Q q L© Suggested velocity profile behind the
H melt front
Molten polymer H

N

(b) During filling phase et

Figure 4.11 Mechanism of slip on the interface between phenolic resins and the wall surface
in a rectangular cavity (a, b) and suggested velocity profile behind the melt front flow (c)

To summarize, mechanism of slip phenomenon of the phenolic melt is shown in
Figure 4.11 (a) and (b). At the beginning of the filling phase the phenolic melt
does not have contact to the wall surface so that there is no slip between the
phenolic melt and the wall surface. The color stripes do not appear on the surface
of incomplete molded parts in this case. As the cavity is filled with more polymer,
there is contact between the phenolic melt and the wall surface. The wall slip
starts immediately, leading to the movement of the color stripes on the surface
of molded parts. As a result, velocity of the phenolic melt near to wall surface
must be different from 0 and the mold filling behavior of these phenolic injection
molding compound is plug-shear-flow, as shown in Figure 4.11 (c).
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4.2.4 Wall contact of thermoset melts

Complex part Spiral part

Figure 4.12 Uncompated zone of injection-molded parts

It could be seen from Figure 4.12 that a series of the incomplete molded parts
were molded by setting different metering strokes in the controls of injection
molding machine. During the filling cavity, there are two different zones,
including compacted zone and uncompacted zone. In compacted zone, the
polymer has contact with the cavity surface while uncompacted zone the polymer
has interrupted contact with the cavity surface. The length of uncompacted zone
depends strongly on rheology of molded parts. It was clearly found on the surface
of plate part. However, with spiral flow and complex part, the length of the
thermoset polymer region that has interrupted contact with the cavity surface is
very short.
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4.2.5 Weld line formation of thermoset polymer

Standard point

a) Injection profile 13/09/07 cm®/s
and 97% of cavity volume

b) Injection profile 20/18/14c¢m’/s
and 97% of cavity volume

c) Injection profile 40/36/28 cm?/s
and 98% of cavity volume

Figure 4.13 The weld line positions of different incomplete molded commercial parts

In polymer processing there are many primary situations where a polymer melt
stream is separated and then reunited. The recombined areas are called weld-lines
and they often show a weakness in mechanical properties as well as a distribution
of the surface appearance of the molded or extruded part. With incomplete
molded commercial injection parts, as shown in Figure 4.13, the positions of
weld-line are different. It depends strongly on the injection speed profile. With
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lowest injection speed profile, the position of weld line is near to the standard
point. However, its position is far from the standard point with highest injection
speed profile.

4.2.6  Degree of cure

Phenolic resins can be either
resoles or novolacs type.
Resoles are polymerized under
alkaline environment and
excess of formaldehyde.
Furthermore, each phenol ring
consists of one methyl group
that gives the resoles their self-
curing character. Under an
acid environment and an

excess of phenol, novalacs are
polymerized, that are not self- Figure 4.14 Positions of DSC specimens for
curing. To start the curing measuring post degree of cure of molded part
reaction, a curing agent is

needed. Therefore, mostly hexamethylenetetramine is used [81, 82, 83]
Hexamethylenetetramine hydrolyses at circa 120°C to form dimethylamine
which finally acts as a hardener. Phenolic injection molding compounds are
mainly novolac-based. The curing process runs in two steps. At first, when the
temperature is more than 120°C, novolac reacts with dimethylamine under
creation of methylene amine bridges. At temperatures above 170°C, the nitrogen-
containing methylene amine bridges are transformed into methylene bridges.
Both reaction steps lead to an elimination of ammonia (condensation product)
[84, 85]. The curing of novolac can be monitored with differential scanning
calorimetry (DSC) analysis. Both reaction steps show an exothermal character
[86, 87, 88, 89, 90]. To calculate the real degree of cure of molded part during
curing phase of injection molding process, it is also necessary to determine the
residual reactivity of the injection- molded samples using the DSC. After being
injected from the mold, samples of 10 mg were taken out from injected molded
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part, as shown in Figure 4.14. These samples were used to measure the post
degree of cure of molded part as shown in Figure 4.15.
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Figure 4.15 Vyncolit X655. DSC graph of uncured materials and injection-molded part

The real degree of cure of thermoset polymer during the filling and curing phase
of injection molding process, as shown in Figure 4.16 could be calculated by
applying following equation

AH, — AH,

Areal = AH, @.1)

100

Where AH, is the heat of cure of uncured samples and AH, is the heat of cure of

cured samples.
100
80
60
40
20
0

Degree of cure (%)

Near to the gate Far from the gate
Postion of thermoset polymer portion

Figure 4.16 Degree of cure of Vyncolit X655 in the filling and curing phase
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Generally, it could be seen from Figure 4.16 that the degree of cure of the molten
polymer at the end of curing phase is around 80 %. It depends on location of
polymer specimens for DSC scan. The polymer specimens near to the gate has a
higher degree of cure in comparison with the polymer specimens far from the
gate. The main reason leading to this phenomenon is the difference in the
distribution of mold temperature. At different points on the surface of cavity the
temperature is not equal. In addition, after being injected from the cavity, the
surface temperature of the injection-molded part is more or less the same as the
mold temperature and not equal to the environment. Therefore, it takes time for
cooling the injection- molded part. During the cooling time chemical reaction
inside the injection-molded part still occurs, which influences the accuracy of
calculation the amount of the degree of cure of the injection-molded part during
the curing phase of the injection molding process. The real value of the degree
of cure of phenolic injection molding resin compounds in the curing phase should
be lower than its value that is shown in Figure 4.16.

4.3  Summary of chapter

In this chapter, the thermal properties and viscosity of phenolic injection molding
compounds were successfully measured and analyzed.

In the filling phase of thermoset injection molding process, for all processing
conditions, which have been done, it was found that there is a strong slip on the
interface between the phenolic polymer compound and the mold wall surface.
The slip it believed to begin immediately when the phenolic melt contacts the
wall surface.

Difference found between the slip phenomenon of thermosets and thermoplastics
polymer on the cavity surface in the process of filling a mold help us to confirm
that it is impossible to apply thermoplastics injection molding concepts such as
fountain flow for explaining the mold filling behavior of thermoset injection
molding compounds.

The mold filling study of different molded parts from simple to complex parts
such as flow length, the calculated degree of cure has been done, which will be
used in comparison with simulation results.
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5 Creating thermoset material data for simulation process

In this content, based on experimental data including viscosity and curing data,
numerical method was written to get all fitted parameters in cure kinetics and
reactive viscosity model. These fitted parameters were employed to create
material data sheet of thermoset injection molding compound. In addition, a
numerical algorithm was developed and applied to predict mater curves of degree
of cure and viscosity over temperature at multiple heating rates.

