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ABSTRACT

The work presented in this thesis focus on the flow taking place in two industrial
manufacturing methods for composite manufacturing. The first method under
investigation is compression moulding of Sheet Moulding Compound (SMC).
With this method, SMC prepreg are stacked and placed in a heated mould tool
which then is closed and held under pressure until the part has cured. This
method can be used to manufacture large quantities since the cycle time is short.
The drawbacks with the method include pores at the surface causing larger
visual defects such as blowouts if the part is painted and relatively poor
mechanical properties as compared to composites made out of continuous fibres.
The aim of this work has been to increase the understanding of the flow that is
generated during the filling of the mould and how this affects defects such as
pores. This has been done experimentally with a circular moulding tool
equipped with pressure sensors and vacuum assistance capability. The utilised
press allowed different temperatures and closure velocities to be used. The
quality of the moulded experimental SMC plates was quantified with different
methods. Pressure sensors revealed the pressure inside the mould and the flow
behaviour could for example be analysed with image analysis of plates moulded
with multi-coloured SMC. The relative void content was measured with a high
voltage insulation test. The experiments showed that SMC that had flowed a
larger distance had less voids than SMC that still was in the centre.
Investigations of the coloured SMC indicate that a high closing velocity (10 mm
s') of the mould gives a more homogenous flow and also that by applying
vacuum assistance, a more homogenous flow is achieved with low closing
velocity (2.5 mm s'). Interestingly the settings that resulted in a more
homogenous flow also resulted in less voids, indicating that a more homogenous
flow should be sought for if a low amount of voids is desired. The setting that
gave overall best result was to use vacuum assistance (75% vacuum), the low
mould temperature (144 °C vs. 154 °C) and low velocity. Vacuum assistance
also seemed to prevent a back pressure inside the closed mould tool since the
press was able to compress further with constant velocity with vacuum
assistance. In addition to the experimental work, non-Newtonian viscosity
models for SMC have been developed for Computational Fluid Dynamics
simulations which could predict the pressure at different closing velocities. The
models are complex, but the one thing that seemed to be most important in order
to predict accurate pressure at different closing velocities was to allow the bulk
material to behave shear thinning. Along with the models, a method of finding
unknown constants is presented which allows the models to be used for various
SMCs without knowledge about their real material properties. In addition to the
experimental work with SMC, the behaviour of bubbles in a non-Newtonian
fluid during compression was investigated experimentally with Particle Image
Velocimetry and the bubble motion was furthermore also analytically modelled
and the results were coupled to the experiment results.



The second part of this thesis focuses on the heat transfer to a tool that is placed
inside an industrial autoclave. Autoclaves are simply described pressurised
convection ovens that can be used to manufacture composites of very high
quality. The method is however time consuming and expensive. An even
temperature is desirable for curing related reasons and cycle times increase if the
temperature is too uneven. By optimizing the shape and placement of tools
inside the autoclave, cycle times could potentially be decreased. Computational
fluid dynamics may be used for this purpose, but as a first step in this work a
single tool is simulated. Experiments were performed as well, revealing a
complex flow inside of the autoclave and the temperature distribution on the
tool. This was done with Particle Image Velocimetry and with many
thermocouples mounted on the tool while varying the settings of the autoclave,
which also were monitored. One of the experimental runs was used as input to
the simulations. The simulations were run both with and without concerning
thermal radiation. The effect of thermal radiation was significant even though
relatively low temperatures were dealt with and the simulation with thermal
radiation turned out to be in better agreement with the experimental results. The
importance of proper boundary values was also observed since the average
velocity was used as inlet velocity in one case instead of the experimentally
obtained and those results were further away from the experimental ones. To
conclude contemporary methods have been used to reveal the flow taking place
during two rather different methods to manufacture composites manufacturing.
So besides the technical results this thesis demonstrates the capability of using
Computational Fluid Dynamics and laser based measuring systems such as
Particle Image Velocimetry to study composites manufacturing.
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1 INTRODUCTION

