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Summary 

The reactive flow of a highly filled epoxy moulding compound has been studied 
using a combination of experiments and numerical analyses. This study serves the 
development of a technology that allows for IC-packaging with two or more 
components, in order to obtain a multilayer encapsulation. The predictive capacity 
of the numerical model is tested by comparing calculated and measured 
deformation patterns in a piston driven flow. Experimental visualisation of the 
deformation patterns was realised by using different coloured slices of the same 
material. For the numerical simulation the finite element method is used that 
includes a particle tracking algorithm, enabling a direct confrontation of numerical 
results with the visualisation experiments. Since an adequate description of the 
chemorheological behaviour of the encapsulant proves to be of the utmost 
importance with respect to the predictive capabiiity of the numerical simulations, a 

considerable ~~~ ~ part of - this ~~ study is dedicated ~~ ~~ to material ~ ~~ characterization. ~ ~~~-~~ ~~~ ~~ ~~ ~~ 

The reaction kinetics of epoxy compounds is studied with Differential Scanning 
Calorimetry. It appears that the kinetics can be described with a simple 
autocatalytic equation. 
Since it is impossible to measure steady state viscosities on these compounds, the 
dynamic viscosity is measured with a Dynamic Mechanical Thermal Analyzer at 
different frequencies, strains and heating rates. Using the kinetic equation, the 
conversion during the rheological measurements is obtained. It is shown that at a 
constant value of the effective shear rate, i.e. the product of frequency and strain, 
the dynamic viscosity is identical over a wide range of values for the strain and 
frequency. The effective shear rate dependence can be described by a powerlaw 
with an exponent that depends on the conversion. The effect of temperature on the 
dynamic viscosity is of an Arrhenius-type with conversion dependent parameters. 
The steady state viscosity used in the numerical analyses is assumed to be equal 
to the dynamic viscosity for shear rates equal to the effective shear rates. 
The gel point is determined through extraction experiments, and could not be 
detected in dynamic rheological analyses. 

Numerical simulations of the piston driven flow, in which the material parameters 
obtained in this study are used, are in qualitative agreement with the visualisation 
experiments. It appears that the shearthinning behaviour, determined by dynamic 
rheological experiments, is too strong. The definition of a rheological gel point, 
lower than the chemically determined gel point, lead to a more quantitative 
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description of the flow. Finally, visualisation experiments of a practical two cavity 
encapsulation process show an asymmetric filling of the cavities. An improved 
geometry for a better controlled process is designed and evaluated. 
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1 

I .I 

The Encapsulation of Integrated 
Ci rcu its 

Int rod uct ion 

This study serves the development of a technology that allows for IC-packaging 
with two components, in order to obtain a multilayer encapsulation. An integrated 
circuit (IC), also called chip, is a collection of transistors, diodes, resistors and 
capacitors. They are all fabricated within silicon material on micron scale. To 
accomplish this feat of miniaturization, rigorous regimens of cleanliness must be 
maintained in the IC fabrication areas. Each chip must be interconnected with other 
Components and be allowed %o communicate with the outside world. To accomplish 
this ~ the ~~~ fabricated ~ - integrated circuit is packaged'. ~~ ~~~ First the chip ~~ is anached to a 
carrier, generally a leadframe stamped from a metal sheet. Then the bonding pads 
on the chip are connected with contact points on the leadframe with thin, generally 
gold wires. The final step in the packaging process is the encapsulation of the 
electronic device. In Figure 7.7 a schematic side view is given of a packaged chip. 

Figure 1.1 Schematic side view of a packaged chip. 

The encapsulant is for the protection of the integrated circuit and wire bonds from 
contamination and moisture penetration. It has to provide a balanced combination 
of properties in the areas of mechanical strength, chemical resistance, electric and 
dielectric insulating performance, thermal conductivity, and thermal and moisture 
stability in the general temperature range of -65 to 200 "C. In special industrial 
applications and in military uses, ceramics or metal cans are applied, since high 
performance and hermeticity are required and cost is of minor importance. 
Although the moisture permeation properties of plastics are poor, they have the 
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advantage of low cost, low weight and cheap manufacture costs (transfer 
moulding). About 90% of all integrated circuits produced are encapsulated in a 
plastic enclosure.** This study will be focused on the plastic encapsulation of 
integrated circuits. 

Trends in the IC-technology towards larger IC's encapsulated in smaller packages 
increase the risk of mechanical failures during processing, testing and use. 
Especidy fa!!ures caused by the severe rnistmtch in the thermal expansion 
coefficients between the silicsm chips/ieabft-arne and the encapsulation material 
become more frequent. Furthermore interfacial adhesion is critical, as delamination 
at the material interface creates additional moisture penetration pathways3* 4* A lot 
of research has been aimed at the improvement of these properties of the 
encapsulating material.'. 3* Since it proves difficult to combine all properties 
required in one material, it would be convenient to encapsulate the chip with two or 
more different materials. For example a chip surrounded by a low modulus material 
could reduce stresses, while a second material on the outside could provide 
, ~ ~ ~ ~ ~ ~ ~ c a ~ ~ s t í € ~ g t ~ .  Another interesting possibility is is use an-inner material with 
excellent adhesion pr~pesties~, while the outside material still ïeleaces from the 
mould. Since the number of chip handling steps during packaging should be 
minimized, a one step multilayer transfer moulding process would be the best 
solution. 

In this chapter, a brief description of the composition of a common encapsulation 
material is given (section 1.2), the transfer moulding process is explained (section 
1.3) and the scope of this study will be outlined (section 1.4). 
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1.2 Encapsulant Materials 

Evaluating various types of polymers for use as an encapsulant, epoxy resins 
satisfy the requirements best and are therefore almost universal accepted as the 
preferred plastic encapsulation material. The epoxy moulding compounds are 
usually composed of more than ten kinds of raw materials6, each of which has its 
own special functions. Important characteristics to consider are mouldability, 
mechanical and electrical properties, and humidity and heat resistance. These 
depend significantly on the characteristics of the epoxy resin used. In addition to 
the resin and the hardener, the epoxy moulding compound usually contains a 
catalyst, fillers, flame retardants, colorants and a mould release agent. For specific 
applications other additives may be added. 

Epoxies can be classified by their cure-mechanism. Amine-cured epoxies are fast 
curing and have a superior shelf-life, but unfortunately have very poor moisture 
performanceandgoor electrical Characteristics. A-nhydride-cured epoxies have, due 
to their ester linkages a good thermal stability, but are hydrolysed easily, resulting 
in a poor storage stability. Ether linkages are formed using a novolac hardener. 
They show less temperature stability than the ester linkages, but have superior 
moisture resistance. Furthermore the residual ionic contamination level is lower for 
systems using a phenolic curing agent than for anhydride or amine cured systems. 
These resins are therefore applied most in encapsulant materials. 
The catalyst system has to meet the contradictory requirements of long shelf life 
and fast curing at moulding6. 

Fillers are added in the range of 60 to 75 wt% not only to reduce cost but mainly to 
improve physical and mechanical properties. Major properties influenced by the 
amount and type of filler are the thermal expansion coefficient, thermal conductivity 
and the elastic modulus. Crystalline silica powders or quartz (fused silica) powders 
are most widely used. 
To improve the flame-retarding characteristics of the encapsulant, a combination of 
antimony oxide with a halogen-containing ingredient is added. Usually a antimony 
oxide / brominated epoxy resin is used as a flame-retardani? '. A colorant, 
generally carbon black, is added to prevent light transmission since many electronic 
devices are photosensitive. The amount and type of mould release agents has to 
be carefully chosen since they affect the adhesion between the encapsulation 
material and leadframe / IC as well. Other additives may include coupling agents to 
improve adhesion between the filler system and the resin, rubber particles to 
improve toughness and special additives for an application-specific reason. 
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1.3 The Transfer Moulding Process 

The most common method of large scale encapsulation of electronic devices is 
transfer moulding. Transfer moulding is a variant of compression moulding in which 
the plastic material is first melted in a heated cylinder or "pot" and then transferred 
to a mould cavity and compressed in the desired shape. The process differs from 
compression moulding, since the molten material is forced into a closed mould. 
This improved flow makes the moulding of complex and fragile parts possible and 
reduces cycle times. Furthermore by preheating the material in a separate chamber 
the pins and inserts in the mould are not subjected to the direct pressure of the 
press ram7. 

The transfer moulding process of integrated circuits can be described as  follow^^^^. 
First the moulding compound is pressed into a preform, that in some cases is 
preheated in a dielectric heater. Accordingly the preform is loaded into the 
_cylindrical chamber, or "pot",-and the leadframe-carrying the integrated -~ circuit ~_ ~~ is 
placed in the mould. The load is then forced through the runners and gates into the 
cavities of the mould by means of a plunger. Figure 1.2 shows a schematic 
diagram of a transfer press (side view). Mould temperatures are usually in the 
order of 160 to 180°C. Due to the high temperature in the mould, the compound 
will react and crosslink. After the mould is filled, the pressure is increased and the 
moulding compound is packed and further polymerized. Discharging the moulded 
article in a fully automatic process is commonly supported by ejector pins. Typical 
moulding times are on the order of 5 or 6 minutes. After the parts are demoulded 
they are postcured for about 4 hours at around 170 "C. 

preform 
D o t  / 

u u  u u  

Figure 7.2 Schematic diagram of the transfer moulding press (side view). 

1 -4 



E 
/ 

I 

ooaaiiaaoo 



Movement of the fine wires electrically connecting the integrated circuit to the 
leadframe is commonly referred to as wire sweep. During the filling stage, the flow 
front of the resin entering the mould cavity possesses sufficient momentum to 
displace the wires and can cause adjacent wires to contact and short the device”. 
Close control of the transfer ram speed is crucial to avoid wire sweep and jetting. 
On the one hand slow filling translates into pushing a resin in advanced state of 
cure into the cavity causing wire sweep. On the other hand high filling speeds can 

A i  these defects can be minimized with the proper modd, 3eadfame and wire 
design, moulding resin and process parameters. 

damage the wires as well. 

Failure of encapsulated devices can also occur after the moulding process. A main 
failure mechanism is corrosion due to ingress of moisture’. Moisture can reach the 
die surface by permeation through bulk, by penetration along the compound / 
leadframe interface or through cracks in the package. 
Internal stresses are also an important failure in encapsulated devices, not only 
through direet meekanieal damage, but- also b p  promoting corrosion by 
m ~ i ~ t ~ ~ e ~ ~ ~ ~ ~ ~ .  Stresses are created mainly during cooling from the eesrimg 
temperature to room temperature and due to the mismatch between thermal 
expansion coefficients during use at different temperature of the surroundings. 
Compared to these stresses, stresses formed during curing at the mould 
temperature due to shrinkage are unimportant4. The main variables that affect the 
stresses are: differential thermal expansion coefficients of the moulding compound 
and the integrated circuit, difference in their moduli, difference between use 
temperature and curing temperature, and size of the chip. 
Since the difference in the coefficients of thermal expansion of the encapsulant, the 
leadframe and the chip is the most important source of internal stresses, a lot of 
effort has been devoted to lower the expansion coefficient of the moulding 

in order to make it closer to that of the chip and the leadframe. On 
the other hand, simulations of the internal stress situation during e.g. temperature 
cycle tests, indicate that a shear stress at the interface between chip or leadframe 
and encapsulant can decrease the absolute level of the maximum stresses 
~onsiderably~”~. Improved adhesion is easily obtained by removing of the release 
agent, however the demoulding will be more cumbersome. 

In summary, the processing parameters have little influence on the failures 
occurring after moulding. To minimize these failures, the encapsulation materials 
have to be improved by making them less permeable to moisture, by improving the 
adhesion to the leadframe, and by matching the thermal expansion coefficient and 
the modulus of the moulding compound to those of the chip and leadframe. As 
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mentioned in section 1.1, the design of a multilayer transfer moulding process in 
which different materials can be used to encapsulate the integrated circuit could be 
a development to conquer these problems. For such a process it is necessary to 
be able to predict how these materials should be distributed in the transfer pot in 
order to obtain the defined configuration in the mould. 

