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ABSTRACT: Renewable energy production in Europe consisted for 65.3% of wind energy in 2017[1]. Wind
turbine blades are currently made from thermoset composites. The end of life of these blades is 20 to 30
years[2]. Nevertheless they are often already replaced a lot sooner, due to high erosion and better designs being
available. The waste from these thermoset blades poses a great environmental problem[3]. The thermoset blades
can hardly be recycled, due to the chemical bonds being too strong to be easily broken down or reformed. If
a suitable thermoplastic alternative is found, recycling will become much more viable. Due to thermoplastics
being easily remelted and remolded. Elium® has the potential to be this suitable thermoplastic, it’s low viscosity
allows it to be used in thermoset production lines, while it’s mechanical properties can compete with the current
thermoset resins. This research will focus on optimizing the pultrusion process for carbon Elium® composites, to
enable the production of recyclable spar caps. In this thesis potential improvements to the setup were researched,
after which the process variables were studied. The setup has been improved by the addition of a die entrance
cooler to prevent resin solidification at the die entrance, and a winch to increase the ease and safety of starting
up the production process. The die was improved by incorporating a more robust clamping system. After the
improvements, samples of carbon Elium® have been successfully produced. These samples have been subjected
to 3 point-bending, nano-indentation and microscopy testing. The flexural modulus and strength were found
to be comparable to the values published in literature focusing on thermoplastic pultrusion and promising to
reach market quality with some process improvements. There existed internal voids and micro scale cracks in
the pultruded samples which varied with the change in pultrusion speed and heater temperatures. The hardness
test done using nano-indentation showed means around the expected values for a fully polymerised Elium®.
Recommendations are made for the future of this research, including the switch to a 2-part die and a better
pulling unit.

Key words: Composites, Thermoplastics, Pultrusion, Elium®, nano-indentation, 3-point bending, carbon fiber,
resin bath pultrusion
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1 INTRODUCTION

In 2017 65.3% of renewable energy came from wind
turbines[1]. The blades of these turbines are made
from thermoset composites. The end of life of these
blades is 20 to 30 years[2]. From a data set of turbines
in Germany however a mean lifetime of only 17.08
years was found[4]. The premature replacements are
most likely due to high erosion and better, more effi-
cient, designs being available. These fiber reinforced
thermoset composite blades are barely recyclable, due
to the chemical bonds being too strong to be easily
broken down or reformed. The waste from these
blades poses a significant environmental problem,
whereas the goal of the wind turbines is to reduce
this problem[3]. For example, in the case of wind
turbines in the US an estimation is made that for
each megawatt of installed production 9.6 metric
tons of composite waste is produced[5], similarly 9.7
metric tons is estimated within the EU by Sommers
et al.[4], of which 2% is estimated to be carbon
fiber reinforced polymer (CFRP) waste. Lefeuvre
et al.[6] estimated this to result in over 500 thou-
sand tons of CFRP waste alone by 2050 (see figure 1).

By using thermoplastic composites instead a large
part of this waste can be recycled, by remelting and
remolding. The switch to thermoplastic composites
has been quite slow due to challenges in the pro-
duction processes. A relatively new thermoplastic
resin produced by Arkema has potential to increase
the transition speed. The resin called Elium® has
mechanical and chemical properties close to those
of thermoset resins, such as epoxy and polyester. It
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Figure 1: Estimated amount of CFRP waste by
geographical area in 2017, 2020 and 2025 [6]

also has a low viscosity which allows it to be used
in most thermoset production setups. Elium® has
already been used in the production of a 9m windmill
blade as a test in collaboration with the producer
Arkemal7].

An important part of the turbine blade are spar caps
(see figure 2). These spar caps are placed over the
entire length of a blade and provide it with most of
it’s strength and stiffness. These spar caps experience
high tensile and compressive stresses, but only in a
single direction. This makes unidirectional compos-
ites an ideal material for spar caps, since they have
very large a stiffness and strength in the fiber direc-
tion, while having a relatively low weight. Currently
these spar caps are made from pultruded carbon or
glass fibers in combination with a thermoset. In this
research the use of Elium® for pultrusion will be
researched, which could lead to the production of
spar caps from Elium®. In this way allowing for even
better recycleability of the blades.