What characterises a composite is that it consists of two or more materials that
together create a product with properties that is not obtainable with the materials
themselves. Fibre reinforced polymer composites consist of reinforcements that
is surrounded and held together by a bulk material which, among composite
manufacturers, are called matrix. The main task for the matrix is to bind the
reinforcements together and protect them from environmental effects, such as
ultra-violet light, chemicals, water, and heat, while the reinforcements carries
most of the structural loads. The combination of matrix and reinforcements can
give the composites excellent properties, such as high stiffness and strength,
even though the weight of the composite is still relative low. This property is
one of the main reasons polymer composites can compete with other materials in
every engineering field. As the knowledge and trust for these materials increase,
their usage grows into even more applications. In Figure 1, the percentage
amount of the total structural weight being represented by composites can be
seen for some aircraft models when they were introduced into commercial flight.
By inspecting these figures it appears that the above statement is certainly true
for the aircraft industry. As seen in Figure 1, there is a huge difference in
composite usage between the 747 model (1 %) that was introduced 1970 and the
aircrafts being produced nowadays. For the Boeing 747 model in Figure 1,
aluminium stood for 80 % of the structural weight while the usage of aluminium
in the Boeing 787 model had decreased to 24 %. This distinguishable decrease
of aluminium usage indicates that many parts that previously were manufactured
with aluminium are now made from composites.
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Figure 1. The percentage amount of the structural weight being made of composites for some
aircrafts when they were introduced into commercial flights.



1.1 Common manufacturing methods

Polymer composites can be manufactured with various methods. The two
manufacturing methods of concerns in this thesis, compression moulding of
SMC and autoclave moulding, both use thermosetting polymers which therefore
will be the type of interest here. There exists however another type of polymer
in the composite industry called thermoplastic, but due to their nature, their
manufacturing routines also differ. Thermoplastics melt and become mouldable
when the temperature increases, then when the temperature decreases to room
temperature, the part solidifies and is held together by intermolecular bonds of
polymer chains. Thermosets are instead held together by chemical bonds, caused
by a crosslinking process that can be initiated either by heat or by adding a
chemical reactor agent. The most used thermoset in the composite industry is
unsaturated polyester, but for high-performance applications it is epoxies that
dominate the market [1]. A third common thermoset is vinylester which can be
seen as a hybrid alternative between unsaturated polyester and epoxies.

In order to manufacture a composite, reinforcements somehow have to be
blended into a matrix at some point, and then the part also needs to be cured in
order to solidify. Since thermosets are at liquid state in room temperature before
they are cured, manufacturers can chose to impregnate dry reinforcements
directly in the mould in a liquid composite moulding process. When this is
done, the cure is often initiated by a chemical reactor and the part can be cured
in room temperature but to reach full cure, the component may be placed in an
oven afterwards.

This can be done in various ways, but the method that requires lowest
investment costs is to simply apply a wet layup by hand. This implies adding the
liquid thermoset by hand to the reinforcements that have been placed in a one-
sided mould. By spreading the resin with a hand-roller the reinforcements
become better impregnated and large encapsulated voids can be removed. By
first adding a mould release agent, it gets easier to remove the cured component.
With this method, it is common to also apply a layer of gel-coat before the
reinforcements are added. As a consequence a surface of nice visual appearance
that also protects against UV-light can be achieved.

Another common method that can reduce the amount of voids further and
increase the volume fraction of reinforcements is vacuum bag infusion. With
this method an air-tight bag seals the dry reinforcements that are placed in a one-
sided mould. Then the liquid thermoset is allowed to flow into the area at one
point at the same time as vacuum is applied at another point. The pressure
difference that results force the liquid thermoset to fill the cavity formed and
impregnate the reinforcements at the same time as the reinforcement is
compacted. Carrier films can be added to increase the velocity of the liquid
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thermoset in the plane and to improve the filling for complicated geometries
several inlets and outlets can be used. By actively controlling the vents,
excessive resin can be removed so that the fibre volume fraction increases.