5.1 Modelling cure kinetics

+ Degree of cure (o)

+ Temperature (T)

* Degree of cure (a) + Fitted parameters

in Kamal model

Kamal
model

fitness check

Optimization

+ Temperature (T)
Kamal model

Experiment

* Time (1)
based on LMA
+ Reaction rate (do/dt)

) - N
Algorithm for preh ictions of degree
of cure () and reaction rate (do/dt )

at multiple heating rates )

Comparison

Evaluation

Figure 5.1 Schematic of fitting cure kinetics model based on experimental data and
predictions of cure kinetics behavior at various heating rates

A process of creating cure data sheet of a thermoset resin based on experimental
data illustrated in Figure 5.1. Experimental data and the LMA will be employed
in writing a curing kinetics code to get fitted parameters in a cure kinetics model,
namely, Kamal Model. After that a comparison of the experimental data and the
fitted data will be conducted to evaluate the precision of numerical method. The
fitting technique was tested in fitting the Kamal model based on DSC data of
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Vyncolit X655 shown Figure 4.4. The fitted of Kamal model for all used heating
rates are summarized in Table 5.1. A comparison between the experimental
curves shown in dot lines and fitted curves illustrated in solid lines is found in
good agreement, as shown in Figure 5.2.

Table 5.1 Fitted parameters in Kamal model

Phenolic Fitted parameters in Kamal model
material m n ay(1/s) as (1/s) E((K) E; (K)
Vgi%csosht 0.892 | 0.988 | 6.86¢+08 | 5.06e+08 | 9.29 e+04 | 8.518¢+04
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Figure 5.2 Vyncolit X655. Solid lines represent the fitted Kamal model and the dot lines
represent the experimental data (DSC scans)

After having fitted parameters in the Kamal model, the reaction rate of Vyncolit
X655 at heating rates of 5, 10 and 20 K/min was generated and shown in

. . d
Figure 5.2. However, the master curves of reaction rate (d—f) and degree of cure

(a) at multiple heating rates has not yet been shown. By following the below
mathematical analysis, a prediction code of the resin’s behavior at multiple
heating rates were written. Given a postulated function (functionally known as
regression function) associated with certain parameters (considered unknowns)
and a set of numerical experimental data, the primary purpose of the LMA is to
find the parameter vector that best adapts the function to the obtained data. This
is done by minimizing the sum of the squares of the differences between the
function’s outputs and that of the experiment. The set-up of the experiment
involves data that are used as the input for the regression function; these are
termed independent variables, while the output is functionally referred to as
dependent variable. In our work, the LMA is employed to estimate the
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. . da .
parameters of the Kamal reaction model for a thermoset resin. If d—‘: is taken to

be its output, then a and T are the input and thus the independent variables.
However, since a and T in reality are closely correlated and the Kamal reaction
model is a differential equation, there are implicit constraints that LMA may not
be able to consider and might fail to fulfil. In particular, the fact that the definite

. d . .
integral of d—': wrt. t from 0 — oo must equal 1 is not guaranteed with the current

implementation of the LMA. Moreover, while the function in the Kamal model
is a 2-D function (since it has two independent variables, namely « and T), it is
clear that the relation between a and T follows some S-shaped curve, as shown
in Figure 4.3. Therefore, if the data were collected from an experiment with only
one single heating rate, then the optimization would be rather locally done; in
other words, the region for optimization would be quite limited, which negatively
affects the accuracy of the outcomes. For these reasons, the experiment should
be repeated at multiple heating rates to ensure a relatively significant region for
optimization (in our experiment, three heating rates were tested). Doing so, on
the other hand, could also lessen the degree of incorrectness due to the lack of
consideration for the implicit constraints of the differential equation, as the

. d . .
surface generated by plotting d—‘: wrt. & and T is better curved to asymptotically
conform to the dynamic behavior of the resin’s rheological process.

Essentially, despite the fact that @ and T are closely correlated, for simplicity
they are regarded as independent variables for the fitness check of the LMA. To
evaluate the performance of our work, first we tend to be oblivious of the relation
between a and T, then take more meticulous care to analyze the predictions of
the resin’s behavior at other heating rates using the accumulation function, which

. . . . da . . . .
numerically approximates the integration of d—(: in a discretized way. The raison

d’étre of the first evaluation step is to observe the LMA’s fitness for the
parameter estimation given « and T as the independent input, while that of the
second step is also to predict the behavior of both i—f and a wrt. T at different
heating rates. The primary difference between these two steps is that step one
assumes the existing samples of a associated with T acquired from the
experiment, while step two finds them. It is natural that the oblivious method
(i.e., step one) cannot make predictions because no experimental data is given at
other heating rates. Finally, a comparison of the experimental data and
predictions will be conducted to evaluate the precision of numerical method.

To the best of our knowledge, no closed-form solution has been found to compute
the integral of Z—f (from here on will be replaced by the symbol ¢ for brevity), as
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far as the Kamal reaction model is concerned. Therefore, the role of the
accumulation function is to numerically calculate the integral of ¢ wrt. T. Given
the heating rate g, an array of temperature T = [T, ..., T,,], and the estimated
parameter vector f8 of the Kamal equation (obtained from the LMA), the
accumulation function is implemented to predict reaction rate and degree of cure
of Vyncolit X655 over temperature at multiple heating rates. The result of
predicted master curves is shown in Figure 5.3 and Figure 5.4. Reaction rate and
degree of cure at multiple heating rates from 1 K/min to 40 K/min was
successfully predicted and found in good agreement with experimental data.

0.03r, i x T —
—Predictions (Multiple heating rates)
. 0.025 " -Experimental data (DSC scan)
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Figure 5.3 Vyncolit X655. Predicted reaction rate at multiple heating rates. The red
solid lines represent predicted curves and the dot lines represent the experimental data
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Figure 5.4 Vyncolit X655. Predicted degree of cure at multiple heating rates. The red
solid lines represent predicted curves and the dot lines represent the experimental data
(DSC scans)
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This numerical method was applied to fit and predict the reaction rate and the
degree of cure of some phenolic injection molding compounds including
phenolic 6510 (GB 35, GF 20), phenolic 6680 (GB 35, GF 30), phenolic 1110
(GB35, GF 45) and another thermoset material (Epoxy EME-G760W of
Sumitomo Bakelite Co., Ltd). The computations were found in good agreement
with experimental results, as shown in Figure 5.5, Figure 5.6 and Figure 5.7,
indicating that the written numerical algorithm for predictions master curves of
degree of cure and reaction rate of thermoset injection molding compounds is
useful.
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Figure 5.5 Epoxy EME-G760W. Solid lines represent the fitted Kamal model and the
dot lines represent the experimental data (DSC scans)
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Figure 5.6 Epoxy EME-G760W. Predicted reaction rate at multiple heating rates. The
red solid lines represent predicted curves and the dot lines represent the experimental
data (DSC scans)



66 Creating thermoset material data for simulation process
1 s
—Predictions (Multiple heating rates)
8 - - -Experiment Data (DSC scans)
3 /
& R
2306 10 K/min——__ =50 K/min
s T
go_ 4| 5 K/min—___ - 40 K/min
A 20 K/min
0.2
0 == | | |
100 120 140 160 180 200 220
Temperature T (°C)

Figure 5.7 Epoxy EME-G760W. Predicted degree of cure at multiple heating rates. The
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Figure 5.8 Schematic for fitting the reactive viscosity model based on experimental data

A process of fitting the reactive viscosity model based on experimental data is
clearly shown in Figure 5.8. The fitted parameters in a reactive viscosity model
(Cross-Castro-Macosko model) can as well be obtained based on the
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experimental data using the LMA. After that, a comparison between the diagram
of viscosity curve over time or temperature plotted from experimental data and
the diagram of viscosity cure over tempe rature or time generated by the Cross-
Castro-Macosko’s model will be conducted to evaluate the precision of the fitting
technique.