1.1 Theory

To research this first an understanding is needed
of the relevant materials and processes. What is a
unidirectional fiber reinforced polymer, how can it be
made, why is it perfect to be used for spar caps, why
do we want a thermoplastic and which challenges
does that bring?

Elium®:

Elium® is a relatively new material developed
by Arkema. The material is made using Methyl
methacrylate (MMA), acrylic co-polymers and
dimethacrylate ester. It is a thermoplastic resin, but
with a low viscosity both before polymerization and
above it’s melting temperature. This allows it to be
used in most thermoset pultrusion lines. It has also
been proven to have mechanical properties close to
and in some cases, impact resistance for example,
even better than thermoset alternatives. [9] [10] [11]

Elium is a resin suitable for in-situ polymerization,
due to it’s low viscosity before polymerization,
and it’s suitability for polymerization at room tem-
perature. The process is initialized by the thermal
degradation of the peroxides. Once the process is
initialized the heat generated by the process itself



Spar caps made of ~

pultruded profiles

Figure 2: Spar cap in a wind turbine blade [8]

is sufficient to keep the process going. Zoller et
al..[12] used this in combination with the solvent
cage effect to model this process. In this model,
before the reactant can react with other molecules
it first needs to diffuse out of it’s solvent cage. The
solvent in this case evaporates allowing the reactant
to react with the monomer. This evaporating is highly
influenced by the viscosity. A higher viscosity means
a stronger cage. The change in viscosity during the
conversion results in an efficiency drop between
70% and 80%. Besides the viscosity, the airflow
and temperature also play a big role in the speed of
evaporation. Zoller et al.[12] used a PREDICI sim-
ulation to determine the optimal temperature profile
for the combination of peroxides used in that research.

The polymerization of Elium® process depends on the
types and amount of initiators used. Zoller et al.[12]
used a combination of three initiators, a starter, a
follow-up and a finisher peroxide [12]. Raponi et
al.[13] mentioned differences in the heat flux, total
heat and speed, depend on the amount of initiator
used. In general a faster polymerization is expected
when a larger amount of initiator is used. According
to the research of Raponi et al.[13] this is not always
true, due to a combination of variables. Therefor care
must be taken when deciding the proper amount of
initiator.

Before polymerization Elium® has a boiling tem-
perature of 100°C. If this temperature is reached
before the gelification, bubbles are formed which
significantly increase the porosity. To prevent this

from happening during the pultrusion a starting
temperature below 100 °C is recommended.

A useful property of Elium® is that it retains it’s
properties after having been deformed above it’s glass
temperature. This allows for reshaping and surface
texturing after production, without damaging the
material.

In research[14] into the pultrusion of polymethyl
methacrylate (PMMA), considering that Elium® is
a variant of PMMA, the results of this are valuable
to this research. In their paper [14] they found
that in general a lower pulling speed and lower
die temperature are beneficial for the mechanical
properties. They’ve set lower limits on these based
on the industry. Being a temperature of 140°C and
a speed of 400 mm/s. And upper limits, based on
thermal degradation of the material and practicality,
being 180°C and 1000 m/s. There is also a close
relation between speed and temperature, the higher
the speed the higher the temperature can and must
be, otherwise the material will not be polymerised
completely. And the other way around with lower
speeds the temperature must be lowered, otherwise
the material might degrade.

Pultrusion:

Pultrusion is a continuous production method used
to produce long parts with a constant cross-section.
The method works by pulling the material through
an, often heated, die. The process is very similar to
extrusion, in which material is pushed through a die
instead of pulled. Pultrusion is especially convenient
for fiber reinforced polymers (FRP’s). This is due to
the presence of fibers, which are also strong while the
material as a whole is still in it’s soft form.

Pultruded products commonly have a specific set of
flaws such as porosity, fiber waviness, matrix cracks,
or areas of resin richness or starvation [15]. Though
the process of pultrusion also results in a high fiber
content, about 70wt% and increased mechanical
properties due to the tension on the fibers[16].