One mutual drawback with the hand lay-up and vacuum bag moulding
approaches is poor control of the final thickness. When the geometrical
tolerances are smaller for the moulded components, the resin transfer moulding
(RTM) technique can be considered [2]. With this method, the dry
reinforcements are placed within a rigid and enclosed mould. Then the
reinforcements become impregnated as the liquid thermoset is forced to fill the
cavity by an applied pressure.

Another approach, suitable for manufacturing of cylinders and pressure vessel,
is filament winding. Here, instead of applying the thermoset to dry
reinforcements, continuous fibres are soaked in a liquid thermoset bath before
they are winded up on a rotating geometry.

Since the fibres are soaked with the thermoset before they are applied to the
geometry, the filament winding process have similarities, to some extent, with
the alternative to liquid thermosets, namely pre-impregnated sheets called
prepregs. With these, the fibres have been impregnated beforehand and through
a thickening process becomes easy to handle where pieces of desired size and
shape can be cut and placed in a mould with accuracy. In order to complete the
cure for prepregs, heat has to be applied. The type of reinforcements in the
prepregs can be varied as well as the matrix material. One example of
reinforcement in prepregs is carbon fibres that can be either straight or woven in
different patterns. Since pieces of such a prepreg can be placed at exact and
predefined locations, the mechanical properties of the cured component can be
very well controlled. One example of area where this is used is the growing
carbon bike frame industry. The prepreg pieces are mounted on a soft silicone
bag before they are placed in a closed mould. Then when this is cured by heat,
the latex/silicone bag is pressurised so that the prepreg is forced to form as the
solid mould tool. To reduce the amount of voids, air vents and vacuum
assistance can be used as well.

Prepregs are also used in the two manufacturing methods of interest in this
work, compression moulding of SMC and autoclave moulding. A more
profound introduction to these manufacturing methods will be given in the
following sections.



1.2 Compression moulding of SMC

This method gain ground in the early 1960°s and has since then been further
developed. The introduction of low-profile additives has, for example, decreased
the number of defects related to shrinkage [3]. There are, however, still some
issues that need to be investigated.

The whole process can be divided into two main steps, compounding and
moulding of sheet moulding compound (SMC) [3]. SMC is a type of prepreg
material that consists of paste and reinforcements. The recipe of the paste can be
varied in immeasurable combinations, but consists in general of a thermoset,
filler, and additives where polyester resin is the commonly used thermoset [3].
Glass fibres, chopped to a length of 25 or 50 mm [4] and thereafter randomly
spread in the plane, are generally used as reinforcement [3]. The most common
filler is calcium carbonate (CaCOs;). In Figure 2 a real prepreg machine can be
seen which previously was located at ABB Plast, Pited, Sweden. In this
machine, paste and fibres are spread in the plane between two non-sticking films
before the sheet passes compactor rolls which improve the impregnation of the
fibre bundles and remove excessive air. Afterwards the prepreg is stored and
through a thickening process matures and become manageable by hand. This
usually takes 2 — 5 days [3].
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(b)
Figure 2. A prepreg machine (a) previously located at ABB Plast, Pited, Sweden. Close-up
view of the compactor (b).

When the SMC has matured it has reached the second main step where it can be
cut and stacked inside a two-sided moulding tool, which usually is heated to
about 150 °C [3]. The tool is then compressed and the SMC is forced to flow
and fill the cavity. A pressure is then applied and usually held for the 1-3
minutes it takes for the component to cure [3]. A sketch of the moulding phase
can be seen in Figure 3.

y
N

Figure 3. Illustration of compression moulding of SMC with heated tools.

The short cycles of the compression moulding phase makes this manufacturing
method suitable for large scale productions such as the vehicle industry where
SMC can be used to manufacture e.g. exterior body panels as seen in Figure 4
where an SMC moulded exterior panel for a Scania truck can be seen before and
after it was painted.