1.4 Scope of this Study 

The aim of this work is to examine the predictive capability of numerical tools for 
the simulation of reactive flow of a epoxy moulding compound used in the 
encapsulation of integrated circuits, by using a combination of experiments and 
numerical analyses. This study serves the development of a technology that allows 
for IC-packaging with two or more components, in order to obtain a multilayer 
encapsulation. 

Since -an adequate description -of the chemorh6ÖlÖgicaÏ behaviour -Öf the 
encapsulant proves to be of the utmost importance, chapter 2 is dedicated to the 
characterization of the material. The reaction kinetics are studied and a description 
is obtained for the viscosity as a function of temperature, shear rate and 
conversion. 

In chapter 3 the reactive flow of this material is studied in different geometries. First 
a piston driven flow is considered by experiments as well as numerical analyses. 
Experimental visualisation was done using different coloured slices of the same 
material. The predictive capacity of the numerical model is tested by comparing 
calculated and measured deformation patterns. For the numerical simulation the 
finite element method is used which includes a particle tracking algorithm, enabling 
a direct confrontation with the visualisation experiments. 
Furthermore, in order to trace unforseen problems and find out if a reproducible 
and controllable flow is possible, the reactive flow is studied in a practical two 
cavity mould by visualisation experiments. From this an improved design is 
suggested and evaluated. 

Finally, conclusions and suggestions for further research on this subject are 
summarized in chapter 4. 
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2 Material Characterization 

In this chapter the most important material properties with respect to reactive flow 
modelling are characterized. After a description of the materials used (section 2.1), 
an outline is given how the parameters of the kinetic equation for the curing 
reaction is obtained, by means of Differential Scanning Calcrixetiy (DSC) in 
section 2.2. From these experiments also %he heat of reaction is obtained, 
necessary in the modelling as the reaction provides an extra heat source in the 
energy equation. 
Dynamic Mechanical Thermal Analysis (DMTA) experiments are discussed in 
section 2.3. Combination of these experiments with the DSC results leads to a 
description of the dynamic viscosity as a function of temperature, frequency, strain 
and conversion. These results are transformed into a description of the steady 
state viscosity as a function of temperature, shear rate and conversion. 

~ In section 2.4 the gei point is studied through extraction of-samples withpa different 
degree of cure and by examining the viscoelastic properties during cure. In section 
2.5 the thermal conductivity and the heat capacity of the compound are examined. 

~ 

2.1 Materials 

The epoxy compound chosen for this study is a fast-curing compound, supplied by 
Synres-Almoco, based on a phenol novolac epoxy and hardener. A diglycidylether 
of tetra bromo bisphenol A is added to improve the fire-resistance properties. In 
Figure 2.1 the chemical structures of these resins are given. The compound is filled 
with a combination of crushed silica and quartz for 69 wt%, resulting in a solid 
volume content of f 50 %. Further it contains release agents, carbon black and 
other common additives. From the supplier a second compound is obtained with an 
identical composition of the first, except no carbon black is added. Thus, a black 
and a white compound are available, to be used in the visualisation experiments. 
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2.2 Reaction Kinetics 

2.2.1 Strategy 

For the cure reaction of thermosets, various rate expressions have been proposed 
, Kamal in literature . To account for the autocatalytic curing of thermosets 

and Sourour'' suggested the following expression: 

13, 14, 15 

- é 9 a  a = - = (K,+í$a")(l-a)" 
dt 

in which n and m represent reaction orders. The rate constants Kl and & depend 
on the temperature according to the Arrhenius equation: 

where k, and k2 are the pre-exponential factors, AEl and AE2 are the activation 
energies, R is the gas constant and T is the temperature in K. 

For kinetic studies by means of Differential Scanning Calorimetry (DSC), it is 
usually assumed that the heat of reaction is proportional to the conversion of the 
reactants, which implies that the total heat produced at total cure is constant. The 
reaction rate can easily be calculated from calorimetry measurements with: 

. da - 1 dH a = - - - -  
dt A H  dt 

(2-3) 

where & is the rate of reaction, a is the conversion, AH is the total heat production 
at complete cure and dH/dt is the differential heat flow during cure. 

To study the cure kinetics by means of DSC, measurements can be conducted 
under isothermal (time-sweep) or dynamic (temperature-scan) modes". For fast 
curing thermosets isothermal experiments are inadequate. Therefore, in this study 
dynamic experiments are performed at different heating rates. By integration of 
Equation 3 over the total cure-time, the heat of reaction (AH) is determined. The 
fractional conversion a(z) is likewise calculated by integrating from t=O to t=z. In our 
analysis the trapezium-rule is used for numerical integration. For each heating rate 
a set of data is obtained, containing T, a and CL. 

The kinetic parameters k,, k,, AE,, AE,, n and m can be determined by fitting a to 
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the autocatalytic function (€9. 7) of a and T by a non-linear least squares program. 
All results of the dynamic experiments are fitted simultaneously. First the data are 
fitted to a simple r?'-order reaction (k2 = O). Accordingly, the results are used to 
initiate the program to fit to the autocatalytic expression. 
With the kinetic equation obtained, it is possible to predict reaction rate and 
conversion for any temperature-history by numerical integration. In our analysis a 
2"d-order Runge-Kutta integration method is used. 

kl = 6.84*105 S-' 

AE, = 102 kJ/mol 

n = 1.09 

2.2.2 Experimental 

= 1 .60*107 s-' 4? 
AE, = 72.4 kJ/mol 

m = 0.45 

DSC-measurements are carried out in a Perkin-Elmer DSC-7. Calibration of the 
calorimeter is conducted for each run, using indium (temperature, enthalpy) and 
zinc (temperature). Each sample contained 5-7 mg of compound sealed in a 
sample pan. Measurements a i  constant heating rate are performed at 5, I O ,  20 and 
40 "C/min, in a temperature range of 50 to 250 "C. 

2.1.3 Results and Discussion 

The heat of reaction for the black compound is directly determined by integration of 
the exothermal peaks from the DSC-measurements shown in Figure 2.2 and is 
found to be 60 J/g. 
The conversion, calculated according to the method discussed above, is shown in 
Figure 2.3. For each heating rate, a reduced dataset is used to fit the kinetic 
equation. In Table I the final results of the fit are summarised. Since m and n are 
no integers it is very likely that all variables represent an average of a number of 
different reactions. 
With the kinetic variables obtained, the kinetic data are recalculated to check the fit, 
with satisfactory results (Figure 2.4). In Figure 2.5 the reaction rate measured on 
the white compound is compared to recalculations, based on measurements 
performed on the black compound, showing that despite the absence of carbon 
black, the reaction kinetics can be considered equal. 

Table l. Kinetic parameters. 
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2.3 Rheology 

For mathematical modelling of thermoset processing one needs, apart from the 
reaction kinetics and the heat of reaction a constitutive equation for the description 
of the flow behaviour. The epoxy compound is modelled as a generalized 
Newtonian fluid and therefore an expression for the viscosity during cure must be 
determined. ifi the iiieïaiùre only limited information can be foünd concerning the 
effect ~f curing V ~ S C O S ! ~ ~  S% highly filied epoxy compounds. in this section a 
strategy is proposed to find an expression relating viscosity to temperature, shear 
rate and degree of reaction. 

2.3.1 Strategy 

A problem with highly filled, fast curing compounds, is the difficulty to measure 
steady state TisTositiës. Cäpiiiäï GscÖmëtrjT is nöt- pössiblë-for ~differënt- reasons. 
The most important one is that this method requires the same materiai aii over the 
capillary tube which is not fulfilled due to time and place dependent cure. For 
rotational viscometers, due to the paste-like behaviour of highly filled compounds, 
the sample will curl up during a steady state experiment. As a consequence, in this 
study the dynamic viscosity (qd), with deformations restricted to small amplitude 
oscillations, is measured instead of the steady state viscosity (qJ. 
To develop a proper viscosity model for flow simulations it is necessary to translate 
the measured dynamic viscosities to steady state viscosities. 

- ~- 

For some unfilled thermosets the Cox-Merz rule18 is reported to apply for 
conversions below the gel pointlg: 

In the literature a lot of research has been aimed at the validation of this law for 
filled systems. Kitano2' observed however, that for polyethylene and polypropylene 
melts filled with various solid particles, Cox-Merz failed when solid volume fractions 
were greater than 0.1 to 0.2. The dynamic viscosity measured at frequency O is 
lower than the steady state viscosity measured at a shear rate +=m. Applying Cox- 
Merz would result in a more shearthinning behaviour. This result is supported by 
Bigg2' who reported that even at low strains dense suspensions exhibit a large 
strain dependency. 
A constitutive relation for highly filled dispersions, a model with a yield stress 
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described by Hookean behaviour below, and by a Herschel-Bulkley relation above 
the critical stress, was reported by Doraiswamf who studied a 70 vol% 
suspension of silicon in polyethylene. Independently, van den Brule" proposed 
three similar but more general constitutive relations with a yield stress in it. One of 
the results of this type of constitutive models is that the dynamic viscosity at 
different strain levels may be made to superimpose if plotted against an effective 
shear rate defined as the product of frequency (CO) and maximum strain (yo). 
Furthermore, an equivaience between the steady state viscosity and the dynamic 
viscssity is predicted as foollows: 

ris(?) = rld("Y0) (2-5) 

Experimental results which support this prediction are only available at low shear 
rates". In this study it is however assumed that Equation 2.5 can be applied, in the 
region of interest for process modelling, i.e. the region between melting and 
gelation of the epoxy compound, and therefore the dynamic viscosity will be 

model! edhs a-funct ion- of_ eff ective shear rate, temperature and co nvergon. 

Early chemorheological models, reported in the literature, related viscosity (q) to 
time (t) and temperature (T), but could only predict viscosity under isothermal 
con dit ion^'^. Later models"* transformed these equations into an integral 
formulation, allowing the whole temperature history to be taken into account. No 
knowledge about, or control over, the conversion (a) as a function of time (t) is 
assumed. Using independently measured kinetic data, q(t) can be converted into 
q(a). Macosko and coworkers26G' *'! 28 reported a molecular model, using the 
branching theory, which relates the conversion to the molecular weight (M,,,). These 
molecular models can only be used when sufficient information is available about 
the actual reactions which occur during cure. 
Unfortunately, commercial moulding compounds contain several epoxies and 
hardeners, and a high content of various additives that might affect the reactions. 
Therefore, a model based on a molecular analyses is often found to be impossible. 

Another class of models relates viscosity directly to epoxy conversion28i 29i . In 
these models an Arrhenius temperature dependency is assumed with two 
adjustable parameters. They differ in their treatment of the curing dependency but 
all assume that this dependency can be separated from the temperature 
dependency. Furthermore these models do not include a shear rate dependency. 
For filled systems however, pronounced shearthinning has been 
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The non-linear behaviour of the viscosity as a function of the shear rate is often 
described by means of a powerlaw. We used an identical expression to model the 
effective shear rate dependence. Temperature dependence is often described by 
an Arrhenius-equation. Therefore the following expression for the dynamic viscosity 
is adopted: 

The materia! parameters, q,, E, and n, represent respectively the pre-exponential 
factor, the flow activation energy and the powerlaw exponent. In case of reacting 
materials, these material parameters will be, in general, a function of the conversi- 
on. Thus, expression (6) is written as: 

The dynamic viscosity is measured at different heating rates and various frequen- 
cies and strains, producing a set of data containing viscosity, temperature, 
frëtjüëncyyt sträiï-and3lmë:-Uslngthe- kinetic equationTobtained -From the-dynamic ~ - 

DSC-experiments, the conversion at each time caw be calculated. Accordingly, the 
material parameters as a function of conversion are determined by analyzing the 
data at equal conversion. Through fitting, the material parameters as a function of 
conversion are determined. 