Thermoset pultrusion:

The most common used matrix type in FRP pultru-
sion is thermoset. These types of plastic have a low
viscosity before curing, which makes it easy to get a
good wetting of the fibers. Two common examples
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of thermoset pultrusion lines are shown in figure 3
and 4. The first one being a resin bath pultrusion line.
In this process the fibers are pulled from bobbins
through a resin bath. The resin saturated fibers are
then pulled through a shape preformer, which leads
to the heated die. In this die the material is cured
while being in the desired shape. Behind the die, the
puller is located, which pulls the material through the
entire line. After the puller the material is cut at it’s
desired length. The second option is a resin injection
pultrusion line. In this process the resin is injected
into the fiber bundles in a resin injection chamber.
The rest of the process is the same as in the resin bath
process.

Pultrusion using a resin bath has some requirements
as mentioned in [12]. Firstly, a high reactivity is
needed with a full polymerization time of less than
2 minutes. This is needed to keep the process going
at a high enough speed. Secondly, a long pot life
is needed in the resin bath. Either 8 hours or the
duration of one shift at room temperature, to prevent
degradation of the material. Lastly a good wettability
of the fiber is needed.

Pultrusion using resin injection, has several ad-
vantages over the resin bath system. It allows for
better wetting of the fibers, which results in better
mechanical properties of the composite. There is
less waste resin left in the machine after use. And
less solvent is needed in the cleaning after use[19].
The machine is however a lot more complex, which
increases the costs and the chance of issues. This
process has also been modelled by S.Kouba et al. [20]
for thermoplastic use. In that research, the process
using thermoplastics was deemed too slow, this study
however did not take new lower viscosity thermo-
plastics into account. K.Chen et al.[21] in 2019
made a resin injection pultrusion line, specifically to
be used with a low viscosity nylon 6 (Pa-6). With
this machine they were able to make thermoplastic
pultruded profiles with a fiber content of 70 wt%.

Thermoplastic pultrusion:

Thermoplastic pultrusion is more complicated than
thermoset pultrusion. This is mainly due to the higher
viscosity which makes it hard to get a good wetting
of the fibers. There are two main ways of dealing
with this issue. The first is dry powder impregnation
(see figure 5). In this process the fibers are pulled

through a bed of thermoplastic powder. This powder
is then melted in a set of ovens. If a good dispersion
of powder between the fibers is maintained, then it is
a lot easier for the liquid thermoplastic to cover all
the fibers. The second technique is commingled (see
figure 6). In this process threads of thermoplastic are
mixed with the fibers. This mix is then heated in a
oven, which causes the thermoplastic threads to melt
and wet the fibers.

1.2 Research goals

This research is part of an ongoing research with the
end goal being to replace the currently hard to recycle
thermoset spar caps with recyclable carbon Elium®
spar caps. The first step for this is to successfully
pultrude carbon Elium® samples. This has never
been done before and therefor comes with its own
challenges. Which include the limited knowledge of
what is happening to the Elium® in the die and which
effect the addition of carbon fibers has on this.

The main goal of this research is ”To gain funda-
mental understanding on the processibility of carbon
fiber reinforced Elium® composites manufactured by
the pultrusion process”. This will pave the road to
optimize the manufacturing process and to develop
in-line process control strategies for maximizing the
pultruded products’ mechanical performance in the
future.

From preliminary research it is known that the
die entrance temperature posses an issue, and thus
requires investigation. In pultrusion there is a strong
relation between the die temperatures and the pulling
speed, for this reason the pulling speed is a second
point of interest for this research. It is known that
both the pulling speed and die temperatures have
an influence on the polymerisation, the effect of
these two aspects on the polymerisation grade will
be a subject in this research. From the reaction of
Elium® and from previous experiences it is known
that gasses are released during the polymerization.
This in combination with the difficulty of getting a
good wetting in thermoplastic pultrusion, makes the
micro-structure an interesting subject of research.

To decide on whether the material produced on this
setup is indeed suitable to be used for spar caps, two



other subjects are introduced. The first being, whether
it is possible to have a continuous process. Spar caps
are very long, spanning the entire length of the
blade, the longest ones currently being just over 100
meter long. To produce these a continuous process
is a must. For the production process observations
are taken into account. Secondly the mechanical
properties need to be at least close to the spar caps
currently on the market, for it to be viable.

The subjects of research are summarized in the fol-
lowing objectives for this research:

* To investigate the evolution of pulling force dur-
ing the pultrusion process.