Figure 4. Example of part used with SMC on a Scania truck.

If SMC is about to be used as an exterior body panel as in Figure 4 it is of great
importance that the final surface finish is as good as if the component would
have been made of aluminium or steel. This result is unfortunately not always
obtained which prohibits SMC from being used in the vehicle industry to a
greater extent.

Among visual imperfections for painted SMC, pinholes and blowouts are two
defects that are directly related to defects in the actual SMC component [5]. A
pinhole is simply a large enough surface void to leave a crater after the painting
process. Large defects like that may be detected by visual inspection of moulded
SMC components before they enter the painting process. A blowout can occur if
air, entrapped in a void under the paint, is exposed to heat in the subsequent
curing phase of the paint. Due to the increased heat, the air may expand
according to the gas law

p1Vi _ p2V>
T; T,

(1

where p is the pressure, V' the volume, 7 the temperature, and the subscripts
denote stage. 7> will increase in the paint curing phase, if the covering layer can
not hold the pressure back, a bubble will consequently be formed which leaves a
larger visual defect than the original surface defect in the moulded SMC.
Defects causing blowouts can be very difficult to detect, even impossible, since
voids located under a thin layer of resin also can cause blowouts [5].

So, from an industrial viewpoint it is voids near or at the surface for
manufactured components that is the main issue that prevents compression
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moulding of SMC from reaching its full potential. Since air may be entrapped as
voids in the paste and further by poor fibre impregnation [6] it may be tempting
to locate the source of the voids already in the manufacturing phase of the
prepreg. It has, however, been found that the amount of voids in the prepreg has
to be very high in order to affect the amount of surface voids in a moulded
component [7]. This statement is further supported by an experimental study by
G. Nilsson at SWEREA Sicomp AB (method and results in [8]) where samples
moulded with standard prepreg acquired about the same amount of voids as
samples moulded with vacuum treated prepreg where the initial amount of voids
only was about one third compared to the standard prepreg. Consequently, the
final amount of voids in SMC components seems to be established during the
moulding phase.

1.3 Autoclave moulding

Autoclave moulding refers to that the component is being moulded inside an
autoclave which is a pressurised vessel where the gas within is heated and set
into motion. The applied heat cures the thermoset polymer composite and the
high pressure results in a component with a low amount of voids [9-14]. The
vacuum bag concept is often applied in autoclave moulding, but instead of using
liquid thermoset to impregnate dry reinforcements, it is mostly prepreg sheets
that are placed in the mould. By applying vacuum, excessive resin and air can be
removed but it may also cause an increased amount of voids if it is not properly
applied [9, 10]. The amount of voids is however not a large issue in autoclave
moulding, it appears for example much less frequently than delamination [15].
Composites made with autoclave moulding are in general of very high quality.

To achieve the high quality it is important to keep the temperature from
becoming too high within the cured composite since mechanical properties may
decrease. This can happen even though the surrounding gas temperature is
below the critical temperature causing degradation since an exothermic reaction
usually occurs when thermosets are cured. With a slower temperature ramp, this
reaction can however be damped [16]. An even temperature is also preferred in
autoclave moulding due to curing related reasons. Non-synchronous cure may
for example lead to void entrapment and residual stresses causing delamination
[15]. To ensure that the temperature distribution is within predefined limits,
manufacturers usually monitor the temperature at several locations. If the
temperature difference between monitored positions exceeds a predefined range,
the temperature increase of the gas inside the mould is halted until the
temperature difference has decreased to an acceptable level again. Monitored
positions are therefore preferable chosen at known hot and cold zones.
Experienced moulders have described that in general, the front of the tool (the
part of the tool that is facing the incoming hot gas) becomes warmer than the
back of the tool, and if two tools are placed within the autoclave, the tool that is
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placed behind another tool becomes overall less heated, as illustrated in Figure
5. This is also from a fluid mechanical point of view reasonable.
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Figure 5. Illustration of the general heat distribution problem for mould tools inside an
autoclave.