- 
-- 

2.3.2 Exper i ment al 

Dynamic viscosity measurements are performed on a Rheometrics Mechanical 
Spectrometer (RDS li), using a 25 mm diameter plate-plate geometry. The pellets 
of the compound are grinded to a fine powder, and then pressed into a 25 mm 
diameter disc with a height of 1.2 mm. Care is taken not to heat the sample during 
milling. The pressure used is such that a specific weight of 1.7 g/cm3 is obtained, 
equal to the density of the preforms used in the encapsulation process. This is 
important since the density proved to have a great impact on the values measured 
for the dynamic viscosity (Figure 2.6). 
The dynamic viscosity of the black compound is measured at constant heating rate 
are carried out at 2, 5, 10 and 20 "C/min at various frequencies and strains. Some 
experiments on the white compound (without carbon black) are performed as well, 
to validate the assumption that the rheological behaviour of the two compounds is 
identical. 
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Figure 2.6- - Dynamic viscosity measured at-atieating rate of 2"Chin fer sarpipies-of 
a highly dilled e p ~ ~ y  ampound prepared at different pressures 

2.3.3 Results and Discussion 

In Figure 2.7 the dynamic viscosity measured at a heating rate of 2 "C/min, a 
maximum strain of 0.25% and frequencies of 1, 10 and 1 O0 rad/s. This plot also 
shows measurements performed on the white compound, showing that no major 
difference in rheological behaviour can be found. In Figure 2.8 the dynamic 
viscosity at 20 "C/min, 100 rad/s and strains of 0.25 and 1% is plotted. It is clear 
that the material not only shows a frequency dependence but also a large strain 
dependency. At a heating rate of 5 "C/min and various frequencies and strains, 
experiments are performed to determine whether the material follows the 
predictions of the model of Doraiswamf, that curves with the same effective shear 
rate superimpose. In Figure 2.9 the dynamic viscosity is plotted against 
temperature for constant effective shear rate (myo). As predicted by the model, the 
data for each effective shear rate form a single master curve. 
It is important to notice that other predictions of the constitutive model as proposed 
by Doraiswamy are not fulfilled. For example, the phase drift 6 should be a function 
of the imposed strain: 6 = cos-'[ 1 - (2y, /yo) ] , where yc is the strain at yielding. 
This is not found for the material under consideration. 

2-8 



CI 

<D 
Q 
Q 

A 
u> o o 
u> 

o 

cd 
E 

Y 

c .- 
.- : 
E 
.- 

o" 

10' 

10' 

1 o* 

10' 
T-rate-2 "Clmin y0-0.25 % 

++o o +  
? + o  7, -0.25 % + 

%= U +  
++ 0 o +  

++ o o +  

+ o  

0 + 1% + o  + o  

++ %o-oo ++ 

: ++ ++++-#++ 

10. 

lon  

10': 

50 70 90 110 130 150 

Temperature ["C] 

y o  
: - 100 1 

50 2 
. - - 200 0.5 
. - _  

/-, 

- -Figure2.? -Dynamic- viscos@- measuret ai a - 
heating rate of 2"C/min, yo = 0.25% and o = I ,  
10 and 100 rad/s. Comparison with compound 
without carbon black (..). 

- 
'? 

0 
Q 

% 

u> o o 
v> 

o 

c .- 

5 
.- 
5 e 
A n 

10' ' 
50 70 90 110 130 150 

Temperature ["C] 

Figure 2.9 Dynamic viscosity plotted against 
temperature for constant effective shear rate 
(myo = 100 s-') at a heating rate of 5 "C/min. 

CI 

o? 

Y 
m 

c - 
v) 
6 o 
v) 

o 
5 
- 
5 
L- 
A n 

CI 

<D 
n Q 

A 
co 
O o 
u> 

o 

Y 

c - 
5 
- 
5 
E 
A 
O 

Figure-28 - Dynamic-viscosjty- measured- af a 
heating rate d 2Q"C/min, co = IQQ rads and 
yo = 0.25 (E9 and 1 % (+). 

10' L 1 ._ 
T-rate-5 "Clmin 
- isoconversion ( e )  

10' 

1 O' 

1 O' 

10' 

t I 
10' ' 90 110 130 150 I 

50 70 

Temperature ["C] 

Figure 2.10 Dynamic viscosity plotted against 
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Experiments are performed at heating rates of 2, 5,  10 and 20 "C/min at various 
combinations of strains and frequencies, thus at various effective shear rates. For 
each heating rate the dynamic viscosity is plotted against temperature. Using the 
kinetic equation obtained in section 2.2, at each point in these curves the 
conversion can be calculated, and points of equal conversion can be determined. 
In Figure 2.10 the results are shown for the experiments performed at a heating 
rate of 5"C/min. The curves for the other heating rates are submitted to Appendix 1. 
Over a range of conversions, the dynamic viscosity is piotied against the effective 
shear rate (Figure 2.11). The slope of the i s ~ c ~ r ì ~ e r s i ~ r ì  lines irì the double 
logarithmic plot provides the value of the powerlaw exponent in Equation 2.7. It is 
clear that the exponent is not a constant, and that the exponent decreases with 
the conversion. The powerlaw exponent as a function of the conversion is 
determined at each heating rate (Figure 2.12). It is assumed that the differences 
can be neglected and a third order polynomial is fitted on the average values to 
obtain a description ~f the pQwerlaw exponent as ,a function of the conversion 
(Appendix 10. 

For different vaiues of the effective shear rate the dynamic viscosity is measured at 
different heating rates (2, 5, 10 and 20 "C/min). 
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i O' 
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Figure 2.11 Dynamic viscosity plotted against 
the effective shear rate for various conversions: 

(A); 0.04 (O); 0.06 (4; 0.08 (o); 0.10 (O); 0.12 
(4; 0.14 (4); 0.18 (a) Full lines: isoconversion. 
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Figure 2.12 Powerlaw exponent (n) obtained 
from experiments performed at different heating 
rates plotted against the conversion. Full line: 
third order polynomial fit on the average values. 
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In Figure 2.73 the dynamic viscosity is plotted against the reciprocal temperature 
for experiments performed at an effective shear rate of 25 s-'. The curves at values 
of 0.25, 2.5 and 100 s-' for the effective shear rates are submitted to Appendix 1. 
Lines of equal conversion were determined, using the kinetic equation and the 
given temperature-history, and plotted in Figure 2.73 as well. The slope of these 
lines (EJR) appears to depend on the conversion. Consequently the temperature 
and conversion dependencies cannot be separated. The conversion dependent flow 
activation energy Qíq. 2.7j, is determined by fitting a ninth order poiynomiai to the 
average values of the curves shown in figure 2.14. Since the powerlaw exponent 
can be calculated over a range of conversions the pre-exponential factor (qo) can 
be determined as well using an identical procedure (Figure 2.75). The coefficients 
of the polynomials obtained by fitting for the conversion dependent factors can be 
found in Appendix 11. 

w - 100 radls 
y, - 0.25% 

Combining effective shear rate dependence as described with the powerlaw, with 
the temperature and conversion dependence, described with the Arrhenius 
equälîön QEq.2.79, äcömplelë c0escr~~iönöftRëdynämic viscöcltjräsä-function 07 
effective shear rate, temperature anci conversion is found. 

-~ 

1 O' 4 
0.21 0.23 0.28 0.29 0.31 

( E 4  
1/T [ K I ]  

Egure 2.13 Dynamic viscosity plotted against 
the reciprocal temperature for experiments 
performed at yo = 0.25%, and w = 100 rads and 
different heating rates (2, 5, 10, 20 "C/min); 
--- : lines of equal conversion. 
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Figure 2.14 Flow activation energy obtained 
from experiments performed at different 
effective shear rates plotted againsi the 
conversion. Full line: ninth order polynomial f B  
on the average values. 
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To study the predictive capabilities of the description obtained, the dynamic 
viscosity of various experiments are calculated. Using the temperature history of 
the experiments, the conversion at each time is calculated with the kinetic equation 
obtained. The calculation of the dynamic viscosity is started after melting and 
before gelling of the material (a,, = 0.18, see section 2.4). The measured viscosity 
is compared with the calculated Viscosity Figure 2.16, and agrees well. 
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Figure 2.15 Pre-exponential factor obtained 
from experiments performed at different 
effective shear rates plotted against the 
conversion. Full line: ninth order polynomial fit 
on the average values. 
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Figure 2.16 Dynamic Viscosity plotted against 
temperature for a heating rate of 2 "C/min, yo = 
0.25%, and w = 1, 10 and 100 rads; (--): 
measured, (-): calculated. 
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2.4 

2.4.1 

Gel Point 

Gelation is of critical importance in the processing of thermosets, since the polymer 
does not flow and is no longer processible beyond this point. Gelation does not 
inhibit the curing kinetics and therefore cannot be detected by techniques only 
sensitive to the chemica! reaction, such as DSC. The ge! point ia defined by the 
conversion at which an infinite molecular network is formed. Prior to gelation, the 
polymer is soluble, but after gelation both soluble (sol fraction) and insoluble (gel 
fraction) materials are present3' e 

Due to the infinite molecular network formed the steady state viscosity would 
become infinite at the gel point. The dynamic viscosity however does not become 
infinite even after gelation due to its definition. In literature various methods have 
been described to determine the gel point from these measurements, Tung and 
Dynes= suggested that the G'-G" crossover point corresponds to the gel point. 
Winte?= however argues that the correspondence is only valid for a limited class 
of network polymers. Different classes are distinguished by their stress relaxation 
behaviour near the gel point. As a consequence Winter proposed a general method 
for detecting gelation from dynamic experimentss. Since, according to this theory 
tan@) is independent of frequency at gelation, the gel point may be determined by 
performing experiments at different frequencies. 
Another method for detecting the gel point from dynamic experiments is proposed 
by Harran et als. They found that gelation may be detected by the appearance of a 
shoulder in the GI' curve. Furthermore they observed that the position of this 
shoulder is not influenced by frequency or strain, supporting the statement of 
Winter. 

In the following section the gel point is determined first by measuring the soluble 
fraction of samples with a different degree of cure. The conversion of these 
samples are determined by measuring the heat of reaction left, using DSC. In 
section 2.4.3 the theories proposed in literature to determine the gel point from 
rheological measurements are examined. 
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2.4.2 

30 

Soxhlet Extraction 

Q - 

The amount of sol fraction can be determined through extraction. When the sample 
is merged into a suitable solvent, all finite molecules will dissolve and diffuse out of 
the sample. By applying Soxhlet extraction, the solvent is exchanged continuously 
and eventually no sol fraction will remain. 
Samples are prepared by curing small amounts of compound on a metal plate in 
an oven at 90 for various times. The reaction is stopped Dy quenching in an ice 
bath. A smal9 amount of these samples are fully cured in the ESC to determine the 
degree of reaction. 
Cellulose thimbles are extracted for 72 hours in tetrahydrofuran and then dried 
under vacuum. The samples with various curing times are placed in a pre-extracted 
thimble and extracted in tetrahydrofuran for 96 hours and dried under vacuum until 
no further weight loss can be detected. 
The weight fraction of soluble (WJ is calculated as follows: 

(2-8) W , f o r e  extraction - w a t e r  extraction ws = 
W b f o r e  extraction 

In Figure 2.77 the soluble fraction of the samples cured for different times are 
shown as a function of the conversion, as determined with DSC-experiments. 
In the pre-gel region, alt molecules are finite and will dissolve during extraction. The 
value for the soluble fraction of -c 33 wt% measured in this region is in reasonable 
agreement with the fact that according to the specifications of the compound 69% 

0.0 0.1 0.2 0.3 0.4 0.5 

Conversion 

Figure 2.17 Soluble fraction of samples cured for different times plotted against the conversion. 
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of the compound consists of insoluble silica. In the post-gel stage the soluble 
fraction decreases with the conversion until no more solubles are present. Samples 
are prepared with a conversion around the point of gelation until the difference in 
conversion of the last pre-gel sample and the first post-gei sample is less than 5%. 
The gei point is then defined as the average of the conversion of these two 
samples and is found to be 0.18. 

i GI-G'crossover 

2.4.3 MPscoeDastic Properties near the Gel Point 

To examine the theories proposed in literature to detect the gel point from dynamic 
experiments, the measurements used to model the dynamic viscosity (section 2.3) 
are further studied. Tung and Dynes= suggested that the GI-G" crossover 
corresponds to the gel point. In Figure 2.78 G' and G" are plotted against 
temperature for measurements performed at a heating rate of 2 %/min, 0.25% 
strain and frequencies of 1 10 and 100 radb. It is shown that despite the identical 
temperature histories of the experiments, the G'-G" crossover does not occur at the 
same temperature and, since the temperature histories are similar, not at the same 
level of cure. 