= = Degree of cure () is measured from DSC scans

Degree of cure (u) is calculated from Kamal model

Degree of cure o
e
o o o °
= & e =

e
=]
2

0 _________________
90 95 100 105 110 115 120

Temperature T (°C)
Figure 5.9 Vyncolit X655. A comparison between degree of cure measured by DSC
scans and degree of cure calculated from Kamal model

The input experimental data used to fit a reactive viscosity model includes
viscosity data over time, viscosity data over temperature, constant shear rate and
the degree of cure (o). However, the degree of cure (a) is not measured during
rheological measurements. Therefore, it is either measured by cure kinetics
measurements or calculated from a cure kinetic model. In the case, the degree of
cure () is be measured by cure kinetic measurements, as shown in Figure 4.3,
the curing process starts as temperature is more than 120°C. It means before
reaching 120°C, the value of degree of cure (a) is 0. Therefore, the influence of
degree of cure (o) at low range temperature (from 90°C to 120°C) on viscosity
will not be considered during fitting a reactive viscosity model. Figure 5.9
displays a difference in the value of cure degree (o), which was measured by
DSC scans and calculated from Kamal model. The value of cure degree (o)
calculated from Kamal model is different from 0 after 90°C, which is not found
in the plot of cure degree (o) measured by DSC scans. To solve this problem, the
degree of cure calculated from Kamal model was used in fitting reactive viscosity
model. A comparison of fitted curves and experimental cures was found in good
agreement and shown in Figure 5.10. The fitted parameters of Cross-Castro-
Macosko Model is summarized in Table 5.2.
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Table 5.2 Fitted parameters of the Cross-Castro- Macosko-Model
Phenolic Fitted parameters of Cross-Castro- Macosko-Model
material 0 ci c B (Pa. sec) Ty (K) n ' (Pa)
Vyneolit 15 1 622 | 505 | 1.7¢+05 1.49¢+04 | 0.432 | 2.8¢-09
X655
. Expsrhnemul Data (1 K/min)
|=Cross Macosko Model (1K/min)
. * Experimental Data (2K/min)
f; |—Cross Macosko Model (2K/min)
e = Experimental Data (5K/min)
= |—Cross Macosko Model (5K/min)
-
Z
=

100

140
Temperature T (°C)
Figure 5.10 Vyncolit X655. Fitting reactive viscosity model based on experimental data
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During fitting process, as shown in Figure 5.8 the shear rate was kept constant.
Therfore, the viscosity depends on only two factors, including temperature and
degree of cure. The shear rate dependence of viscosity has not yet been
considered. To be sure that fitted parameters in the reactive viscosity model
(Cross-Castro-Macosko model) generated by numerical method shown in
Figure 5.8 are fit to different shear rates. The all fitted parameters of Cross-
Castro-Macosko model obtained in Figure 5.8 along with degree of cure
calculated from Kamal model, experimental viscosity data shown in Figure 4.2
will be substituted into Cross-Castro-Macosko model to calculate viscosity
distribution over shear rate, as shown in Figure 5.11. Finally, the comparison
between viscosity over shear rate generated by Cross-Castro-Macosko model and
measured by rheological tests will be conducted, as shown in Figure 5.12.
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Figure 5.12 Fitted viscosity curves over shear rate
It could be seen from Figure 5.12 that the computation is found in remarkable
agreement with the experimental results, indicating the accuracy of numerical
method for finding fitted parameters of Cross-Castro-Macosko model
summarized in Table 5.2. These fitted parameters are not only true in case of
constant shear rate but also accurate in condition of various shear rates.

5.3 Prediction of viscosity

There are three main factors that influences on viscosity of thermoset injection
molding compounds. Therefore Cross-Castro-Macosko model, as shown in
Eq. (2.3) could be written in the following way:
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Nrear (T, ¥, @) =n(T,y).A(a) (5.1)
With
. no(T)
U(T:V) = « 1-n

T). (5.2)

1 + (T’O(T*) )/)

(c1+c2a)
A(a) = (a:‘fa) (5.3)

And degree of cure () in Eq.(5.3) is calculated from a cure kinetics model such
as Kamal model, as shown in Eq.(2.4) i—t = (k; + k,a™)(1 — o)™
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Figure 5.13 Schematic for predictions of viscosity of thermoset materials over
temperature at multiple heating rates

By using the numerical method written and introduced in section 5.2, the
viscosity curves of Vyncolit X655 at heating rates of 1, 2 and 5 K/min generated
from Cross-Castro-Macosko Model was shown in Figure 5.10 . However, the
master curves of viscosity over temperature at multiple heating rates has not yet
been predicted. Therefore, a numerical algorithm for prediction of thermoset
resin’s viscosity behavior over temperature at multiple heating rates will be
developed. The idea for writing prediction code in this case is to write a new
numerical method that shows a link between two models. The first model is
Cross-Castro-Macosko Model summarized in Eq. (5.1) and the second model is
Kamal model, as shown in Eq. (2.4). A schematic of writing a code to predict
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viscosity of thermoset materials over temperature at various heating rates is
shown in Figure 5.13. Firstly, the fitted parameters in Cross-Castro-Macosko
Model found in section 5.2 and the predicted degree of cure over temperature at
multiple heating rates, as shown in section 5.1 are substituted into the reactive
viscosity model (Cross-Castro-Macosko Model) as shown in Eq. (5.1). As a
result, viscosity over temperature at specific heating rate is predicted. After that
the comparison between viscosity over temperature generated by reactive
viscosity model and measured by rheological tests is conducted to evaluate the
accuracy of prediction of viscosity over temperature.
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Figure 5.14 Vyncolit X655. Predicted master curves of viscosity at multiple heating rates

This numerical technique was applied in prediction of viscosity over temperature
of Vyncolit X655 at multiple heating rates, as shown from Figure 5.14.
Rheological tests were conducted under heating rates of 1, 2 and 5 K/min only
while master curves of viscosity at any heating rate was predicted. A good
agreement in comparison between predicted curves of viscosity and experimental
curves is found, indicating that written prediction code is reasonable.

To evaluate the accuracy of the developed numerical method, the written code for
prediction of master curves of viscosity was applied to predict the viscosity of some
phenolic injection molding compounds including phenolic 6510 (GB 35, GF 20),
phenolic 6680 (GB 35, GF 30), phenolic 1110 (GB35, GF 45). A good prediction
result is shown in Figure 5.15.
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Figure 5.15 Phenolic 6510. Predicted master curves of viscosity at multiple heating rates.

5.4 Summary of chapter

A numerical method was written and applied to create material data sheet of
thermoset injection molding compounds. The generated material data sheet of
Vyncolit X655, which includes thermal conductivity data, heat capacity data, a
cure kinetics model and its fitted parameters, a reactive viscosity model and its
parameters will be directly imported into a simulation tool to simulate the filling

and curing phase of thermoset injection molding.
Furthermore, in this chapter, the algorithm was developed to predict successfully

master curves of cure kinetics and viscosity of thermoset resins at multiple
heating rates. A remarkable agreement was found in comparison between

predicted master curves and experimental curves.
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6 Simulation model

The filling and curing process of Vyncolit X655 injection molding compound
was simulated by using Moldex3D R15 simulation tool from CoreTech.