* To determine the flexural modulus and strength
of the pultruded carbon Elium® composites.

* To describe the final degree of curing by means
of hardness measurements.

* To correlate pulling speed and die entrance tem-
perature with the process observations, resulting
micro-structure, hardness and mechanical per-
formance.

Chapter 2 of this research provides background into
subjects related to this research. In chapter 3 the die
entrance flow model is introduced. The 4th chapter
describes the pultrusion line used for this research.
Chapter 5 introduces the different tests performed on
the produced samples. The 5th chapter contains the
results and discussion of the tests mentioned in chap-
ter 4. The conclusion is present in chapter 6 and chap-
ter 7 contains recommendations for the continuation
of this research.



2 BACKGROUND

In this section background information will be
provided on subjects related to this research.

Fiber reinforced polymers (FRP’s):

Fiber reinforced polymers are, as the name states,
polymers reinforced with fibers. The fibers give
the composite it’s strength and stiffness, whereas
the polymer matrix keeps the fibers together and
allows for some flexibility. FRP’s are becoming more
popular as a construction material. Where at first it
was reserved for use in aerospace, due to it’s very
high strength to weight ratio, it is now more and more
often used in simple appliances as well.

Despite it being a popular material and it being
an active research area, a lot is still unknown about
the specific properties. The way the composites are
made, results in an uncertainty about it’s properties.
The fibers provide a lot of strength in their length
direction, but close to none transverse to it. Since
producing a composite with the fibers exactly straight
is close to impossible, the strength in the desired
direction varies per product. This together with the
varying environmental condition at the production
areas results in many fluctuations in the product
quality [22].

FRP’s can be divided into several sub-categories, for
example the differentiation between Unidirectional
(UD) and Multi-directional laminate can be made.
Whereas a UD laminate only has fibers in a single
direction, a multi-directional laminate has fibers in
several directions by combining several UD layers or
the usage of woven mats. UD laminates are a good
alternative for constructions loaded in pure bending,
pure extension and/or compression. Multi-directional
laminates can be tweaked to the precise needs of the
situation, reducing mass production possibilities but
improving applicability. In this research only UD
samples will be produced.

Fibers:

Fibers are the part of a composite which provide the
strength and stiffness. There are three common types
of fibers, carbon, glass and organic. Each with it’s
own benefits and downsides.

The first carbon fibers were produced by Edison in
1879. These fibers were used for electric lamps and
were produced by carefully carbonizing cellulose
strands. The starting material for this process was
bamboo or cotton. From 1963 onward, carbon fibers
are made from either polyacrylonitrile (PAN) or
pitch (a by product of the refinement of petroleum).
The starting material is stretched to get the required
structural and molecular orientation. Different heat
treatments are then used to carbonize the fibers.
A heat treatment at 200-400°C in air is used for
oxidation. A treatment at 1000°C in dinitrogen
(Ny) is used for carbonisation. For graphite fibers a
heat treatment at 1500°C in Argon (Ar) is used for
graphitisation [23].

Carbon fibers consists out of basalt planes (see figure
7). These planes have very strong covalent bonds.
The van der Waals forces in between the planes are
very weak compared to the in-plane bonds. Due to
this, the strength of a carbon fiber depends strongly
on the orientation of these planes within the fiber
(see figure 8). The more the fibers are parallel to
the the fiber direction the stronger the fiber is in
this direction, but also the weaker it will be in the
transverse direction. In reality the planes are not
neatly stacked but more folded around each other as
in figure 9. During extension these folds are reduced,
the effect of which can be approximated by the
rotation of the planes.

Carbon fibers can transfer both electricity and heat
very well. This is a property which can be useful
in some applications. It for example allows for
induction welding when they are used in combination

Figure 7: Crystallite structure [24]
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Figure 8: Simplified crystallite orientation within a
carbon fiber [24]

Figure 9: Actual crystallite orientation [25]

with a thermoplastic. For this fibers in more than one
direction are needed, such that they together form a
closed loop for the eddy currents to flow in.

Carbon fibers are popular due to their high strength
and stiffness, their downside is their cost and brittle-
ness. They are commonly used in the high strength
parts of planes, cars and wind turbines, but also in
hockey sticks for example where a balance is used
between carbon and glass fibers. This balance allows
the player to choose between a stiff stick for good
ball control or a more durable flexible stick.