10' 
60 70 80 90 100 110 120 

Temperature ["Cl 

Figure 2.78 G(..) and GI1(-) measured at a 
heating rate of 2 "C/min plotted against 
temperature; y,, = 0.25%, and w = 1, 10 and 1 O0 
rad/s; (O): GI-G" crossover. 
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Figure 2.19 Tan (6) plotted against 
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In Table /I the conversions at the G'-G" crossover, calculated with the kinetic 
equation, are listed for all experiments performed. Since gelation should only 
depend on temperature history, it is clear that the gel point does not correspond 
with the G'-G" crossover. 

According to Winter's findings tan(6) is independent of frequency at the gel point. In 
Figure 219 tan(6) is plotted against the conversion for the same experiments at 
2"S;rnin. 

Table ll. Conversion at the G'-G" crossover for the rheological measurements 
performed at various heating rates, frequencies and maximum strains. 

T-rate 0 Yo Wl(0 
rC/min] [radk] [%I is-'] 

2 li 0.25 0.25 

2 10 0.25 2.5 

2 1 O0 0.25 25 
I. ~ 

I 5  1 I 0.25 I 0.25 

1 1 1 II I I 

II 5 I 4 1 

0.081 

0.088 

0.134 

0.046 

0.074 

0.057 

II 5 10 I 0.25 I 2.5 0.049 

5 50 2 1 O0 0.132 

5 1 O0 0.25 25 0.087 

5 1 O0 1 1 O0 0.131 

20 1 O0 0.25 25 0.053 

20 1 O0 1 1 O0 0.085 
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At a conversion of 0.03 the curves cross and thus in that point tan@) is found to be 
independent of the frequency. For other series of experiments, such 
point could not be detected unambiguously. The plots for the experiments for 
heating rates of 5,  10 and 20 "C/min and various frequencies are submitted to 
Appendix 111. It seems that for a conversion of 0.18, the gel point as detected by 
extraction experiments (section 2.421, some tan(6) curves do crossover. Winter's 
approach seems however not consistent for the whole range of experiments 
performed on this type of materiais. 

It appears that none of the methods proposed in literature are capable to detect the 
gel point from dynamic experiments for the system used in our study. Probably the 
high level of additives, especially the 70 wt% of solid particles, cause the models to 
fail for the epoxy compound studied. 

However, evaluating the dynamic results, it was found that above a certain degree 
of reaction the storage modulus, G', is no longer a function of frequency or 
temperature. This is shown in Figure 2.20, where G' is plotted against the 
conversion for dynamic experiments conducted at a maximum strain of 0.25% with 
various heating rates and frequencies. All G' curves converge after a defined level 
of cure is reached. 
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Figure 2.20 G' plotted against the conversion Figure 2.27 G' plotted against the conversion 
for dynamic experiments performed at for dynamic experiments performed at yo = I 

y,=0.25%, and various cornbinations of 0.25% (..) and 1% (-). 
frequencies and heating rates. 
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It is known that beyond gelation, in the rubbery state, G’ is hardly dependent on 
frequency and temperatureg. Before gelation, however, pronounced temperature 
and frequency dependencies are to be expected. This means that the conversion 
at which the curves converge corresponds with the gel point. From Figure 2.20 is 
appears that the conversion at convergence is in reasonable agreement with the 
gel point as determined through extraction experiments (a,,=Q. 18). Unfortunately, 
the transition is not evident enough to serve as an unambiguous technique to 
aetect the gei point. 
The maximum strain however does influence the G’ CUNB as shown in Figure 2.26, 
where G’ is plotted against the conversion for experiments performed at different 
strains. The strain dependency expresses the non-linear behaviour of this 
crosslinked system. 

Neither the GI-G” crossover or the frequency-independency of tan (6) can be used 
to determine the gel point of the system studied. However, the curves of G’ against 
conversion for measurements performed at an equal maximum strain appear to 
converge after a conversion is reached of approximately 0.18, which agrees with 
the ge3 point determined through extraction experiments. 
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2.5 Thermal Properties 

For the numerical simulation of flow of the compound it is necessary to know the 
thermal properties, Thermal diffusivity (aT) is the property of the material which 
determines the rate at which the material will gain or lose heat. The thermal 
diffusivity is given by the relation? 

3L aT = - 
P*Cp 

12-91 

in which h is the thermal conductivity coefficient, p is the density and c, is the heat 
capacity at constant pressure. The density of the compound, used in the 
visualisation experiments is 1700 kg/m3. Both the heat capacity and the thermal 
conductivity coefficient are determined by SWO Polymertechnik (Krefeld,Germany). 

2.5.1 Heat Capacity 

The heat capacity is measured using Differential Scanning Calorimetry at heating 
rate of 5 "C/min from 23 to 300 "C. To obtain the absolute value of the heat 
capacity the instrument is calibrated accurately. The heat capacity appears to be 
a1400 [J/kg.Kl (Figure 2.22). It shows that not enough data are obtained to 
determine what influence the degree of reaction has on the heat capacity, so the 
heat capacity is assumed to be a constant. 
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Figure 2.22 The heat capacity plotted against temperature; heating rate of 5 "C/min. 
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2.5.2 Thermal Conductivity 

The thermal conductivity is measured using the "K-system II" which is a transient 
technique to measure the thermal conductivity of polymers. The thermal 
conductivity is measured during cure, since cure can have a significant influence on 
the thermal conductivity of thermosets3. However the influence of cure is not 
expected to be significant for highly filled systems. The experiments are performed 
at three different temperatures: 80, 90 and 100 "C. The resuits are shown in Figure 
2.23. At each temperature the data scatter beiween 8.6 and 0.8 v/m.N. The 
dispersion of the data is that large that the influence of cure can not be detected. 
The thermal conductivity coefficient is therefore assumed constant: 0.7 w/m. Kl. 
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Figure2.23 The thermal conductivity measured at a constant temperature plotted against time; 
Temperatures: 80 "C (A), 90 "C (O) and 100 "C (O). 
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3 Reactive Flows 
For the development of a technology that allows for IC-encapsulation with two or 
more components it is, in order to obtain the desired configuration in the mould, 
necessary to be able to predict the distribution of the materials in the transfer pot. 
For such a prediction a numerical model for reactive flow is needed. In order to test 
the predictive capability of the numerical medel, the pistori diksen flow is chocee; 
since this %!SW meets some !naporkan% requirements and has some decisive 
advantages. The initial and boundary conditions are well defined and variables as 
temperature, velocity and initial configuration are easily controlled. Comparison with 
numerical results is performed via visualisation of the deformation patterns. The 
complete deformation history proves to be more discriminating than velocity 
measurements? 

In section 3.1 of this chapter the reactive flow of a highly filled epoxy moulding 
compound is studied in a piston driven flow, using a combination of experiments 
and numerical amaiyses. The deformation patterns are experimentally visualised 
using different coloured slices of the same material. 
Another important requirement for the development of a multilayer technique, is the 
reproducibility and controllability of the transfer moulding process for a given 
number of cavities per plunger. In section 3.2 the deformation patterns in a two 
cavity mould geometry, used in the encapsulation process, are experimentally 
visualised. An improved geometry for a more controlled process is suggested and 
studied in section 3.3. 

3.1 Piston Driven Flow 

A piston driven flow is described as a flow of material packed in a cylinder between 
two pistons, pushed upwards by the piston at the bottom. To study this flow, 
visualisation experiments are performed by using different coloured slices of the 
characterized epoxy compound, which show the deformation patterns. Accordingly 
the finite element method is used to simulate the piston driven flow of the reactive 
material. The experimental and numerical results are compared, testing the 
predictive capability of the numerical model. 
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3.1.1 Visualisation Experiments 

Introduction 
To perform well defined experiments which visualise the deformation patterns of a 
reactive material in a piston driven flow, an apparatus is developed which is shown 
in Figure 3. I .  Between two pistons a stack of slices (0 16 mrn) is piled. The split 
barrel allows for preheating of the walls before it is placed around the pistons and 
the reactive material, without introducing any initial deformation. The setup is 
mounted in a transfer press. Due to the configuration of the total apparatus the 
closed cylinder is moved downwards instead of the lower piston moving upwards. It 
is trivial that the resulting flow is identical with a piston driven f l o f l .  
The black and white compounds, characterized in chapter 2, are used to provide 
for the different coloured slices of the reactive material. The compounds are 
grinded to a fine powder and then pressed into a 16 mm diameter disc with a 
height of 5 mm. Care is taken not to heat the sample during grinding. The pressure 
used is such that a density of 1.7 g/cm3 is obtained, equal to the density of the 
preforms used in the encapsulation process. Black and white slices are piled up 
forming a stack with a total height of 50 rnm. 

Figure 3.1 Apparatus for the visualisation of piston driven flow. 
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Melting the material gives a spatial and transient distribution of the cure level as 
occurs in an actual flow of reactive material. To investigate in which way the cure 
level influences the flow, experiments with clear differences in the cure level have 
to be performed. To accomplish such discriminating experiments the Damköhler IV 
number (Appendix /v has to be large (DalV > l)? 

This number represents the ratio of rates of temperature rise due to reaction and 
conduction. For a small Damköhler IV number curing takes place rather uniformly 
across the thickness of the part". Given the experimental setup and the material, 
the values for r,, h,, po, f and h, can not be varied. However the Damköhler IV can 
be set with the temperature of the walls, TWII (ATop=(TWll-TaanI). The level of cure 
can be varied by the delay time td; the time between closing the split barrel and 
moving it. 

To define the experimental window, the delay time (td) is varied, as well as the 
temperature of the cylinder (T,,,). Wall slip should be avoided since it is not 
included in the numerical model of the piston driven flow (section 3.1.2). Gelling of 
a too large amount of material is not desired as well. Within the experimental 
window experiments are performed, applying various displacements. The influence 
of the speed of the wall is studied using two speeds. 
To investigate the possibility of determining the gel point, experiments are 
performed in which the cylinder is moved more than once. 

At the end of the experiment the material is fully cured at a high temperature 
(150°C) for 2 15 minutes. The sample is removed and cut through the midplane 
using a diamond saw to allow for visual inspection of the internal deformation. 

Experimental Results and Discussion 
Experiments were performed at a velocity of the cylinder of 2 mm/s and a 
displacement of 20 mm at various temperatures and various time spans between 
closing and moving of the cylinder (td. This way the window of experimental 
parameters giving useful results was determined. In Figure 3.2 the results are 
presented. It shows that at too high temperatures and loo large values of fd, part of 
the material at the wall slips at the surface of the cylinder. This becomes more 
clear when the outer surface of the samples is studied. When the material sticks to 
the surface of the sample, the outer surface, which is not created at the side of the 
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Figure 3.2 Deformation patterns (midplane) recubing from piston driven flow at various temperatures 
and various delay times (tJ; velocity of the cylinder: 2 mm/s downwards; displacement: 20 mm; (*): clip. 
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driven piston, or removed by the driving piston, will contain its original configuration 
(Figure 3.3: A-€). When slip occurs this will not be the case (Figure 3.3: 8. Slip 
appears to take place at the driving piston first. 