6.1 Characteristics of Moldex3D simulation tool
6.1.1  Meshing and numerical methods

The evolution of mesh techniques, as shown in Figure 6.1, started from the lay-
flat method in the 1970s. Then, the 2.5D, called midplane, and shell methods
were developed in the 1980s, followed by the quasi-3D and dual domain models
in the 1990s, until the true 3D mesh models arrived in the 2000s. Because of the
enormous growth of computational performance of computers, the number of
mesh grids that can be processed has increased significantly. In theory, the 3D
approach produces more accurate results.

Pseudo-3D
skin mesh
Dual Domain

[

s 2.5D/
Midplane/Shell

1D/Lay-flat
1970 1980 1990 2000

Figure 6.1 Brief history of mesh models for simulation [67]

After the layflat method, Cornell developed the 2.5D thin-shell mesh technique
in the Cornell Injection Molding Program (CIMP), as shown in Figure 6.2. The
basic assumption is to simplify a 3D model into 2.5D one and to take the
geometric middle plane as the calculation elements. The theoretical basis of this
2.5D mid-plane method comes from the Hele-Shaw equation [91] (or generalized
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Hele-Shaw). The theory utilizes the feature that the cavity of the injection mold
is thinner in the direction of thickness and ignores the pressure gradient in the
direction of thickness, that is, a simplified 2D pressure Poisson equation is used
for the conservation of mass and momentum. For the conservation of energy,
although the thermal convection in the direction of thickness and the thermal
conduction in the flow plane are neglected, the 3D changes of the temperature in
the system still have to be considered. As a result, the entire system is simplified
into a problem of 2D pressure field coupled with a 3D temperature field, and thus
it is called “2.5D.”

3D Geometry 2.5 D Geometry
Model Model

Mid-plane
of the part

Figure 6.2 2.5D/midplane and shell [64]

The numerical methods appropriate for solving a 2.5D problem are FEM, which
is used to solve the pressure equations, and FDM, which is used to deal with the
temperature field in the direction of thickness. However, in certain flow areas as
shown in Figure 6.3(a), in certain flow areas such as the injection flow area at
the melt front, T-shaped areas like ribs, or where there is a sudden change in
thickness, the assumption that ignores the pressure in the direction of thickness
in Hele-Shaw equation becomes false and would generate errors to a certain
degree. These errors can be very influential to predictions of fiber-reinforced
plastics, because movements of these fibers, such as twists and turns in the 3D
space, have to be considered. As shown in Figure 6.3(b), the 2.5D model cannot
predict the out-of-plane direction of fiber orientation precisely in the zones with
thickness change. In addition, the thermal convection in the direction of thickness
and the thermal conduction in the flow plane are ignored due to the assumption
of a Hele-Shaw flow. The 2.5D model does not provide a complete picture for
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parts with inserts or pores where side-wall heat conduction can be significant.
Another problem of the 2.5D approach is the creation of the midplane model
from the 3D part, which is usually very time consuming.

(a) Melt front and thickness variation zones  (b) Flow behavior of fiber induced by melt
Figure 6.3 Limitations of 2.5D approach [92]
Simple as it may be, the dual domain method still has a risk when it comes to
parts that are difficult to define the thickness. Errors such as discontinuity of melt

may also occur with the dual domain method due to the connector approach. In
comparison, only the true 3D mesh can produce correct simulation results.

3D Geometry 3D Solid Mesh

No Simplification

(b) 3D mesh model of part (¢) 3D mesh model of runner

Figure 6.4 True 3D/solid model [92]

Of the evolved mesh techniques up to now, the 3D mesh model is still the most
accurate method because it requires no geometrical simplification, as shown in
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Figure 6.4 , and the governing equations (see section 2.2.2) describe exactly the
3D space of the system. By building products and runners using the 3D mesh
model as shown in Figure 6.4 (b)-(c) the simulation results can be closer to the
real situation. The key to the use of this meshing method is the solver’s stability
and performance.

Hexahedron Prism Tetrahedron Pyramid

Mixed elements of solid mesh

Figure 6.5 Geometry of solid model (3D elements)

Figure 6.6 Meshing technology; (a) Traditional meshing method and (b) BLM method
with generated multiple layers (5 layers) inward from the surface mesh [92]

In Moldex3D the following three-dimensional types of mesh are basically used:
hexahedron, prism, pyramid, and tetrahedron, as shown in Figure 6.5. With
increased demands for superior product quality and faster time-to-market,
Moldex3D rolled out the new pre-processing module-Designer BLM (Boundary
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Layer Mesh), which can help advanced users to generate multiple layers of
prismatic meshes inward from the surface mesh and then filling up the remaining
space with tetrahedral mesh, as shown in Figure 6.6 (b). BLM can precisely
capture the drastic changes of temperature and velocity near thse cavity wall
during the filling process and could help users can accurately detect viscous
heating and warpage problems in advance. Up to now, the supported mesh types
in BLM are including tetra and 1+5 layers BLM. As result, the solid mesh has
minimum 2 layers across the thickness direction and can be increased up to 10
layers for higher accuracy requirements.

With Moldex3D simulation tool, the numerical method for solid/eDesign model
is a High Performance Finite Volume Method (HPFVM) proposed by Chang any
Yang [93] instead of FEM. The Finite Volume Method (FVM) due to its
robustness and efficiency is used in this study to solve the transient flow field in
three dimensions [92].

6.1.2  Slip boundary condition

Boundary conditions are quite specific to injection molding, which should be
applied to conversions equations. Boundary conditions include the surface
through which melt enters the cavity, the edge of the mold, the top surface of the
mold, the bottom surface of the mold and the wall slip condition.

y 22— 0
Input: -- S . Cavity  wall:
v, =v, Flow front v, =0
V_‘:O Vy:D
8=, A N S T e R R A N R N T

Cavity wallv, =0; v, = 0; 0 =9,

‘mold

Figure 6.7 No-Slip boundary conditions for a filling simulation of a rectangular cavity

In general, the effect of wall slip on the cavity surface is ignorable during
injection molding simulation process. At the inlet constant velocity and
temperature of the melt are given; no slip condition and a constant mold
temperature are imposed on the wall; the flow front is fraction free, at the
symmetry line symmetry conditions are applied (Figure 6.7). However, with
thermoset phenolic injection molding, there is a strong slip between the
thermoset phenolic melt on the cavity surface. As a result, velocity of the
phenolic melt near to wall surface must be different from 0 and the mold filling
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behavior of these phenolic injection molding compound is plug-shear-flow
instead of fountain flow like thermoplastics. Assumptions of neglecting the
influence of wall slip on the mold filling characterization of the thermoset
phenolic injection molding compounds during simulation process is not
ignorable. Currently, with simulation tool Moldex3D users could take the
influence of wall slip boundary condition (wall slip BC) on the flow behavior
into account by two ways. Firstly, users might specify the wall shear stress
threshold and the friction coefficient while setting the wall slip boundary
condition. Friction coefficient is a dimensionless parameter. The friction
coefficient indicates the relations between flow field, frictional drag, and wall
shear stress threshold. The value of frictional coefficient can be set from 0 to 1.
The wall shear stress threshold with unit of MPa means the critical shear stress
at the moment when the flow behavior switches from non-slip to slip and the
value of wall shear stress threshold is various from 0 to 1 MPa. The influence of
the frictional coefficients and wall shear stress threshold on the onset of slip is
shown in Figure 6.8.