With this method, temperature differences can be held within acceptable ranges,
but the cycle times consequently increase. This is not desired since long cycle
times are one of the drawbacks with this method causing it to be prioritized for
high-performance components, used for example in the aircraft industry.

Simulations of the internal temperature in laminates during cure can be used to
optimise the ramping up of temperature in order to decrease cycle times.
However, simulations of this type often assume a constant value of the heat
transfer coefficient [17-20]. It have been shown that by just changing the value
of the constant heat transfer coefficient, the predicted temperature distributions
become altered in such simulations [20]. With a constant heat transfer
coefficient, it is likely that the heat distribution illustrated in Figure 5 would not
be predicted accurately. It has furthermore been shown experimentally that by
just changing location inside an autoclave, the heat transfer coefficient changes
as well [21].

Numerical predictions of the temperature of laminates may be improved if a real
heat transfer coefficient distribution is used instead of assumed constant values.
Heat transfer coefficient distributions may be obtained from experiments.
Another option could be to predict the distribution with CFD simulations if the
boundary conditions are known. With this method, it would also be possible to
optimise tool geometries and placements inside autoclaves in order to obtain
even temperature distributions. However, in order to do that, it is important to
investigate if CFD can be used to predict the temperature distribution for one
single tool accurately during an autoclave run.



1.4 The aims and scope of this thesis

The research that has resulted in this thesis has dealt with two industrial
manufacturing methods for composite manufacturing, compression moulding of
SMC and autoclave moulding.

For compression moulding of SMC it is the mould filling phase that is of interest
where the aim is to increase the understanding of how the process parameters
affect the flow behaviour and the final void contents. This is done by
experiments and numerical simulations where a viscosity is searched that can
mimic the complex rheology of SMC during mould filling.

For the autoclave moulding process, it is the heat transfer to a mould tool inside
an autoclave that is of interest. The main aim is to investigate if CFD
simulations can be used to predict the temperature distribution over a real
moulding tool.

In both cases experiments have been performed on an industrial scale and
advanced numerical methods and advanced laser based optical methods have
been applied to reveal the flow.



2 COMPRESSION MOULDING OF SMC

Since this manufacturing method has been around since the early 1960s, a vast
amount of science and experience about the process been built up. This is also
true for the task in focus in this thesis. To exemplify, in the manual from the
European SMC/BMC alliance, it is recommended to utilise vacuum assistance in
order to decrease the amount of surface voids [4]. This have also been
recommended by Yamada et al [7]. With higher mould pressure, it has been
found that the amount of voids decreases [7, 22]. It has also been shown that
resin rich areas near the mould surface where the flow is proposed to be sheared
have lower void content than the rest of the part [22]. Preheating the SMC may
also decrease the amount of voids [22]. High temperature have been observed to
increase the number of surface voids [7]. Odenberger et al [23] observed a
complex flow during compression where a squish effect may entrap air. Hence,
already before starting this work it was apparent that with an increased
understanding of how process parameters affect the flow and void contents it
may be possible to decrease the amount of voids in SMC components. In this
thesis the following three approaches have been used to improve the
understanding further, full scale experiments, model experiments and
simulations. In addition to the results on void content the thesis thus
demonstrates different methods that can be used to also study other issues
related to compression moulding of SMC.

2.1 Full scale experiments

Full scale experiments have been performed using an experimental mould,
partly presented in Figure 6, mounted in a Fjellman 310 ton press located a
Swerea SICOMP AB, Pitea, Sweden.
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Figure 6. The bottom half of the mould tool. The red laser lines that can be seen were used to
facilitate fast placement of the SMC with high repeatability.

The tool is equipped with vacuum assistance capability and two pressure
sensors, one in the centre and one 70 mm of the centre. Circular shaped charges
were placed in the centre of the mould, as seen in the schematic illustration of
the setup in Figure 7, and a series of mouldings were carried out.