In Figure 3.4 the conversion at the cylinder wall is calculated for various 
temperatures, using the kinetic equation as determined in section 2.2. For different 
conditions during the visualisation experiments, it is indicated whether slip or no slip 
occurs. It appears that for conversions higher than I 0.05 slip accurs, although it 
was expected hat dip would occur at gelatien. bne gel point was however 
determined to be 18 % (section 2.4). It may be possible that already at a cure level 
of 5 % the no-flow condition for the material at the wall holds. 

Some experiments are performed with the cylinder moved twice: first 3 mm 
downwards at fd, followed by a 3 mm upwards displacement at td2. The stack of 
material used in these experiments is composed of mostly white compound with a 
thin disc (3 mm) of black compound in the middle as well as at the pistons. These 
experiments were all performed at 100 'e, v = 2 mm/s and td,=188 s. Under these 
conditions the conversion at the wa9l at the first deformation will be lowe: than 5 %. 
At td,2 the conversion at the wall will be larger than 5 %. 

Figure33 Outer surfaces of samples subjected to the piston driven flow at different 
displacements; A-E: stick at the cylinder wall; X: slip. 
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figure 3.4 Conversion at the cylinder wall calculated for different isothermalc. 
O: stick ; O: slip. 

figure 3.5 Deformation patterns resulting from oscillating piston driven flow experiments. 
Tval,= 100°C, %,,=I80 8, v = 2 rnrnls (first down, then up), displacement is 3 mm. 
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Figure 3.6 Deformation patterns resulting from piston driven flow for various displacements at 
t,,=180, 270 and 300 s; velocity of the cylinder: 2 m d s  downwards. 
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The results are shown in Figure 3.5. The first sample has only been moved once 
aíter 180 s. The other samples differ only in td2: 300, 320, 340, 360 and 400 
seconds. 
For td,,=3O0 s a no flow region is observed near the wall. Increasing this second 
delay time did not show a clear inward shift of the no flow region as was expected. 
This is not understood yet. Only for td=400 s it seems that any flow of interest is 
not possible anymore. The results were obscured by wall slip. No further attempt 
was made to improve these experiments, although it proves to be important to 
imvestigate this phenomenon rnrtre precise in futisre. It seems to be mezningfu! to 
define a rheological gel point besides the chemical gel point. 

Within the experimental window it appears that in the temperature range of 110- 
115 "C the process is critical, with respect to wall slip. Since time is a better 
controllable parameter than temperature, several experiments were performed at a 
temperature of 1QQ "C and a wall speed of 2 mm/s and heating times e 180 s. 
These experimental restrictions limit the value of the Damköhler IV number. The 
resulting deformation patterns are shown in Figure 3.6. The patterns dor different 
displacements show the development of a fountain flow near the driven (upper) 
piston and a reverse fountain flow at the driving (lower) piston. In between a 
Poiseuille flow arises. The influence of cure is studied by varying td. Increasing $ 
results in smaller deformations close to the cylinder wall and larger deformations at 
the centre of the samples. Furthermore the turning point of the reverse fountain 
flow at the driving piston appears at a larger distance from the piston. 
Unfortunately, the differences in the deformation patterns at different td are not that 
large since, due to the relative low Damköhler IV number (0.21, see Appendix IV, 
the experiments are not as discriminating with respect to the cure level as wished 
for. 

To study the influence of the wall speed, experiments are performed at T=100 "C, 
td=18Q s and a velocity of now 100 mm/s. In Figure 3.7 the results of these 
experiments are shown. it appears that the deformation patterns are influenced by 
the velocity of the cylinder, and thus by the shear rate, indicating that the material 
is shear rate dependent. 

In conclusion the experiments show that the deformation patterns of the piston 
driven flow for a reactive material are successfully visualised. Due to the 
occurrence of slip at low levels of cure, the temperature range for experiments 
showing no slip is limited to relatively low temperatures or short delay times. 
Consequently, the Damköhler IV number is relatively low. The use of the chemical 
gel point as a no-flow condition seems to be questionable for this material. 
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Figure 3.7 Deformation patterns resulting from piston driven flow performed at a velocity of the 
cylinder of 1 O0 m d s  downwards; T,,,= 1 O0 "C, td=l 80 s. 
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3.1.2 Numerical Simulation 

Introduction 
To simulate the piston driven flow numerically a standard finite element package for 
flow simulations (Sepran)40 is used. The numerical method includes a particle 
tracking algorithm which is able to predict where a particle will flow in a mould. 
Deformation patterns can be obtained and directly compared to the experimental 
visualisation results, thus verifying the numerical modei and constitutive equation 
used. 
The advantage of mathematical models is that they can be inverted. In this way the 
position at which a particle has to start to accomplish a defined final position inside 
a product can be predicted. In case two materials with different (flow) properties 
are used, only an iterative method will yield the desired initial configuration. 
Numerical simulation of reactive flows is therefore a useful tool for the development 
of a muiticomponent Pramsfer moulding process, avoiding too much trial and error in 
practice every time a different mould geometry has to be used. 
For particle tracking each particle is identified by a set of labels4'. These labeis 
contain information about the position (and thus colour) of tne particle in the 
original configuration. 

In case of reactive flow, four equations have to be solved simultaneouslya. Next to 
the mass-, momentum- and energy balance equations the conversion of the 
reactive material yields a fourth balance equation: the mole balance equation. As 
prediction of the conversion field, which is strongly convection dominated, implies 
precise knowledge on the "history" of the flow, it is essential to compute an 
accurate velocity profile. 
As shown in chapter 2, the reactive character of the material results in changes in 
the reaction rates, the heat of reaction and changes in physical properties. 
Thermally induced polymerization and crosslinking are by nature instationary 
processes. This results in a system of unsteady equations. 

The material is described as an incompressible, heat conducting, reactive viscous 
fluid. For the description of the reaction kinetics of the epoxy compound the kinetic 
equation obtained in section 2.2 is used. The material is assumed to behave as a 
generalized Newtonian fluid for which the viscosity is a function of temperature, 
conversion and shear rate (section 2.3). Since the Reynolds number for this 
material is found to be small (Re<cl) a Stokes flow is assumed (Appendix /Q The 
mass transfer Peclet number involved is very large (Pe,,, = lo8), therefore molecular 
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diffusion can be neglected". In order to approach solid material behaviour, the 
Viscosity for conversions beyond the gel point is set to ten times the value of the 
zero shear viscosity at the gel point. This method of modelling the no-flow 
behaviour of the gel, was numerical tested for the desired behaviour by Corbey& 
and was found to be satisfactory. 

Numerical method 
To solve the system of non-iinear coupied parliai differentiai equations, the finite 
eiement package Sepraan is ernpllojje#'. The velocity field is calcuhted using 
enriched quadratic triangles (axisymmetric). The energy and conversion balances 
are discretized using quadratic triangles, This leaves a system of four coupled 
equations. The equations are coupled by their right hand sides and the convection 
terms. Uncoupling is provided by treating these terms explicitly. In order to avoid 
partial pivoting, the equations of momentum and mass are uncoupled with the 
penalty function methodm. To approximate the time derivatives, an Euler implicit 
method is used'? 

Because of the large mass transfer Peclet number, the mslecuiar diffusion is 
extremely small and in fact neglected. This may lead to oscillations in the solution. 
This behaviour can be suppressed by upwinding techniques@. By applying 
streamline upwinding artificial diffusion is introduced in the direction of the 
streamlines. The justification of such an approach is merely numerical founded and 
not guided by physical considerations. 

Results 
The geometry that is dealt with consists of a 50 x 0 16 mm axisyrnmetric cavity 
between two pistons with a moving wall. When the wall is moved downwards the 
upper piston can be considered as the driven piston and the lower piston as the 
driving piston. A no-slip condition is assumed on all boundaries. Since the 
conditions are axisymmetric, half the part of a lengthwise cross-section is 
considered. The mesh that is used consists of 460 elements. The mesh is shown in 
Figure 3.8. 
The wall of the cavity is kept at a constant temperature. The pistons are initially 
assumed to be thermally insulated (aTstee, = aT,compoun J. This is a first approximation 
of the real situation where the pistons are heated faster than the compound as the 
thermal diffusivity coefficient of steel is larger than that of the compound. 
So boundary Conditions are (v, = velocity at the wall; v, = velocity in radial 
direction; vy = velocity in vertical direction; T, = temperature at the wall): 
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Figure 3.8 Element mesh with y-coordinate 
along the cavity and x-coordinate in cross 
direction. 

Figure 3.9 Vector plot of velocity at t = 305 
seconds (displacement = 10 mm); T, = 100 "C. 

Table 3.7: Material parameters initially used in the numerical 
simulation. 

I l.02*105 I [J/moi] 11 p 1 700 
I I I1 I I I 
I 0.45 
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Pistons v, = o vy = o aT/ay = o 

Middle cavity: v, = o avy/ax = O aT/& = o 

Wall v, = o vy = o t < t, T = Tw 

vy = v, tz:t, 

The initial conditions for the whole domain are: T = 293 K, the conversion a=O and 
all velocities v=O. 

In Tabie 3.f the material parameters initially used in the numerical sirnulations are 
summarized. The parameters for the kinetic equation and the heat of reaction H, 
are determined in section 2.2. The coefficients of the polynomials used in the 
viscosity model are determined in section 2.3 and summarized in Appendix I/. To 
prevent that the viscosity becomes infinite at very low shear rates, a typical 
powerlaw deficiency, the viscosity for shear rates smaller than 0.01 [s"] is set to 
the value of the viscosity at a shear rate ~f Q.Qd [s"]. The experimental values of 
the heat capacity (c,,) and the thermal conductivity coefficient (A) are determined in 
chapter 2 as well. However, at the start of these simulations these experiments 
were not yet performed so typical vaiues found in literature3. l3 are initiaíiy used. 
The density (p) is obtained from the supplier. 