A slightly cheaper alternative for carbon fibers
are glass fibers. Glass fibers are know for the
use as fiberglas insulation, fiberglass internet (be it a
different form of glass fiber), wind turbines and boats.

Since glass fibers contain few defects and flaws, it is
in bulk form stronger than most metals. This makes
it a very popular material. Glass fibers are based on
silicon-oxides (Si-oxides). The fiber can be tuned for
specific purposes by choosing a specific oxide. These
Si-oxides are melted at 1300-1500°C (S-glass is
melted at higher temperatures). The melted glass then
flows through small orifices. It cools down quickly
and is pulled at a high velocity (about 65m/s) to
produce a fiber. The surface quality with this process
is usually below standard, thus a coating is applied
consisting of a protective aqueous sizing. This will
reduce the effect of any imperfections at the surface
[23].

Glass fibers are popular for their relatively low price,
their still high strength to weight ratio and their
flexibility. Glass fibers are often used as the bulk
material for planes and wind turbines.

The least known fibers are organic fibers. An example
are Kevlar fibers, which are best known being used in
bullet proof vests.

Organic fibers are fibers made from a polymers which
are spun to get very thin threads. These threads are
then stretched even further to get a high molecular
orientation in longitudinal direction which increases
the stiffness. This process results in fibers with a
very high strength in their longitudinal direction,
but very weak in other directions. These fibers have
more ductility than carbon fibers and are for this



reason often mingled with carbon fibers to increase
the impact resistance of carbon FRP’s [23].

Fiber-matrix interface:

The material consists out of two materials to (theoret-
ically) get the best of both worlds. This does however
comes with some problems. One of which is that a
good bond is needed at the fiber-matrix interface. The
material will only be as strong as it’s weakest bond,
therefor this interface bond needs to have a strength
at least close to the strength of the matrix. To do
this often a sizing is used on the fibers. This sizing
is made of a material which is able to make strong
bonds with both the fiber and the matrix. These
new interfaces are stronger than the interface would
have been without a sizing, thus making it worth to
create an extra interface. Besides improving the bond
strength it can also works as a protective layer for the
fibers against the environment and physical wear.

Carbon fibers have an extra issue when it comes to
the interface strength. This issue comes forth out of
the structure of carbon fibers. The fibers are made
out of basal planes orientated in an angle between
0°-90°. The strength of these planes are a lot higher
than the van der Waals forces between the layers.
Due to the production process, the planes on the edge
of the fiber are often parallel to the fiber direction.
The result is that when the interface is loaded in it’s
orthogonal direction, the weak van der Waals forces
are the limiting factor in the interface strength. This
can be prevented by using an oxidation treatment to
remove this parallel layer [26].

Voids:

”Regardless of resin type, fibre type and fibre surface
treatment, the interlaminar shear strength of compos-
ite material decreases by about 7% for each 1% of
voids up to a total void content of about 4%. Since
other properties are also affected by the presence of
voids, it is important to characterize the type of voids
and void content.”’[26]

The reasons for these voids differ per process and
material. For most a big reason of voids are the air
bubbles in the resin which are created during the
mixing of the components. Other resins, Elium®
for example, go through their boiling point before
polymerization. This causes gas to be released during
the polymerization. If this gas gets trapped withing
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the composite, it forms voids.

Thermoplastic composites:

Thermoplastic composites are composites consisting
out of fibers and a thermoplastic matrix. They
have several advantages over thermoset composites.
Including better recyclability, unlimited shelf life,
higher toughness, better moisture resistance and
rapid processing [27]. Applications include aircraft
parts, cars, bridge decks, window frames, pool floors,
cooling towers and much more[28] (See figure 10).

Figure 10: Applications for thermoplastic composites
in planes [29]

Forming:

Whereas a thermoset composite after forming cannot
be deformed without damaging the material, a
thermoplastic composite can be formed and reformed
repeatedly if enough heat is applied. This allows for
more complicated shapes to be formed than would be
possible with a thermoset composite. For example
a premade plate of thermoplastic composite can be
bought and shaped in a heated mold to get the desired
product. Whereas for a thermoset the same product
needs to be made in the mold directly. A good
example of this kind of product is folding of panel
edges using thermofolding. In this process a premade
plate or sandwich is folded using a heated die. A
technique which can even fold sandwich materials
with minimum reduction of material properties [30].