Upper mould half

Pressure sensors

Lower mould half

SMC charge

Vacuum vent

Figure 7. Schematic illustration of the experimental setup. As the upper mould half goes down
it encapsulates the cavity enabling the use of vacuum assistance.

The experiments were based on two-level factorial designs, meaning that each
parameter has one high and one low level. The parameters chosen were the
vacuum level, mould temperature and mould closing velocity, see PAPER 1 and
PAPER 3 and Table 1.
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Table 1. Process parameter settings in the two-level factorial design.

Factor Low (-1) High (1)
Vacuum 0% 75 %
Velocity 2.5 [mms’] 10 [mms™']

Temperature 420 [K] 430 [K]

Pressure 450 [kN]

Two types of SMC were used, a standard low-profile SMC with the material
composition listed in Table 2, and a similar SMC that also was pigmented to
green or black. The standard prepreg was used to study the how the pressure and
amount of voids was affected by the different process settings. The coloured
SMC was stacked as described in Figure 8 and used in order to visualise how the
process settings affected the final flow position of the different layers. This was
done with two replicates while the standard SMC was used to measure void
contents and pressure with 4 replicates.

Table 2. Composition of a standard paste. The prepreg sheets were made by adding fibres that
took up a weight of 26-27 % of the total weight.

Resin Mass %
Resin 19.3
Low-profile additives 8.9
Fillers 66.8
Inhibitor 2

MgO 0.77
Internal release agents 1.5
Wetting agent 0.46

\
Figure 8. Stacking order of the coloured SMC.

2.1.1 Methods to quantify the results
Several methods were used to evaluate the experiments and most important was
to find means to quantify the results rather than giving qualitative judgements.
To start with the built-in pressure sensors gave quantitative results. Since the
experimental conditions resulted in moulded samples without detectable surface
voids, the option to quantify surface defects was ruled out. Instead, the amount
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of voids inside the material became quantified. One method to do this is to
perform microscope analysis of the moulded samples, but this method was
avoided since it is a very time consuming process. It is furthermore also difficult
to perform this analysis with high repeatability since image filters have to be
adjusted by hand.

Instead, high voltage insulation tests were performed at ABB Plast, Pitea,
Sweden, see Figure 9 and PAPER 1. This test was performed since voids are
known to have a decreasing effect on the ability to resist an disruptive discharge
[24] and since the samples where moulded by the same material it was assumed
that the electrical insulation properties was a measure of the relative amount of
voids inside the moulded samples.

Figure 9. Sample prepared for high voltage insulation test.

In an initial study [25], microscope analysis was performed for some samples
with different electric insulation properties. For the samples controlled with
microscope analysis, a larger amount of distinct voids could be seen for the
samples with poorer electrical insulation properties. Two examples can be seen
in Figure 10 with the electrical insulation properties 13.7 kV mm™ (a) and 11.4
KV mm™ (b).
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(b)
Figure 10. Microscope images for samples withstanding 13.7 kV mm™ (a) and 11.4 kV mm™
(b).

For the process parameter experiment with coloured SMC, the final flow pattern
was quantified by image analysis of the moulded samples. Images were first
captured of the top and bottom with an ordinary system camera before the
moulded samples were divided in two, allowing a desktop scanner to obtain
images of the cross-sections. Various results could then be quantified in these
images with the image software ImagelJ. In Figure 11 the top can be seen for two
moulded samples. The only process setting that differed between these was that
(a) was moulded without vacuum assistance and (b) was moulded with vacuum
assistance. As seen, there is a significant difference in amount of green SMC on
the top surface. The green SMC on the top surface could be traced to originate
from the bottom layer in the prepreg stack, see Figure 8. Image J was used to
quantify the amount of green and white on the top surface where a larger amount
of green can be interpreted as a more significant squish effect, observed by
Odenberger et al [23], and a larger amount of white can be interpreted as a more
homogenous flow. Cross-sections of the same samples can be seen in Figure 12
where (a) is moulded without vacuum assistance and (b) is moulded with
vacuum assistance. In the cross-sections, ImageJ was used to measure how long
the inner white and green layers had flown during the compression moulding
phase. The black layers were not quantified since it was difficult to decide which
layer they originated from.
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@ (b)
Figure 11. Examples of how the top surfaces could look like after moulding. These are
moulded with the same velocity (-1) and mould temperature (-1), but one is moulded without
vacuum assistance (a) and one is moulded with vacuum assistance (b).