The first simulations are performed under conditions nearly identical to those of the 
visualisation experiments discussed in section 3.1 .I. The simulations are performed 
for three different temperatures : 90, 100 and 110 "C, and at td=180 and 300 
seconds. The results for T, = 90 and 110 "C are presented in order to be able to 
investigate how sensitive the results are for variations in the wall temperature. For 
the visualisation the initial y-coordinate is transported. The velocity at the wall is 2 
mm/s. In Figure 3.10 the deformation patterns resulting from the simulations at 
displacements of I O ,  20, 30 and 40 mm are showed. As in the visualisation 
experiments, the fountain flow at the driven and the reverse fountain flow at the 
driving piston can be recognized. The black spots along the midplane seen in the 
same figures are due to material particles with an y-label greater than the 
maximum of 50 mm and origin from the singular point at the piston corner. They do 
not influence the deformation patterns elsewhere. In the velocity field (Figure 3.9) it 
is shown that the material approaches the driving piston along the wall, enters the 
reverse fountain flow region, moves towards the midplane and is directed to the 
driven piston. 
Comparing these results to the visualisation experiments (Figure 3.6) it appears 
that the flow, especially at large displacements, runs behind. It can be concluded 
that the numerical simulations agree well in a qualitatively sense with the 
experimental visualisations. This agreement is better for the smaller delay time. 
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Figure 3.70 Deformation patterns resulting from numerical simulations. T p  90, 100 and 110 "C; 
fd=l80 and 300 seconds; v p  2 m d s ;  displacements: 1 O, 20, 30 and 40 mm. 
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Since the value for the thermal diffusivity coefficient (aT = A / p.c, [m2 /SI) used in 
the previous simulations is based on estimated values for the heat capacity (cJ 
and the thermal conductivity coefficient (A), the influence of this parameter is 
studied by changing the value of the heat capacity. Simulations varying this 
coefficient (4cp and cd4) are performed for piston driven flow with a wall 
temperature sf 100 "C and td = 180 and 300 seconds. The resulting deformation 
patterns are submitted to Appendix V. At first instance the main difference between 
the numericai and experimental results cafi be sxpressed by the distance over 
which the @ia&) material O!OWS aimg the midplane. Therefore, in Figure 3.11 the 
vertical displacement of the material at the bottom along the midplane is plotted 
against the displacement of the wall, and compared to the experimental values. 
The results show that the diffusivity coefficient, has a pronounced effect on the 
deformation patterns. However, increasing as well as decreasing the coefficient 
both result in a larger difference with the visualisation experiments. It was therefore 
desirable determine the thermal conductivity coefficient (A) and the heat capacity 
(cJ more precisely, and not to be satisfied with values from literature. 
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Figure 3.7 7 The vertical displacement y of the material at the bottom along the midplane plotted 
against the displacement of the wall; simulations for initial parameters (O), 4cp (A), cJ4 
(V) and Tp=Tw (..) and visualisation experiments (--I. a) t,, = 180 s. b) td = 300 s. 
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Another assumption which certainly does not agree with the experimental 
conditions is the assumption that the pistons are insulated. To study the influence, 
the other limiting boundary condition, the temperature of the piston (T,,) equal to the 
wall temperature (T,,,), is examined. The results (Figure 3.11, Appendix show 
that there is not much difference for the two limiting boundary conditions and thus 
this condition is assumed to have only a minor influence on the deformation 
patterns. 
Simulations at larger dispiacememts sf the wall (50-180 mm) show (Figure 3.12) 
that the numerical model is able t~ predict patterns resembling those f~und In the 
experiments. It seems however that the influence of cure as seen for experiments 
performed with td=300 seconds, is not that obvious in the simulations. 

It may be concluded that the simulations of the piston driven flow of reactive 
material with the numerical model and current material parameters, show 
qualitative agreement with the experiments. Furthermore the model is able to 
describe large displacements. Changing the boundary conditions has only a minor 
influence on the results. A quantitative agreement with the experimental results, 
could be achieved by re-examining the material paiameters. 

50 . 60 70 80 90 100 m m  

Figure 3.72 Deformation patterns resulting from numerical simulations Te1 O0 "C; t.,= 300 seconds; 
v p  2 mds; displacements: 50, 60, 70, 80, 90 and 100 min. 
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Re-examination 
The rheological model is based on measurements of the dynamic viscosity. It is 
only assumed, and not yet tested, if the transformation of the viscosity model into a 
description of the steady state viscosity, is valid. The kinetic model determined for 
the material could be questioned as well, since no other measurements or 
techniques (i R-spectroscopy) could be performed to confirm the results. 
Furthermore, the use of the chemical gel point as a no-flow condition seemed 
queslionabie for this matepiai (section 3.5 .i). Therefore, in ffiis part the sirnuiations 
will be edended by varying the questionable material parameters. 

In previous simulations the viscosity for shear rates smaller than 0.01 [s"] is set to 
the value of the viscosity at a shear rate of 0.01 is-'] (i.mi,,) to prevent that the 
viscosity becomes infinite. It should be mentioned however that the measurements 
on which the description of the powerlaw behaviour is based were performed at a 
Iswest effective shear sate of Q.25 is-']. Therefore simulations are performed in 
which this value is changed to respectively 0.1 and 0.25 [s"]. All simulations are 
performed at td=300 seconds and a wall temperature of 188 "C. 
The resulting deformation patterns of the sirnuiations are submitted to Appendix K 
In Figure 3.13 the vertical displacement of the material at the bottom along the 
midplane is plotted against the displacement of the wall, for the simulations 
performed. The simulations in which the Newtonian plateau is enlarged to higher 
shear rates does improve the resemblance between simulation and experiment. 
Following the trend in these results, in a rather crude way, simulations are 
performed (td=180, 300 s, T,=lOO"C) in which the viscosity is no longer a function 
of the shear rate: the powerlaw coefficient n=O. This results in a further improved 
resemblance between simulations and experiments (Figure 3.13). The deformation 
patterns are shown in Figure 3.14. The simulation performed at fd=l80 s shows that 
the viscosity model used describes too strong shear thinning behaviour for this 
material. It should be noticed, however, that the effect of shearthinning is observed 
in the experiments with different piston velocities (Figure 3.7). The influence of 
cure, as in the visualisation experiments at &=300 s, is not found in these patterns. 

To increase the influence of cure level, simulations are performed in which the 
conversion used in the viscosity model is doubled (2a). The resulting deformation 
patterns are submitted to Appendix V: The vertical displacements of the material at 
the bottom along the midplane, presented in Figure 3.13 as well, shows that 
increasing the influence of cure on the viscosity does not result in a better 
agreement of the simulations with the experiments. 
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Figure 3.i3 The vetticai dispiacement y i>: the material at the ~ Q W S ~  along the midplane plotted 
against the displacement of the wall; simulations for variations in viscosity model (-): 
(O) initial viscosity model; (A) 2a; (U) .Ymin = 0.1 s-'; (o) .Ymin = 0.25 s-'; (A) q=lOOO Pas; 
(i) n(a)=O; and visualisation experiments (--,e). 

10 20 30 40 m m  10 20 30 40 m m  

a. b. 

Figure 3.74 Deformation patterns resulting from numerical simulations performed with a viscos'w 
model in which the powerlaw coefficient n = O. T,plOO"C; v,= 2 m d s ;  displacements: 
10, 20, 30 and 40 mm;(a) td= 180 s (b) +300 s. 
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figure 3.75 a) Conversion profiles b) Temperature profiles for the simulation performed at 
T,=lOO"C; v, 2 mds; td=300 s; agel= 0.18; displacements of 10, 20, 30 and 40 mm. 
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figure 3.76 a) Conversion profile b) Temperature profiles for the simulation performed at 
T*lOO°C; v p  2 mds; tg300 s; asel= 0.04; displacements of 10, 20, 30 and 40 rnm. 
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Since it proved important to know the thermal conductivity coefficient (A) and the 
heat capacity (c,) more precisely, these coefficients are experimentally determined 
(section 2.5). The estimation of thermal conductivity coefficient (A) appeared to be 
in agreement with the experimental value (0.7 PNIm.4). The estimated value for 
the heat capacity (1 O00 [J/kg.KJ) differed from the experimentally determined value: 
c,=14QQ [J/kg.M]. Simulations are performed using the measured values for these 
coefficients. Since the resulting deformation patterns show an improved 
recembiance (Appendk 'VJ the folliowifig simulations are performed, using the 
experimentally dsterrnhed value of the heat capacity. 

From the visualisation experiments it was concluded that the use of the chemical 
gel point as a no-flow condition seems to be questionable for this material (section 
3.1.1). Furthermore] in the conversion plot for the simulation performed with a delay 
time td=300 s, and T,,, = 100 "C, it is shown that the conversion at the wall does 
not reach the chemical gel point of 18 % (Figure 3.15). In the corresponding 
visualisation experiments, however, the material at the wall seems to have reached 
the no-flow condition. Therefore, simulations are performed using a rheological gel - 

point of 4% (Figure 3.57'. 
The deformation patterns show that using the rheological gel point as a no-flow 
condition results in a more quantitative agreement between the simulations and the 
experiments. At the wall the material, that has reached the gel point does not flow, 
resulting larger displacements of the material at the centre of the cylinder. 

I 

I I I  I 

I 10 ' 20 30 40 mm 

a. 

20 30 40 mm 

b. 

Figure 3.17 Deformation patterns : a) visualisation experiment b) numerical simulation; T~1OO"C; 
v,= 2 mds;  displacements: 10, 20, 30 and 40 mm; t,=300 s. 
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Furthermore, the reverse fountain flow region at the driving piston is broadened, 
which agrees well with the experimental results. The patterns resulting from these 
simulations are disturbed by a division of the first material (white coloured) that 
flows into the reversed fountain flow, into two regions (in Figure 3.77 : 1,2). 
The conversion- and temperature profiles resulting from the simulations performed 
with aW,=O.l% and 0.04, are compared in Figure 3.75 and Figure 3.76. The 
conversion profiles from simulations performed with aW,=0.04 show much larger 

performed which mu%d n ~ t  be ~ ~ m p k t e d .  The temperature profiles with clW,=OSW 
show locally larger gradients as well. Due to higher viscosities the Brinkman 
number is increased (Appendix Iv. Viscous dissipation becomes more important, 
leading to a temperature rise which causes an acceleration of the reaction, and 
thus a further increase of the temperature. it should be mentioned however, that 
the temperatures found at the pistons will be decreased when more realistic 
boundary conditions are chosen. 

gradients which eán result in nUmePs@ae pisblerns. This is confiímed by sinuiations 

3.1.3 Csneiusisn 

The experiments show that the deformation patterns of the piston driven flow for a 
reactive material are successfully visualised. Due to the occurrence of slip at low 
levels of cure, the temperature range for experiments showing no slip is limited to 
relatively low temperatures or short delay times. Consequently, the Damkökler IV 
number is relatively low. The use of the chemical gel point as a no-flow condition 
seems to be questionable for this material. 

The numerical simulations performed with a first set of material parameters show a 
good qualitative agreement with the experiments. More precise determination of the 
parameters lead to a more quantitative agreement, although improvement is still 
needed. It appears that the shearthinning behaviour, determined by dynamic 
measurements, is too strong. The combination of visualisation experiments and 
numerical simulations seems to be useful for an iterative determination of the 
rheological behaviour of the reactive material. The definition of a rheological gel 
point proved to be important towards a more quantitative description of the flow. 
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3.2 The Moulding Process 

The goal of this section is to study the performance of a commercial multiplunger 
process, used for IC-encapsulation, by means of visualisation of the flow. In this 
process each plunger provides two cavities with reactive material. The flow is 
visualised by using different coloured slices of the same material. In section 3.2.1 
the flow in an empty two-cavity mould is studied (no leadframe is present). The 
flow into a one-cavity mould containing a leadframe is studied in section 3.2.2. 
Therefore, in a two-cavity geometry one of the cavities 'is closed. in section 3.2.3 
concluding remarks are made and some suggestions for an improved process 
design given. 

3.2.1 Two Cavities without a beadframe 

The experiments to visua!iae the flow in a two-cavity mould are performed in the 
laboratory transfer moulding press at ASM-Fico (Herwen). In Figure 3.18 the 
geometry of the mould and the transfer pot is given. A stack of epoxy moulding 
compound (0 14 mm) with a height of 35 mm is put in the transfer pot 
automatically and heated for 3 seconds at a temperature of 180°C. The diameter of 
the transfer pot is larger than 14 mm so the stack can slide easily into the pot. 
After the mould is closed the compound is forced through the runners into the 
cavities by moving the plunger upwards at a velocity of 3 mm/s. 

runner cavity 1 gate 

direction of transfer 

injection 

L I 

Figure 3. Y8 Geometry of two-cavity mould and the transfer pot. 
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Figure 3.79 Composition of blacldwhite stack, used in the visualisation experiments. 

The position of the black and the white compound in the stack is different for each 
experiment performed (Figure 3. f 9). For experiment VII-XI1 some concentric discs 
were used. Short shot experiments are performed, using the same amount of 
material, but a smaller displacement of the plunger. These experiments showed 
that, for the given process conditions, no jetting occurred during filling. 
For the evaluation of the experiments the product in one cavity is examined by 
studying the cross sections in the direction of the flow. The product in the other 
cavity is examined by studying the cross sections perpendicular to the flow 
direction. In Figure 3.20 the cross sections are indicated. 

a. Lengthwise cross-section 

I I  I I  I I  

b. Cross-section 

Figure 3.20 Cross sections of the products studied. 
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Appendix Ml1 : Visualisation Experiments: One Cavity with a 
Leadframe 

In this Appendix the cross sections are given for the experiments XI11 to XVII 
(Figure AVII). The numbers correspond to those in these figures. 