7 Wall shear stress threshold

p

€y,
No slip boundary <ion
condition region

= Function (p. k)
pis pressure and
k is frictional coefficient

9 Kinetic frictional stress

Wall shear stress (MPa)

Filling time (s)
Figure 6.8 Wall slip boundary condition [92]

u;=0ifo<og,
(6.1)
u;=a.c™ifc>a,
Secondly, another way to take the influence of slip boundary condition on flow
behavior of polymer in the cavity during injection molding simulation is to
implement directly the commonly mathematical slip model developed by
Mooney [94, 95, 96] into the numerical model. The slip model in Eq.(6.1) shows
the dependence of the slip velocity on shear stress.
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6.2  Filling and curing phase simulation
6.2.1 Importing generated material properties

Material data sheet of thermoset injection molding compound, Vyncolit X655, is
not found in material data bank of simulation tool Moldex3D. To simulate flow
behavior during filling cavity and curing process, the first necessary step is to
import material data sheet of Vyncolit X655 that was created in Chapter 5 into
material data bank of Moldex3D. After importing in material data bank of
Moldex3D, the influence of temperature viscosity of Vyncolit X655 and on
degree of cure (conversion) is shown in Figure 6.10 and Figure 6.9, respectively.

Fitted parameters of Cross-Castro- Macosko-Model. which was generated in
Phenolic Chapter §

material ag ¢ o B (Pa. sec) T, (K) n *(Pa)

Vyncolit X653 0.7 6.22 -5.05 1.7e+05 1.49¢+04 0.432 2.8e-09
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Figure 6.9 Importing generated reactive viscosity data sheet of Vyncolit X655 that was
summarized in Table 5.2 into Cross-Castro Macosko Model embedded in Moldex3D
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Fitted parameters in Kamal model, which was generated in Chapter 5
Phenolic material
m n a,(1/s) a, (1/s) E(K) E, (K)
Vyncolit X655 0.892 0.988 6.86e+08 | 5.06e+08 | 9.29 et+04 | 8.518e+04

¥

Kamal model embedded in Moldex3D
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Figure 6.10 Importing generated cure kinetics data sheet of Vyncolit X655 that was
summarized in Table 5.1 into Kamal Model embedded in Moldex3D

It can be seen that with only one value of fitted parameters in Cross Castro
Macosko model and Kamal model, viscosity over temperature and degree of cure
(conversion) at multiples heating rates was predicted by Moldex3D. These
predicted curves are found similar to master curves of the viscosity and degree
of cure over temperature at multiple heating rates that were generated and shown
in Figure 5.14 and Figure 5.4 of Chapter 5. This similarity indicates that the
numerical method for creating thermoset material data which was developed and
described in Chapter 5 is a relevant scientific method.
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6.2.2  Study cavities and sensor nodes

Moldex -

z

<

Comercial part

Plate part

Spiral flow part and positions of sensor

Figure 6.11 Mesh model of the components with runner system and sensor nodes

Study objects for simulation process were plate part, spiral flow part and
commercial part that were used to do injection molding experiments in
chapter 3. The mesh model of the components with runner system built in
Moldex3D is shown in Figure 6.11. With the plate part, the volume of sprue and
cavity is 150 ¢cm?, the flow length is 150 mm and the number of elements is
403456. With the spiral part, sensor nodes were set in the meshing step. The
total number of elements is 434613. The volume of sprue is 57 cm® and the cavity
is 3.5 cm®. The flow length is 1385 mm. With the commercial part, the number
of elements is 2676885, the volumes of sprue and the cavity are 109 cm? and
6 cm’, respectively.
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6.2.3  Simulation procedure

The filling and curing phase of plate part, spiral flow part and commercial part
were simulated respectively. The simulation processing conditions for each part
is the same process conditions summarized in Table 3.2, Table 3.3 and Table 3.4
of Chapter 3. During simulation process, slip and no slip boundary condition is
considered. Unfortunately, the value of frictional coefficient and shear stress
threshold has not been yet measured, although there is a strong slip between the
phenolic melt and wall surface. Therefore, reverse engineering method was
employed, which means the injection molding experimental results, including
flow length of incomplete molded part, positions of weld line, the melt pressure
during filling the cavity simulation was used in comparison with the
corresponding filling patterns and the melt pressure results predicted by
simulation. In this case, simulation was done with slip boundary condition by
choosing different values of frictional coefficient and shear stress threshold.
These comparisons will be shown in the next chapter, which shows that with
frictional coefficient of 0.5 and wall shear stress threshold of 0.09 MPa, the
agreement appears remarkable. From this point to forward the frictional
coefficient of 0.5 and wall shear stress threshold of 0.09 MPa will be used to
discuss the filling and curing results.

6.3 Simulation results

6.3.1 Predicted melt front and position of weld line

Without slip With slip

Figure 6.12 The profiles of melt front at current time in filling phase without and with
considering wall slip impact
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A fill analysis calculates the flow front that grows through the part incrementally
from the injection location and continues until the velocity/pressure switch-over
point has been reached. It could be seen from Figure 6.12 that with the same
volume that was injected into the cavity, there is slight difference in the profile
of melt front of plate molded part. However, with complex part, the influence of
slip boundary condition on the profile of melt front and weld line position is more
significant, as shown in Figure 6.13.

Without slip I'j

-

= \ e g ’
~ - _
Position of weld line |/'

Figure 6.13 Predicted weld line position without and with considering wall slip impact

The difference in positions of weld line is because of changing frictional
coefficient between polymer and cavity surface. Normally, with fountain flow
term (without slip condition) and in the flow direction, when the polymer has a
contact with the wall surface, it will stick on the cavity surface. Therefore, the
velocity of polymer at the cavity surface is 0. Nevertheless, with plug flow (with
slip condition) the velocity of polymer at the cavity surface is not 0. Due to the
difference in velocity at the layer that has contact with the cavity surface and the
geometry of cavity, the flow profile of the complex molded part is various,
leading to disagreement in the positions of weld line. To prove this statement,
simulation of the complex molded part was done with the same slip boundary
condition but difference in injection speed. The predicted weld line position
appears differently. It depends strongly on the injection speed. With lower
injection speed, the weld line position is found far from to the corner A while it
is near to the corner A with higher injection speed, as shown in Figure 6.14.
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6.3.2

7 Comer A

a) Injection speed 13/09/07 cm?/s

Predicted weld
line positions

¢) Injection speed 40/36/28 cm?/s

Figure 6.14 The dependence of weld line positions on injection speed

Predicted filling results

By simulation tools, users can set sensors on the interface between polymer and

wall surface, as and even inside the injection molded part to observe the filling

results, shown in Figure 6.11. Viscosity is one of the most important properties

in fluids which can be considered as the resistance of flow. In general, viscosity

of Vyncolit X655 thermoset melt decreases during filling the cavity. At the

specific current filling time, for instance, at 2.5 s (VP-Switch point) in the filling
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phase, viscosity of polymer portion that is near to the gate is higher than the
polymer position far from the gate, as shown in Figure 6.15. This phenomenon
is because of dependence of viscosity on shear rate, degree of cure and
temperature. During the filling phase, the filing time is too short so that the
degree of cure is very small as shown in Figure 6.16. Therefore, the viscosity
degree of cure dependence could be ignorable, which means that mainly the
influence of temperature and shear rate on viscosity should be considered.
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Figure 6.15 Viscosity of the molten Vyncolit X655 at the current filling time of 2.5 s
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Figure 6.16 Degree of cure of the molten Vyncolit X655 at current filling time of 2.5 s

The temperature of the thermoset melt inside the cavity varies because of three
reasons. Firstly, the shear heating or frictional heating, which is caused by
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friction between adjacent laminas moving at different speeds. Secondly, the heat
transfers from the cavity wall to the polymer. Finally, the heat generated by
chemical reaction between substances inside thermoset injection molding

compounds.