(b)
Figure 12. Cross-sections of the outermost 0.05 m of the same samples as in Figure 11 where
(a) is moulded without vacuum assistance and (b) is moulded with vacuum assistance.

2.1.2 Results
The average pressure for each setting in the process parameter experiments can
be seen Figure 13 and PAPER 3 where solid lines are the pressure in the centre
and dotted lines are the pressure at the outer pressure sensor. From the results it
can be seen that the pressure at the centre of the mould rapidly increases until a
clear peak forms approximately at the height of 11.4 mm for all conditions
tested. The peak is not as distinct for the outer sensor. After the first peak for the
centre sensor, the pressure then drops a little before it starts to build up again.
Interestingly the pressure curves from the outer sensor then border on the ones
from the inner sensor indicating that there is a marginal flow and/or a very low
viscosity flow. By visual inspection of the results it can for example be seen that
the maximum pressure is higher with the high mould closing velocity, as
expected. Since this study was performed with a factorial design approach, some
other implications can be drawn as well using a confidence level of 95 %. These
are in detail discussed in PAPER 3 but a few results will be mentioned here.
The height at where the pressure started to increase, meaning the height where
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the upper mould half reached the SMC charge, was interestingly found to be
mainly affected by the level of vacuum even though the samples had
approximately the same height from the beginning. Applied vacuum resulted in
that the pressure started to increase earlier. The velocity was, as seen by visual
inspection, the main factor affecting the magnitude of the first pressure peak.
The height at where a deceleration of the press took place was found to be
affected by two main effects, velocity and vacuum, and one interaction effect
between velocity and temperature. The effect of applied vacuum assistance was
that the press was able to compress further with constant velocity. This indicate
that vacuum assistance prevent a pressure build-up of entrapped air inside of the
moulding tool.
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Figure 13. Average pressure for the 4 replicates at each setting at the low (a) and high (b)
mould closing speed. Solid lines show the pressure readings from the centre sensor and dotted
lines show the pressure readings from the outer sensor located 70 mm off the centre.

The high voltage insulation test was performed at several locations on the
moulded samples. One result of this was that in an outer section, to which the
SMC had flowed a relatively large distance, the electrical insulation properties
were higher than the central part of the samples. This can be seen in Figure 14
where cube plots summarise the result where a higher value is interpreted as a
smaller amount of voids, marked as green. Medium electrical insulation is
marked with yellow, and the settings that resulted with poorest electrical
insulation properties are marked with red. The setup that seems to be the
superior in order to increase the electrical insulation properties and hence
decrease the void contents in both sections at the same time is the combination
of high vacuum, low mould closing velocity and a low mould temperature.
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Figure 14. Cube plot of the response from the high voltage insulation test.

In the experiments with coloured SMC the amount of green on the top side that
originated from the bottom layer was found to be affected by vacuum,
temperature and mould closing velocity. If vacuum assistance was not applied,
the amount of green became large if the low mould closing velocity was used,
but if vacuum assistance was applied, the amount of green decreased as shown
in the example in Figure 11. This effect could also be achieved without vacuum
assistance by instead increasing the mould closing velocity to 10 mm s'. More
results can be seen in PAPER 1.