\ 

XI11 XIV xv XVI XVII 

a. 

gate 

I 
\L 

I 

b. 

Figure AV// a) Composition of the stacks of black and white compound. 
b) Cross sections. 
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The cross sections are positioned with the middle of the product at the right side. 

A-26 



AX 

* AIX 

IIIX 

ap!s ia6unld 

IIAX 

8 AX 

8 AIX 

Q IIIX 
I 

ap!s ;addn 



s2 1 

experiment I1 

5 

experiment X 

5 7 

b. 

3 5 

C .  

e. 

2 3 4 

I I  I 
6 7 

- 

experiment XI ,4 

d.  

short shot 

residue in transfer pot 

l f .  

Figure 3.21 Resulting deformation patterns, for a one potltwo cavity configuration. (a): Asymmetric 
filling shown by experiment Vi. (b): Asymmetry in experiment Iï. (c): Symmetry and 
asymmetry in experiment X. (d): Asymmetric patterns in the vertical direction in the 
cavity in experiment XI. (e): Asymmetry in the short shot residue in transfer pot. 
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The results of the experiments are submitted to Appendk W. It is shown that 
generally the first material entering the cavity, is positioned at the outer side of the 
product. It appears however that the left and the right cavities are not filled 
identical. An example of the asymmetric filling is given in experiment VI. The 
lengthwise cross sections of the left product show clearly white material within the 
product while in the cross sections of the right product no white material is detected 
(Figure 3.21a). Symmetry as well as asymmetry occurs in the direction 
perpendicular to the flow direction. Examples are given in Figure 3.21b,c showing 
the cross sections of experiment I1 and experiment X, thus questioning the 
reproducibility of the experiments. Asymmetric patterns in the vertical direction in 
the cavity are expected since the position and shape of the gate is asymmetric as 
well. These asymmetric are indeed detected as for example in experiment X and 
XI (Figure 3.21c,d). The asymmetric filling in the direction perpendicular to the flow 
direction, and the non-identical filling of the cavities can be seen as well in the flow 
patterns found in the residue of material in the transfer pot and runners. It appears 
that the transfer pot is decisive for the filling of the cavities. The material heated at 
the walls of the transfer pot and piston can enter the mould earlier than the 
material in the middle of the pot. Furthermore when short shots are performed 
injecting first white and then black material, the material left in the transfer pot is 
deformed asymmetrically (Figure 3.21e,f). It is thought that the filling behaviour of 
this process is mainly not controllable due to badly defined heating of the material 
in the transfer pot, mainly caused by the initial space between material and the wall 
of the transfer pot, and not due to the division of the flow over the two cavities. 
Visualisation of the flow in one pot / one cavity configuration, as described in the 
next section, may support this idea. 
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3.2.2 One Cavity with a Leadframe 

As a consequence of these experiments, the visualisation of the flow into a mould 
containing a leadframe, are performed with a two-cavity mould in which only one 
cavity is used by blocking one gate (Figure 3.22). 
The geometries of the stacks, consisting of the black and white compound, used in 
the experiments are given in Figure 3.23. Short shots are performed, using a 
smaller amount of material. The square products are studied by examining the 
cross sections in flow direction and perpendicular to the flow direction 
(Figure 3.24). 

I 

Figure 3.22 Geometry of the two-cavity mould with one cavity blocked. 

The results of all experiments are submitted to Appendix V//. From the short shot 
experiments it appeared that the flow front below the leadframe runs ahead of that 
above the ieadframe (F@m 3.25qI. !3perIment XE1 confirmed that the cavity is 
filled earlier below the leadframe since the white material is found at the upper 
outside of the cavity and not at the other side. This is not surprising since the 
geometry of the gate is asymmetric. This is however not a desirable phenomenon 
since it leads to forces on the leadframe which can cause large leadframe 
displacements or even severe damage (section 1.3). Usually these flows are 
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balanced by changing the design of the gate. These experiments show that no flow 
through the leads occurs during filling, given a specific geometry of the leadframe. 
The spaces above and below the leadframe are filled separately until one side is 
completely filled. 
Comparison of the cross sections B and C of experiment XWI (Figure 3.25b) 
shows that the cavity is filled asymmetric in the direction perpendicular to the flow 
direction. The residues in the transfer pot of experiment XV shows asymmetry as 
well (Figure 3.25~). Furthermore, repeating the experiment with stack geometry 
XIV, shows that the experiment is not reproducible (Figure 3.250'). It appears that 
the heating in the transfer pot is uncontrollable, leading to asymmetric patterns and 
no reproducible products. 
It should also be noticed that the material particles supplied to the cavity have very 
different histories and thus very different rheological properties. This also reduces 
the controllability of the process. 

XI11 XIV xv XVI XVII 

gate 

I 
J/ 

Figure 3.23 Composition of blackhvhite stack, Figure 3.24 Cross sections of the products 
used in the visualisation experiments. studied. 

3.2.3 Conclusion 

The resu!ts shew that for both configurations asymmetry is found in the products in 
all directions. The asymmetric patterns in vertical direction, leading to unbalanced 
flows above and below the leadframe, should be controlled by the design of the 
gate. Asymmetric filling of the two cavities, and in the direction perpendicular to the 
flow (horizontal) appears to be caused by asymmetric heating in the transfer pot. 
This could be due to the fact that the diameter of the stack is smaller than the 

I 

, 
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diameter of the pot to allow for easy supply of material. The material is therefore, 
initially, not fully in contact with the wall in the transfer pot. 
Furthermore it is shown that heating the material at the wall of the transfer pot 
allows material at the wall to flow into the mould before material which is positioned 
in the middle of the stack. This flow process seems to be difficult to control. 

a. 

To obtain reproducible products a more controlled process is desired. To use this 
process for a multilayer concept control of the process is even a necessity. The 
reproducibility of the process can be improved when only one transfer pot is used 
to supply one cavity. A more controlled process could be obtained by heating the 
material only at the mould, keeping the transfer pot cold, and decreasing the (short) 
preheating time to zero. Following this procedure it is guaranteed that the material 
entering the mould is keeps constant in temperature and degree of reaction. 

b. 

short shot 

experiment X V  
top view of residue in transfer pot 

experiment XVII 

experiment XIV 

I 

c. 

B c 

d. 

Figure 3.25 Results of visualisation experiments with one cavity. (a): Side view of product 
obtained using short shot. (b): Asymmetry above and below leadframe showed 
by experiment Xm. (c): cross sections B and C of experiment XW. (d): 
residues in the transfer pot of experiment XV. (e): repeated experiment with 
stack geometry XV. 
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3.3 Improved Maulding Process 

The visualisation experiments performed in a practical moulding process (section 
3.2) showed that a more controlled process is desired to obtain reproducible 
products. In this section an improved process is described and experimentally 
tested. 

3.3.1 The Improved Process Design 

For the improved process the one pot / one cavity concept is chosen, to prevent 
problems of balancing the two flows over different cavities. The transfer pot is 
designed with a diameter equal to that of the stack of material to be supplied, to 
avoid asymmetric heating in the transfer pot. 
The transfer pot is kept cold, so heating of the material takes place only at the 
mould. This has the important advantage that the material entering the mould is 
constant in temperature and conversion. 

The mould used in this process is cylindrical with a rectangular cavity in the centre 
(Figure 3.26). The mould is heated, using eight heating elements placed in vertical 
direction around the cavity. To record temperature and pressure during filling, a 
thermocouple and a pressure gauge is placed at the runner. Closing the mould, the 
cavity is blocked on the dumbar of the leadframe. The closing pressure is provided, 
using a eccentric clamp (Figure 3.27). The temperature of the mould is controlled 
by a thermoregulator, connected to a thermocouple which can be placed at 
different positions in the mould. On top of the mould, around the heating surface, 
insulation materiai is mounted, to avoid excessive heating sf the pot during the 
filling stage of the process. 
The mould, the transfer pot and the plunger are mounted in a transfer press 
(Figure 3.28’. The plunger and the mould can be moved up- and downwards. At 
the start of the moulding process, the heated mould is not in contact with the 
transfer pot, to prevent heating of the transfer pot. The stack of material is placed 
in the pot. The mould is then placed against the transfer pot. The material is 
pressed against the heated mould and the melted material is directly transferred 
into the mould by moving the plunger downwards (Figure 3.29). During the curing 
time, the mould is moved away from the pot, allowing to supply the pot of new 
material for the next product. 
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Figure 3.26 Open mould with an improved geometry, showing the cavity, the leadframe, the 
runner and the heating surface. 

Figure 3-27 Closed mould with an improved geometry. 
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Figure 3.28 Set-up before transferring the Figure 3.29 Set-up after transferring the 
material into the mould. material. 

3.3.2 Vis ual is at ion Experiments 

Experiments are performed with the improved process to encapsulate a commercial 
leadframe, using two compounds which only differ in colour. The temperature of the 
mould is set to 170 "C. The plunger speed used is 2 mm/s. 
A short shot experiment was performed to assure that no jetting occurred for the 
given process parameters. The configuration of the stacks of materisis used in the 
experiments are given in Figure 3.30. The choice of configurations was a first trial, 
based on minor experience, aimed at a multilayer encapsulation of the leadframe 
(black on the outside; white at the leadframe surface). Both configurations are 
applied twice; the first product is examined by studying the middle cross section in 
direction of the flow, the second product by studying some cross sections 
perpendicular to the flow direction. 

The resulting flow patterns arising along the midplane (Figure M l ) ,  show that the 
flow above and under the leadframe is not identical. This is probably caused by the 
position of the die pad of the leadframe, which is not centred. 
Examination of the cross sections perpendicular to the flow direction shows that in 
that direction a symmetric pattern is obtained (Figure 3.37b, 3.32). 

3-3 I 



From the results of experiments performed with csnfiguratism A, it appears that the 
first material entering the mould (black) is situated in the product at the outer 
surface as well as at the leadframe surface. The results from experiments using 
configuration B show that a multilayer encapsulation is almost achieved. In future 
the encapsulation configuration should be improved through a prediction of the 
stack configuration in the transfer pot by means of numerical simulations (section 
3.1). 

Figure 3.30 The configuration of 
stack, composed of black and 
white material, used for flow 
visualisation. 

Figure 3.31 a) Cross sections along the midplane for 
stack configuration A (above) and configuration B 
(below). b) Symmetric pattern in cross section 
perpendicular to the flow direction. 

Figure3.32 Cross section perpendicular to the direction of flow for stack configuration A 
(left) and B (right). 
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A controllable encapsulation process is designed, that proved to result in a 
symmetric filling (in cross direction) of the cavity. More experiments are necessary 
to confirm the reproducibility of the process. With such a controllable process it 
should be possible, with slight adjustments to the configuration of the stack of 
material, to achieve a multilayer encapsulation. 

A major advantage of the designed process is the fact that the material entering 
the mould is constant in temperature and conversion, resulting in constant 
rheological properties. For the transfer moulding process studied in sections 3.2.1 
and 3.2.2 the material particles entering the mould differed greatly in their history 
and thus their rheological properties. In such a process there is the need of a 
broad processing window, with respect to viscosity. For the improved design a 
much smaller processing window would be convenient, allowing the use of faster 
reaction compounds. 
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4 Conclusion 

This study served the development of a technology that allows for IC-packaging 
with two or more components, in order to obtain a multilayer encapsulation. The 
predictive capability of numerical tools for the simulation of reactive flow of an 
epoxy compound, used in the encapsulation of IC’s, was tested by using a 
combination of experiments and numerical analyses. The results showed a good 
qualitative agreement, and lead to new insight in the rheological properties of the 
used compound. 
Since an adequate description of the chemorheological behaviour of the moulding 
compound is of the utmost importance, the reaction kinetics and the viscosity as a 
function of temperature, shear rate and conversion were determined with great 
care. 
For the realisation of a multilayer technique a reproducible and controllable transfer 
moulding process should be available. Therefore the process was studied in a 
practical two cavity mould by visualisation experiments. Since the process proved 
to be uncontrollable, an improved design is suggested and studied. 