The forming of a thermoplastic composite however
has it’s downsides. High temperatures are needed to
form and deform the thermoplastic. This requires



more energy than the forming of a thermoset com-
posite. Also the viscosity of a liquid thermoplastic
is significantly higher than the viscosity of a liquid
thermoset. This means that for a good wetting of
the fibers higher pressures are needed. Both of these
downsides limit the production methods, by requiring
more specialized machinery.

Thermoplastics don’t always need to be formed with
a polymer as a starting point. Some thermoplastics,
such as Elium®, products can also be made by using
the monomer as the base material. This usually
means a lower viscosity, which allows the material
to be used in production methods which are usually
reserved to thermosets.

A common application of thermoplastic is fused
deposition modeling (FDM), a common technique of
additive manufacturing. In this case the possibility to
store the virgin material in wire form makes it a very
simple process. Upcoming in this field is the addition
of chopped fibers to the thermoplastic to increase the
stifftness and strength [31]. This could help create
stronger and stiffer prototypes. Research is also done
into 3D printing with continuous fibers which gives a
lot of flexibility in shape and fiber direction, but this
is still in an early phase[32].

Another forming processes common to thermoplastic
composites is stamp forming. In the case of stamp
forming the possibility of re-formability is used
to turn a pre-made composite blank into a more
complicated form. The blank is heated and then
stamped into a die. This process does come with
limitations, such as wrinkles in the fibers especially
in UD materials [33].

Bonding:

Thermoset composites can only be bonded using a
mechanical fastening or an adhesive bonding. Ther-
moplastic composites have the extra option of being
bonded using welding. This has the large benefit of
creating a relatively seamless bond. Depending on
the fibers used and the direction of those fibers a bond
strength close to and sometimes even higher than the
strength of the parent material can be achieved [34].

Gohel et al. [35] showed that it is also possible to
weld a thermoplastic composite to a thermoset com-
posite if a suitable coating is used. In this research a
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carbon/Elium® plate was welded to a carbon/epoxy
plate with a powdered Elium® coating. The tests
showed cohesive failure occurred before adhesive
failure which is an indication for good bonding.

Failure:

Composites have three major failure modes. The
first is failure of the fibers, the second failure of the
matrix and the third is failure at the interface between
fiber and matrix [27]. Whereas the failure at constant
loading is easy to predict, the failure at cyclic loading
is still difficult despite a lot of research. It has become
clear that failure at a cyclic load is interface and/or
matrix determined. Due to this an increased value for
the performance was expected with the more ductile
thermoplastic matrices over thermoset matrices.
Experiments however are inconclusive about this
[27].

Figure 11: Playground made from old wind turbine
blade parts[36]

Recycling:

Due to the option to remelt thermoplastics, they can
be reused in a new product, assuming the material
itself has not degraded too much. Compared to the
thermoset alternative, which has few options for
recycling besides being grounded up and used as
road foundation, this is a very large improvement.
D.S.Cousins et al.[37] compares several recycling
techniques for glass fiber Elium® composites to epoxy
variants. This research showed that thermoforming,
grinding, pyrolysis and dissolution are suitable
recycling techniques for Elium®.

Recently also some more creative options for the



reuse of wind turbine blades have been proposed. For
example Bank et al.[38] proposed options for using
the blades as roofs for housed and the root sections
to lift houses from the ground. In Rotterdam in the
Netherlands a playground has been build consisting
of old wind turbine blade parts (see figure 11). And
in Ireland a pedestrian bridge made from old wind
turbine blade parts is being build[39].
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3 DIE ENTRANCE FLOW MODEL

To get an estimation of the die entrance pressure built
up and to describe the resin backflow in the current
die, a model has been made in ANSYS CFX. This
model uses the unsteady Navier-Stokes equations in
their conservation form. In this model the flow just
before and in the first few centimeters of the die has
been modelled. In the model the fibers are simulated
as a porous medium with a variable porosity with a
constant speed. The Elium® has been simulated as
viscous liquid entering together with the fibers and
at the same speed. In this model the fiber volume
fraction is increased from 0.3 to 0.7 gradually in the
funnel. Before the model was deemed sufficient it
went through a total of 4 iterations. In this section the
first and last will be discussed in more detail.