2.2 Model experiments

Three types of model experiments were carried out to expose the influence of
vacuum on the prepregs, to find the size of a weld line for different settings and
to find out if bubbles move towards the SMC-front during compression

2.2.1 Vacuum effect on prepreg
Previously, it has been proposed that an applied vacuum removes the air around
the prepreg stack and the air between the layers [7]. The results in PAPER 3
supports this since the vacuum assistance enables the press to keep a constant
velocity by removing the air and possibly prevent a pressure build-up due to
encapsulated air inside the experimental moulding tool. The results indicate that
vacuum assistance do more than just dislocate air, like initially increasing the
height of SMC-charge and changing the final distribution of SMC, see PAPER
1 and 3. To investigate this, prepreg sheets preheated to 25 °C, 50 °C, and 80 °C,
were placed in a transparent vessel wherein vacuum was applied. For the
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prepregs at room temperature and 50 °C, nothing extraordinary occurred except
that the prepregs seemed to dry out after a while. The sample that was preheated
to 80 °C, however, immediately and rapidly swelled up when the vacuum was
applied. A boiling liquid could also be seen that was not observed before the
vacuum was applied. It is likely that the observed boiling liquid was styrene that
had reached its boiling point due to the applied vacuum [2, 23]. The simple
experiment anyway revealed that the premature increase in pressure on the
mould when using vacuum may be a result of a taller charge due to the swelling.

2.2.2 Size of weld line

Multiple vacuum levels during compression moulding were used in a conference
paper [26] that is not included in the thesis. There, the prepreg stack was cut in
half and separated by 0.05 m when it was placed in the mould in order to create
a weld line. The size of the weld line was quantified with ImageJ where the area
fraction of the weld line inside a control zone was measured. The wider the weld
line is the poorer the result is. It was found that mould temperature and vacuum
level had an interaction effect on the weld line size according to Figure 15. The
mould closing velocity was 2.5 mm s and not altered. The weld line size
differed for different vacuum levels, but not so much when the temperature was
low (145 °C). However, for the high mould temperature (155 °C) increased
vacuum level dramatically increased the size of the weld line indicating a bad
moulding.
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Figure 15. The effect of temperature and vacuum on the size of weld line.

2.2.3 Void Transport

To further investigate how voids behave during compression moulding of SMC,
bubbles inserted into a non-Newtonian fluid (grease) were studied with Particle
Image Velocimetry (PIV) in a squeeze test as described in Figure 16. The basic
principle of PIV is to compare two images captured with a time interval where
the images are split into interrogation areas where a cross-correlation algorithm
is used to measure how far recognised patterns have moved between the images,
see Figure 17. Since the grease was homogeneous and transparent, particles
(iron powder) had to be added in order to obtain cross correlation points.
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Figure 16. Setup of compression experiment.
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Figure 17. Basic principle of cross-correlation.

The camera in use was a Dantec NanoSense MKIII, equipped with a Nikon
60mm {/2.8D lens. Post-processing to find the final vector fields was performed
with the software Dantec Dynamic Studio 2.3, where an adaptive cross
correlation method was used, that included 4 refinement steps with 50 % overlap
from 128 x 128 pixels to the final interrogation area 8 x 8 pixels. No vector can
be computed within the bubbles due to the absence of cross-correlation points,
but the moving bubbles affect the surrounding grease so the motion of bubbles
can be estimated by the surrounding flow. The experiments revealed that the
entrapped bubbles moved with a higher speed than the surrounding fluid. Large
bubbles move faster than small bubbles and when the bubbles accelerates, the
bubbles tend to change form from being approximately spherical, to the
characteristic form of a falling raindrop as seen in Figure 18. This may be the
mechanism occurring within especially preheated SMC which results in a lower
amount of voids [22]. In addition to the experiments an analytical model was
developed that supports the behaviour seen in the experiments, sce PAPER 2.
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Figure 18. PIV result of squeeze test of non-Newtonian fluid with voids (black). The whole
sample can be seen in (a) and the marked area as close-up in (b).
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