The highly filled fast curing epoxy compounds were characterized to obtain the 
material properties needed for the numerical simulations. 
A description of the reaction kinetics is obtained by fitting the parameters of a 
autocatalytic kinetic equation on data obtained by dynamic DSC experiments. 
Recalculations to check the fit gave satisfactory results. 
Since it was impossible to measure the steady state viscosity of these compounds, 
a strategy was proposed, based on measurements of the dynamic viscosity, to find 
an expression relating viscosity to temperature, shear rate and degree sf reaction. 
Am equivalence is assumed between the steady state viscosity, measured at a 
certain shear rate, and the dynamic viscosity measured at an effective shear rate 
(i.e. the product of frequency and strain) equal to that shear rate. It appeared that 
at a constant value of the effective shear rate the dynamic viscosity is identical 
over a wide range of frequencies and strains. To study the influence of cure on the 
viscosity the conversion during the DMTA-experiments was calculated, using the 
kinetic equation. The effective shear rate dependence is described with a powerlaw 
with an exponent that depends om the conversion. The effect of temperature is 
described with an Arrhenius-type with conversion dependent parameters The 
description of the viscosity gave a good prediction of the measured viscosity in the 
region between melting and gelling of the compound. 
The gel point of the epoxy compound is studied using extraction experiments, and 
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by examining the viscoelastic properties near the gel point. The extractism sf the 
soluble content of samples, cured for different times, resulted in a gel point of 18 % 
conversion. Examining the theories proposed in literature to detect the gel point 
from dynamic experiments, it is observed that neither the G'-G" crossover (Tung 
and Dynes) or the frequency-independency of tan@) (Winter) can be used to 
determine the gel point of the given material. However, the curves of G' against 
conversion for measurements performed at an equal maximum strain appear to 
converge at a conversion of approximately 18 %, which agrees with the gel point 
determined through extraction experiments. 

In order to test the predictive capability of the numerical model, the piston driven 
flow was chosen since this flow meets some important requirements and has some 
decisive advantages. The deformation patterns were experimentally visualised 
using different coloured slices of the same material. Due to the occurrence of slip 
at relatively low levels of cure, the temperature range for experiments showing no 
slip was limited to relatively low temperatures or short delay times. Consequently, 
the Damköhler IV number was relatively low, leading to experiments which were 
not as discriminating with respect to the cure level as wished for. 
These experiments showed that the use of the chemical gel point as a no-flow 
condition seems questionable for this material. 
The piston driven flow of the reactive material was numerically simulated, using a 
finite element package which includes a particle tracking algorithm, enabling a 
direct confrontation of numerical results with the visualisation experiments. 
With a first set of material parameters, a good qualitative agreement was obtained 
with the experiments. More precise determination of the parameters lead to a more 
quantitative agreement, although improvement is still needed. It appeared that the 
shearthinning behaviour, determined by dynamic rheological experiments, is too 
strong. The combination of visualisation experiments amd numerical simulations 
seems to be useful for an iterative determination of the rheological behaviour of the 
reactive material. The definition of a rheological gel point proved to be important 
towards a more quantitative description of the flow. 

A practical transfer moulding process with a two cavity mould was studied by 
visualisation experiments. The results showed that a non-reproducable asymmetry 

asymmetric heating in the transfer pot, due to the initial space between the material 
and the walls of the transfer pot. Furthermore, it is shown that heating of the 
material at the walls results in material entering the mould with strongly varying, 
unknown properties. Therefore an improved process was designed and studied in 
which the material is only heated at the mould, keeping the transfer pot cold. 

iS fGUíid hÌ the fXOC!LiCk ifi al! dkZChX3. !̂'!a Of the mik'! r̂ aSW!S iS the 
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Following this procedure, the material entering the mould is kepi constant in 
temperature and degree of reaction. Since the rheological properties of the material 
can be controlled in this way, it is possible to use a narrow processing window, 
allowing the use of faster reacting compounds. 

Since the modelling of the viscosity by means of a powerlaw is the most simple 
one, in future work other, more complex viscosity models should be examined. It 
would be desirable to find a method to validate the transformation of the model for 
the dynamic viscosity into a model for the steady state viscosity. Capillary 
viscometry combined with numerical simulations could be used to test this 
transformation. 
More insight is needed with respect to the definition of a rheological gel point. 
Dynamic measurements did not show the occurrence of such a gel point, therefore 
other experiments should be developed to examine this phenomenon. 

Visualisation experiments of the piston driven flow should be performed using 
conditions and a geometry that allows for more discriminating experiments. The 
numerical simulation of the piston driven flow should be extended, using more 
realistic boundary conditions. 
Since wall slip appeared to occur at a low level of cure, it would be useful to 
implement slip into the numerical model. Piston driven flow might be a useful 
experimental method to quantify the wall slip phenomenon. 

Since the simulations in the piston driven flow give satisfactory results, the 
simulation of the reactive flow into a mould should be performed, providing a first 
estimate of the stack configuration in the transfer pot, in order to obtain a multilayer 
encapsulation of an integrated circuit. 
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6 Appendix I Plots of Measured Dynamic Visessities 

In this appendix all experiments performed to model the dynamic viscosity are 
presented (Table AI). Accordingly, for each heating rate plots are given of the 
measured dynamic viscosities and the powerlaw coefficient as a function of the 
conversion. For each effective shear rate plots are presented of the dynamic 
viscosities and the flow activation energy and pre-exponential factor as a function 
of the conversion. 

Table AI: Experiments performed to model the dynamic viscosity. 
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Figure Al.1 Experiments performed at 2 "C/min and various effective shear rates. 
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FigureA1.6 €xperirnents pesf~rmed at an effective shear rate of 2.5 s-' and 
heatina rates of 2, 5, 10 and 20 "C/min. 
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FigeireA1.7 Bperiments performed at an effective shear rate of 25 d and 
heating rates of 2, 5, 10 and 2Q "C/min. 
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Appendixli : Parameter Values of the Viscosity Model 

The parameters E,,(a), In qo(a) and n(a) are described by polynomials with the 
coefficient presented in Table All. 

P (a) = co + C,a  + c2a2 + c3a3 + c4a4 + csa5 + C6a6 + c;a7 + c8a8 + c,a9 

Table All: Coefficients of poíynomiai fits on the parameters E,,(a), 
In qo(a) and n(u) in the viscosity model. 

6.621 8237e+1 
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Appendix iii : Plots of Tan (69 versus conversion 
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Figure Alii. 1 Tan (6) plotted against 
conversion; heating rate of 5'C/min, various 
effective shear rates: 0.25(--), 1 (..), 2.5(-.), 
25(-..), loo(-). 

Figure A111.2 Tan (6) plotted against 
conversion; heating rate of 5"C/min, varioess 
effectiwe shear rates: 0.25(--), 2.5(-.)$ 

25(-..), loo(-). 

Figure p1111.3 Tan (6) plotted against 
conversion; heating rate of 5"C/min, various 
effective shear rates: 0.25(--), 2.5(-.), 

25(-..), loo(-). 
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AppendixW : Balance Equations 

The four balance equation used in the numerical model are reduced@, using 
dimensionless numbers: 

Energy balance: 

P*CP, * Gz i* = (VA V í )  + Brq* /I - Da/Vp*R* 

If the Graetz number >> 1 conduction is dominated by convection. The Brinkman 
number reflects the ratio of heat produced by viscous dissipation and by heat 
conduction with respect to the viscosity . The Damköhler IV number indicates the 
ratio of the reaction heat and conduction. 

Mole balance: 

In the case of a large mass transfer Peclet number the molecular diffusion can be 
neglected. The Damköhler I number gives the reaction rate to flow rate ratio. 

Mass balance: 

B O  (~ *+?* )  A - cy*;r* - y*p - - p * x  
CO 

Ca 1 
Ga Re 

The reciprocal Gay Lussac number reflects change of volume by temperature 
change. The ratio between the Cauchy number and the Reynolds number reflects 
the volume change by pressure change. 

Momentum balance: 

The Reynolds number gives the ratio of inertia forces to viscous forces. The 
Froude number gives the ratio of inertia forces to gravity forces. It is reasonable to 
neglect the gravitational forces and inertia forces, because they are very small 
compared to pressure and viscous forces. 
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Dimensionless numbers: estimation 

Graetz number 
Brinkman number 
Damköhler IV number 
Mass Peclet number 
Damköhler I number 
Gay Lussac number 
Cauchy number 
Reynolds number 
Froude number 

Gz 
Br 
DalV 

Dal 
Ga 
Ca 
Re 
Fr 

Pem 

1 o2 
1 o" 
0.21 
1 o8 
0.02 
1 o7 
1 0-l2 
1 o" 
i 

In view of the piston driven flow simulated the following characteristic values are 
estimated: 

: characteristic density 
: characteristic radius 
: characteristic heat capacity 
: characteristic thermal conductivity 
: characteristic reaction time 
: charateristic viscosity 
: characteristic velocity 
: difference in temperature of wall and initial melt 
: characteristic heat of reaction 
: molecular diffusion coeficient 
: characteristic volume expansion coefficient 
: characteristic isotherm compressibility factor 

I O 3  [kg/m3] 
í O-' [m] 
1 O3 [J/( kg. K)] 
1 O-' [J/( mKs)] 
io3 [SI 

lo5 [Pa S] at T=393 [KI 

l o3  [rn/S'j 

10Q [KI 

i 0-9 [ i r c ]  

-lo4 [J/kg] 
[m2/sg 

lo-' [m2/N] 
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AppendixV : Piston Driven Flow: Numerical Results 

f 20 1 30 
40 mm 

a. 

10 20 30 

Figure AV.l Numerical simulations with TWll = Tpi,, = 1 O0 "C 
a) t, = 180 s. b) t, = 300 s 

10 20 30 40 m m  

a. 

40 m m  

b. 

10 20 30 40 m m  

b. 

Figure AV.2 Numerical simulations with cp = 4cp , TwaIl = 100 "C 
a) t, = 180 s. b) t, = 300 s 
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Figure AV.3 Numerical simulations with T,,, = 100 "C, t, = 180 c 
a) c,, = c,, 14. b) At = At14 

10 20 30 40 mm 

a. 

b. 

10 20 38 48 mm 

Figure AV.4 Numerical simulations with the viscosity calculated with 2a ; 
Twll = 100 "C 
a) td = 180 c b) td = 300 c 

b. 
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Figure AV.5 Numerical simulations with Twll = 1 O0 "C, t, = 300 s 

a) fmin = 0.1 s-' b) Ymin = 0.25 s-' 

10 20 30 40 mm 

a. 

b.  

20 30 i 
I 

b. 

Figure AV.6 Numerical simulations at Twll = 1 O0 "C ; 
a) t, = 300 s; constant viscosity : q = lo3 Pa.s 
b) t, = 180 S; cP = 1400 J/kg.K 
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AppendixVP : Visualisation Experiments: Two Cavities 
without a Leadframe 

In this Appendix the cross sections (Figure AVI.l) are given for the experiments I 
to XI1 (Figure AV1.2). The numbers correspond to those in these figures. 

Figure AV/. 1 Cross sections. 

I 

direction of 
injection 

I I1 I11 IV V VI 

VI1 VI11 IX x XI XI1 

Figure AW.2 Composition of the stacks of black and white compound. 
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