3.1 Iteration 1

The first iteration consists of 3 sections (see figure
12), section A is a small startup section, section B
is the die funnel and section C is the die cavity. The
startup section is used to give excess Elium® the
chance to leave the domain. This contains excess
which enters the model and for the backflow of
Elium® out of the funnel. The sides of this part are
open (atmospheric pressure) for resin to flow out of
the domain. The funnel has open sides and free slip
walls on the top and bottom at a 45°angle. The die
cavity has free slip walls on each side and has an
open outlet.

Both the Elium® and the fibers entered the model at
3.3mm/sec (roughly 200mm/min), for the fibers this
speed was constant where for the Elium® the speed
after entry was dependent on it’s interaction with the
fibers and the die. In the funnel in this iteration a
simple assumption had been made. To get the fibers
to flow into the die cavity, the vertical velocity of the
fibers was set to be equal to minus the distance to
the mid-plane. The horizontal fiber velocity was then
calculated using the Pythagoras theorem as to still get
a constant fiber speed. This simplification resulted
in an overestimation of the vertical velocity and as
a consequence an underestimation of the horizontal
velocity. A permeability of 3*10"'°m? has been
used, in practice the permeability is about a factor
10 higher in fiber direction than orthogonal to it, but
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considering the limited importance of this model to
the research and the work required to implement this
properly, only the transverse permeability value is
used.

3.2 Iteration 4

A lot of changes have been made from the 1st to the
4th iteration. As a starter the model has been divided
into more sections and a section has been added.
The new model can be seen in figure 14. Fibers are
present in sections A, B and C, sections D and E
are located around sections A and B respectively.
Section A functions as the start up section similar as
in the first iteration. It’s main function is still to give
the excess of Elium® a chance to drip off the fibers
and out of the system. Section D has taken over the
function of allowing for backflow, this section now
does not include any fibers to more closely match
the real life situation. Section B is the part of the
funnel in which fibers are present. Section E is the
part of the funnel where there are no fibers. This
section now also includes sides such that the flow of
Elium® to the sides can also be analysed. Section
C is the die cavity. In this iteration the presence
of air, by turning the model in a multi-phase flow
model, and gravity have been added to the model to
give a more realistic representation of the real process.

In figure 14 all walls are shown in transparent blue.
All walls present are solid no slip boundaries. The
inlet (fluid) consists of 100% Elium® with a velocity
of 3.3mm/sec. The outlet velocity is now also set to
3.3mm/sec instead of the open boundary from the
first iteration. This to simulate the condition that once
the Elium® becomes solid it will move at the same
speed as the fibers. All other sides of the model are
“open’ boundaries with 100% air.

The permeability has been updated to the Kozeny-
Carman equation in line with “Fluid Mechanics
Analysis of a Two-Dimensional Pultrusion Die Inlet”
by Sharma et al. [40]. In this equation K;y; is
the permeability in fiber direction, Dy is the fiber
diameter, 10 micron in this research, and C is the
Kozeny constant which has been chosen to be 1.4.
This means that the permeability is now a function
of the volume fraction and changes over the length
of the model. The fiber velocities in the funnel have



been adjusted to use both the current horizontal and
vertical position of the particle in the Pythagoras
theorem, resulting in a straight line.

 DA1—V)) 1
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In figures 16 and 17 the resin flow lines can be seen
from the side and front respectively . Here it can be
seen well that the resin back-flow on the bottom will
simply flow down out of the funnel, and from the top
the back-flow partially flows down along the sides of
the fibers and the rest gets trapped for a while in a cir-
cular motion on top of the fibers just before the funnel.

In figure 18 the pressure distribution on the mid-plane
can be seen. A high peak can be seen just before the
die entrance. The expectation is that this pressure
build up plays an important role in the pulling force
needed during pultrusion.