180
170
160
150

140

Temperature T (°C)

130
120

Sensorl - - -Sensor4 - .- Sensor7
Al EEEE R PEREE 4 ek
X L } AT,
: PR i B T "TrTTTTr T
'lf AT; s —
AT,
0.5 1 1.5 2 2.5 3

Filling time (s)

Figure 6.17 Temperature profile of the molten Vyncolit X655 during the filling phase
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Figure 6.18 Temperature of the molten Vyncolit X655 at the same position (sensor 1)
but in different layers via the thickness section and at the current filling time of 2.5 s
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Temperature variation of the thermoset phenolic melt in the filling phase that was
observed by using temperature sensors, as shown in Figure 6.17. After leaving
screw, nozzle and runner, the polymer flows into the cavity and reaches the
location of sensor 1. It could be seen from the temperature curve of sensor 1 that
before a significant decrease in the temperature profile from the mold
temperature of 175°C to 140°C because at the beginning of contact the
temperature of polymer is lower than the temperature of cavity surface, there is
a quick increase in the temperature of polymer melt due to heat transfer from the
hot cavity to the polymer, followed by a slightly grow up until at the end of
filling. The similar way in the temperature distribution of thermoset polymer is
found in the temperature curves generated by sensor 4 and sensor 7, respectively.
However, the temperature gradient of sensor 4 (AT,= 11°C) is lower than the
temperature gradient of sensor 1 (AT; = 13°C) and higher than the temperature
gradient of sensor 7 (AT3 = 7°C). This is because of difference in residence time
of the thermoset melt inside the cavity. The higher residence time of the
thermoset melt inside the cavity, the higher heat transfer from the hot cavity to
the polymer is the occurring, leading to the higher temperature of the polymer.
At VP-Switch point the temperature of polymer portion that was calculated via
sensor 1, sensor 4 and sensor 7 is 157°C, 166°C and 175°C, respectively. In
addition, the temperature distribution of polymer at different layers via the
thickness section was calculated, as shown in Figure 6.18. The highest
temperature is found as expected in the cavity surface (layer 1), follow by
layer 2 and layer 3.
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Figure 6.19 Pressure of the molten Vyncolit X655 at the current filling time of 2.5 s
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During simulation process, the variation of polymer temperature leads to the
difference in viscosity of polymer melt. As a result, the necessary pressure that
is required to inject the polymer into the cavity will be affected. The pressure
variation of molten polymer in the filling phase is shown in Figure 6.19. At the
beginning of filling, the pressure is zero, or 1 atm in the absolute pressure scale,
throughout the mold. The pressure at a specific location starts to increase only
after the melt front reaches that location. The pressure continues to increase as
the melt front moves past, due to the increasing flow length between this specific
location and the melt front. The pressure difference from one location to another
is the force that pushes the polymer melt to flow during filling. The pressure
gradient is the pressure difference divided by the distance between two locations.
Polymer always moves in the direction of the negative pressure gradient, from
higher pressure to lower pressure, therefore, the maximum pressure occurs at the
locations of polymer injection and the minimum pressure occurs at the melt front
during the filling stage. The magnitude of the pressure or pressure gradient
depends on the resistance of the polymer in the mold. This is because the polymer

with high viscosity requires more pressure to fill the cavity.

6.3.3  Predicted curing results
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Figure 6.20 Degree of cure of molten Vyncolit X655 in the filling and curing phase
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Figure 6.21 Temperature distribution of molten Vyncolit X655 in the filling and curing phase
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Figure 6.22 Degree of cure of molten Vyncolit X655 at the same position (sensor 1) but
in different layers via thickness section

The degree of cure of molten polymer during the filling and curing phase of spiral
injection molding process was predicted by using sensor nodes, as shown in
Figure 6.20. With the injection speed of 32/16/8 cm?/s and the mold temperature
of 175°C, the degree of cure of the molten polymer reaches 80% after 50 s. At
the beginning of curing process, the degree of cure of polymer portion near to
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the gate is little lower than the molten polymer far from the gate. However, from
35s to at the end of curing phase, an opposite phenomenon in the degree curve
of polymer near to the gate and far from the gate is found. The cause leading to
this variation is difference in the molten temperature distribution in the curing
phase (Figure 6.21). Depending on curing time, the positions of hot channel and
the heat from the mold to the molten polymer, the molten polymer temperature
in the cavity at different positions is different. Even at the same position, but in
different layers the degree of cure is also different, as shown in Figure 6.22.
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Figure 6.23 Influence of different mold temperatures on the degree of cure of molten
Vyncolit X655 in the curing phase

The degree of cure predicted by simulation with other processing conditions was
done and it was also found that there is a slightly higher in the degree of cure of
the polymer near to the gate in comparison with the degree of cure of the polymer
far from the gate. In addition, the influence of change in mold temperature on
predicted degree of cure of the molten polymer during the curing process is
illustrated in Figure 6.23. With the same injection speed, as shown in Figure 6.23,
the mold temperature is 160°C, 175°C and 190°C, it requires at least 100 s, 50 s

and 20 s, respectively, for the curing process to reach approximately 80 %
conversion.
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6.3.4 Influence of initial conversion on simulation results

Residence time of polymer _|
in screw chamber t (s)

Figure 6.24 Screw chamber and nozzle of an injection molding machine

Initial conversion, which refers to the percentage of the material which starts
reacting before being injected into the cavity. With thermoset injection molding
process, before being injected into the cavity, the thermoset injection molding
compounds are plasticized in screw, pushed in screw chamber and flows through
a nozzle. The residence time of polymer in the screw chamber and the
constriction at the nozzle increase the risk of premature curing [97, 98, 99, 100].
Particularly, the cure reaction is instigated immediately when the material enters
the screw chamber and flows through the nozzle, as shown in Figure 6.24.
Consequently, there is entanglement of the thermoset melt in the nozzle, which
significantly increases viscosity and the flow resistance of thermoset melt during
filling the cavity.

With Moldex3D simulation tool, users could take the influence of the initial
conversion on the mold filling characterizations of thermoset injection molding
compounds by setting the value of initial conversion during analysis setup.

Figure 6.25 shows the influence of initial conversion on the predicted filling
results. With only slight change in initial conversion (0.5 %), the degree of cure
of polymer in the filling phase increases, leading to higher viscosity and a

significant increase in injection pressure.
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Figure 6.25 Influence of initial conversion on simulation results
6.4 Summary of chapter

In this chapter, the data sheet of the Vyncolit X655 generated in Chapter 5 was
employed to import into Moldex3D simulation to investigate its application in
simulate the filling phase and curing phase of the injection molding process with
and without considering slip boundary condition.

The predicted filling and curing results, including viscosity, temperature,
pressure and degree of cure was analyzed and will be used in comparison with
the corresponding results that was generated in Chapter 4. Results of comparison
will be shown in the next chapter.
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7 Validation simulation results with experimental results
7.1  Filling results

End of filling

Experiment

Simulation

Unc GII]L acted zone

Flow direction

Figure 7.1 Plate part. Comparison between the pictures of the incomplete injection-
molded parts and the corresponding filling patterns predicted by Moldex3D. Cavity
volume is 60 %

55% cavity volume 93% cavity volume

Melt front

Figure 7.2 Spiral flow. Comparison between the pictures of the incomplete injection-
molded parts and the corresponding filling patterns predicted by Moldex3D
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Figure 7.3 Complex part. Comparison between the positions of weld line pictures of the
incomplete injection-molded parts (left) and the corresponding weld line positions
(right) predicted by simulation

The experiment results of Vyncolit X655 generated by doing injection molding
was employed to compare with the simulation results shown in chapter 6. It could
be seen from Figure 7.1 that with frictional coefficient is 0.5 and wall shear stress
threshold is 0.09 MPa, there is difference in the melt front and flow length of
incomplete injection molded part and the corresponding filling patterns predicted
by Moldex3D. Simulation has not yet been simulated exactly the uncompacted
zone that has an interrupted contact with the cavity surface. Therefore, with the
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same volume (60%) injected into the cavity the flow length of incomplete molded
part predicted by simulation is shorter than the flow length of incomplete molded
part generated by injection molding experiment. However, difference in the
uncompacted zone and the flow length between simulation and experimental
results depends on the geometry of cavity. For instance, with spiral flow part, the
width and the thickness of part is only 10 mm and 4 mm, respectively, the
uncompacted zone seems to be disappeared and the melt front and flow length
generated by simulation and experiment is found in good agreement, as shown
in Figure 7.2. In addition, a comparison between the positions of weld line of
incomplete injection-molded complex parts and the corresponding weld line
positions predicted by Moldex3D is conducted and also found in remarkable
agreement, as shown in Figure 7.3. The experimental results show that the
positions of weld line depend strongly on the injection speed profile, which is
also found in simulation results. The agreement appears remarkable, indicating
that the numerical methods for creating thermoset material data sheet that were
written and shown in chapter 5 plays an important role for well-found prediction.
And frictional coefficient of 0.5 and wall shear stress threshold of 0.09 MPa
could be used to predict the flow length of injection molded part during filling
the cavity.

5 layers

Figure 7.4 Influence of different skin layers on the uncompacted zone during filling the mold

Recently, Moldex3D rolled out the new pre-processing Module-Designer BLM
(Boundary Layer Mesh), which can help advanced users to generate multiple
layers of prismatic meshes inward from the surface mesh and then filling up the
remaining space with tetrahedral mesh. Because of this development, Moldex3D
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has been partly solved in simulation of the uncompacted zone of thermoset
injection molding compounds during filling the rectangular cavity. It could be
seen from Figure 7.4 that the higher the number of skin layers, the higher ability
to simulate and capture the drastic changes of polymer near the cavity wall during
the filling process such as temperature, velocity and the uncompacted zone.
However, with simulation tools, users only change the value of friction
coefficient and wall shear stress threshold to investigate the influence of slip
boundary condition on the mold filling behavior of thermoset injection molding
compounds. These adjustments may lead to unstable flow calculation and
abnormal result and therefore the user must take serious consideration when
adjusting these parameters. Therefore, to solve exhaustively this difference, a
separate numerical fluid equation should be written with considering plug flow
phenomenon into account instead of changing only the value of frictional
coefficient and shear stress threshold in computation program.

7.2 Curing results
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Figure 7.5 Comparison between the degree of cure of injection- spiral molded part and the
degree of cure of molten polymer predicted by simulation (Filling and curing time is 43 s)

To investigate the accuracy of curing kinetics data that was generated in
section 5.1 of chapter 5 and used in the simulation process of chapter 6, a
comparison between the degree of cure of injection- spiral molded part and the
degree of cure of molten polymer predicted by simulation was conducted and
shown in Figure 7.5. Near to the gate, with the same processing conditions and
curing time (43 s), the degree of cure predicted by simulation tool is 74 % while
its experimental value is 79 %, which means that the degree of cure predicted by
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simulation is 6.3 % lower than the degree of cure of molten polymer generated
from experimental process. By simulation, as shown in Figure 6.20, it is found
that it takes only 5 s more to the molten polymers reach the degree of cure of
79 %. Factors which could lead to these slight differences are the post curing
process of the substances inside the injection molded parts and initial conversion.
Because the mold temperature is 175°C, the temperature of injection-molded part
after being ejected from the mold could be near to 175°C. Therefore, it takes time
for cooling the injection molded part from 175°C to the ambient temperature so
that the curing process still occur during the cooling time, leading to a slight
increase in the real amount the degree of cure of the polymer in the curing phase.
In addition, in this case simulation was done with the value of initial conversion
is 0 %. If this number increases only 1%, the difference in the degree of cure
predicted by simulation tool and experiment will be more or less the same.

7.3 Results of different phenolic injection molding compounds
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Figure 7.6 Positions of pressure sensors that was set during doing injection molding
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| 30 mm

experiment of spiral flow

Filling and curing process of some phenolic injection molding compounds,
namely, phenolic 6510 (GB 35, GF 20), phenolic 6680 (GB 35, GF 30), phenolic
1110 (GB35, GF 45) was simulated with frictional coefficient of 0.5 and wall
shear stress threshold of 0.09 MPa. The subject study was also spiral flow part.
Due to material data sheet of these phenolic injection molding compounds has
not been found in any simulation tool now. Therefore, before conducting filling
and curing simulation process, the numerical method that was developed and
introduced in chapter 5 was employed to create their material data bank.
Simulation results includes melt pressure and degree of cure was used to compare
with experimental results that were available and kept in our laboratory [55].
During the injection molding process experiment, the pressure sensors was set



98 Validation simulation results with experimental results

on the interface between polymer melt and cavity surface, as shown in
Figure 7.6. The processing conditions consist of a variation of mold temperature
and injection rate. Firstly, the mold temperature was constantly kept at 170°C for
the different injection rates of 12 cm®/s, 24 cm®/s and 48 cm?/s. After that the
injection rate was constantly kept at 24 cm®/s and the mold temperature was
155°C, 170°C, and 185°C, respectively. The curing time is 80 s, 40 s and 20 s as
the mold temperatures is 155°C, 170°C, and 185°C, respectively.
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Figure 7.7 Comparison between the melt pressure measured by pressure sensor 1 and
the melt pressure predicted by simulation. At the current filling time of 2 s

It could be seen from Figure 7.7 that the injection rate was constantly kept at
24 c¢cm®/s and the mold temperature was 155°C, 170°C, and 185°C, respectively.
Experimental results show that with higher temperature, the melt pressure
decrease significantly. A decrease in the melt pressure is because in the filling
phase, the filing time is to short so that the polymer viscosity depends strongly
on temperature and shear rate, the influence of degree of cure on viscosity is
small. Therefore, higher temperature leads to lower viscosity, which requires
lower pressure to inject polymer into the cavity. This phenomenon is also found
in simulation results. In general, there is good agreement in the melt pressure
measurement between experiment and simulation, indicating that viscosity data
sheet generated by applying the numerical method in chapter 5 is reasonable. To
prove this statement, another comparison between the melt pressure measured by
pressure sensor 1 and the melt pressure predicted by simulation was conducted
and found in a remarkable agreement, as shown in Figure 7.8. In this case, the
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mold temperature was constantly kept at 170°C for different injection speeds of
12 cm?®/s, 24 cm?3/s and 48 cm?®/s.
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Figure 7.8 Phenolic 6510. Comparison between the melt pressure measured by sensor 1
and the melt pressure predicted by simulation. At the current filling time of 1 s
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Figure 7.9 Phenolic 6510. Comparison between the real degree of cure of injection-
spiral molded part and the degree of cure of molten polymer predicted by simulation

Finally, the real degree of cure of injection molded part was compared to the
degree of cure predicted by simulation, as shown in Figure 7.9. There is only
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slight difference in comparison, which demonstrates that the curing data sheet of
Phenolic 6510 generated by applying the numerical method in chapter 5 makes
sense.

7.4 Summary of chapter

In this chapter, simulation results were compared to the corresponding results
generated from experiments. With frictional coefficient of 0.5 and shear stress
threshold of 0.09 MPa, it was found that it depends on the geometry of cavity,
the melt front and flow length of injection molded parts that predicted by
simulation could be the same or slight difference from the experimental results.
However, with the generated material data sheet, simulation results show that it
is possible to full fill completely cavities, which was also found in experimental
results. Filling results such as the distribution of melt pressure during filling the
mold and curing results show a remarkable agreement with experimental results,
concluding that the numerical method that was developed and written to create
thermoset material data for reactive injection molding process, as shown in
chapter 5 is reasonable.
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8 Summary
8.1 Conclusions

This thesis focused on innovation of a new method to study the mold filling
behavior of thermosets injection molding compounds and developing numerical
method to create thermoset material data sheet for simulation of mold filling
characterizations of thermoset injection molding compounds. The following
works were accomplished

a. A new method, namely, the spotwise painting of the mold wall surface
was developed to investigate wall slip phenomenon on the interface
between polymer and cavity surface during injection molding process.

b. The flow behavior of the phenolic melt on the interface between the
cavity and the mold wall under various processing conditions was
investigated by using the spotwise painting of the mold wall surface.

c. Developing and writing a new numerical method for not only creating
thermoset material data sheet from rheological and thermal
experimental data for reactive injection molding simulation process, but
also for predicting the rheological and cure kinetics properties. It was
applied to create material data sheet of some phenolic injections
molding compounds, that has not been found any current simulation
tools.

d. The generated material data sheet of some thermoset phenolic injection
molding compounds was directly imported into Moldex3D simulation
tool to simulate the filling and curing process with and without
considering slip boundary condition. The comparison between
measured results and simulated results was performed.

Based on the accomplished works above, the research conclusions were
shown follows

a. Flow behavior of thermoset injection molding compounds during the
filling process is plug-shear-flow instead of fountain flow as
thermoplastics materials. Because of these differences will be leading
to new thinking about influence of slip on calculation, analysis and
simulation of fiber orientation during the filling process of the glass
fiber reinforced thermoset resins injection molding compounds.
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b. A new material data sheet of all chosen phenolic injection molding

8.2

compounds was successfully created and added to the data bank of
simulation tools. In addition, master curves of viscosity over
temperature and master curves of degree of cure over temperature at
multiple heating rates was predicted and found in a good agreement with
experimental results. The applicability of developed numerical method
was not only published on the international polymer journals, but also
recognized by a commercial simulation software company, namely
Moldex3D from CoreTech, indicating that the developed numerical
method of creating material data sheet for reactive injection molding
simulation is reasonable and useful.

With frictional coefficient of 0.5 and shear stress threshold of 0.09 MPa,
it depends on geometry of cavity, the melt front and flow length of
injection molded parts that predicted by simulation could be the same
or different from the experimental results. The predicted melt pressure
and degree of cure was found in a remarkable agreement with the
corresponding results generated from injection molding experiments.

Future work

Although several works were accomplished, there are some relevant fields
needed to be explored and studied.

a.

The spotwise painting of the mold wall surface should be applied for
other phenolic injection molding compounds with different amount of
fiber and filler to analysis the influence of amount of fiber and filler on
the slip phenomenon. In addition, the influence of surface roughness on
the slip phenomenon should be taken into account. During doing
injection molding process, the mold wall surface should be painted with
a scientific method instead of manual painting to observe more visually
the influence of processing conditions on the dyed white color on the
surface of injection-molded part.

The developed and written numerical method should be used in
modeling other reactive viscosity and cure kinetic models to evaluate
which reactive viscosity and cure kinetic models fit the experimental
data best.



Summary 103

c. Studying the method to measure exactly the value of frictional
coefficients, shear stress threshold, the relation between slip velocity
and shear stress.

d. Simulation will be done with the best reactive viscosity model, cure
kinetic model and suitable frictional coefficient and shear stress
threshold.

e. PVT diagram of phenolic injection molding compounds should be
measured to fit to the PVT mathematical model, which could be used to
import into simulation tools to simulate the shrinkage and warpage of
thermoset injection molding compounds.
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10 List of symbols and abbreviations

Symbols

T, [°C] Glass transition temperature
T [°C] Temperature

AH [J/kg] Heat of cure

0 [J] Heat amount

c [J/(kg.K] Specific heat

p [kg/m?] Density

k [W/m.K] Thermal conductivity

h [W/m?K] Heat transfer coefficient
n [Pa/s] Melt viscosity

Mo [Pa/s] Zero shear viscosity

14 [1/s] Shear rate

T [Pa] Shear stress

a Degree of cure

6;—6; Reaction rate

ay Gelation point

Power law index
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List of symbols and abbreviations

B T, T Data fitted parameters for Cross
i, 2 Castro Macosko Model
ki, k> Arrhenius overall constants
4 Data fitted parameters for
' Kamal model
E; Activation energy
R Universal gas law constant
p [Bar] Pressure
t [s] Time
v Velocity vector
AT [°C] Temperature difference between
two sensors
Real degree of cure of molded
Areal
part
Vp Pressure gradient
o Stress tensor
D Deformation tensor
g Total body force per unit mass
B Coefficient of volume

expansion

The heat source
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Abbreviations

PF Phenol-formaldehyde resins

EMC Epoxy injection molding compound
DSC Differential scanning calorimetry
TMA Thermal dynamic analysis

DMA Dynamic mechanical analysis
TTT Time temperature transformation
CTE Coefficient of thermal expansion
2D 2 dimensional

2.5D 2.5 dimensional

3D 3 dimensional

FEM Finite element method

FVM Finite volume method

LMA Least-square estimation algorithm

developed by Lavender-Marquart

BLM Boundary layer mesh
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