3.3 Model validation

The model has been compared to the models in
Investigation of the pressure behavior in ”a pultrusion
die for graphite/epoxy composites” of Raper et
al.[41] and “Fluid Mechanics Analysis of a Two-
Dimensional Pultrusion Die Inlet” by Sharma et
al. [40]. The self made model has been reformed
to match the funnel shapes from Raper[41] and
Sharma[40], all other settings have been kept the
same except for the fiber flow. In the models of
Raper[41] and Sharma[40] the fibers don’t move with
the funnel, but simply go on straight and disappear
into the walls of the funnel. To get a similar pressure
distribution the same principle has been used in the
comparison models. In figures 19 and 20 the pressure
distribution in the comparison models has been put
next to the pressure distribution from the papers of
Raper[41] and Sharma[40]. Here it can be seen that
the models match well, especially for the Sharma[40]
model. In the Raper[41] comparison there is a
mismatch towards the end of the funnel, which could
be caused by Raper[41] simulating a longer part of
the die cavity. Values of the pressure are deliberately
not mentioned for the comparison models, since the
exact values for the material properties etc. used in
the research are not known, thus only the shape of the
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distribution is compared and not the actual values.

3.4 Viscosity and die entrance pressure

Since the premature increase of viscosity at the die
entrance has been defined as one of the problem ar-
eas, the die entrance pressure dependence on the resin
viscosity has been researched in the model. The result
can be seen in figure 21. The lowest viscosity in the
graph is the viscosity of Elium® at room temperature
and the highest is a common value for a viscoelastic
polymer. Here a clear linear relation is seen between
the die entrance pressure and the viscosity of the resin
even up to very high viscosity’s. Since the die en-
trance pressure plays a direct part in the pulling force,
this signifies the importance of keeping the viscosity
of the resin at the die entrance low.



Figure 13: Fiber flow in iteration 1

Figure 14: Overview of the 4th iteration of the model
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Figure 15: Fiber flow in the 4th iteration of the model
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Figure 16: Resin flow in the 4th iteration of the
model seen from the side

Figure 17: Resin flow in the 4th iteration of the
model seen from the front
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Figure 18: Pressure distribution in the mid-plane of
the 4th iteration of the model



Comy i
Domain [nlet

Intersection Point

Start of Straight Portion

Fiber/Resin Matrix —] —_— —————6n f

0010 0012

f
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model made by Rapper et al. [41]

1
.

1

Intersection Point '

i
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4 PULTRUSION LINE AT THE UNIVERSITY OF
TWENTE (UT)

This research is done on the setup present at the UT
designed and build by Jasper van Meurs. The setup
can be seen in figure 22. It consists out of bobbin
holder, several fiber guides, rollers, a resin bath,
4 heating zones (2 sections having each a top and
bottom zone) and a puller consisting of 2 metal rolls
actuated by a stepper motor.

The first part of this research is focused on getting this
setup to work properly with the carbon Elium® com-
bination. Some problem areas have been defined in
preliminary tests (see section 9), being solidification
at the die entrance and deformation at the rollers. Two
other productions have confirmed the solidification at
the die entrance in a more drastic manner. With the
temperature in the lab being higher for the second and
third productions, the solidification happened even
faster. This meant that barely any or no production
was possible before the line got stuck (see figure 23).
For this reason the optimization is focused on this
problem area. The problem of solidification consists
out of two sub-problems, being the high force needed
to pull the impregnated fibers through the die and the
high temperature of the die entrance.

4.1 Pulling the fibers

At the beginning the process there is no polymer
product at the rollers. Since the rollers don’t have
enough grip on the dry fibers, the pulling has to be
done by hand until the finished product has reached
the rollers. If this does not happen fast enough, the
resin at the entrance has already hardened too much
to be pulled into the die.

Potential solutions for this issue are adjusting the
current puller such that it has grip in the dry fibers
or adding a separate puller, automatic or by hand,
specifically for the dry fibers. During this phase,
negotiations about a new pulling unit were already
ongoing, for this reason it was not deemed useful to
adjust the current one. Similarly an extra automatic
pulling unit would be unnecessary if the new one is
already capable of pulling the dry fibers. Therefor a
hand powered separate puller was chosen to solve the
problem for the duration of this research.
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With the choice for a hand puller being made, the
design requirements had to be set. In this case a
transmission is needed between the force applied by
hand and the force applied to the fibers. The concept
of a winch (see figure 24) was chosen for this due to
its simplicity in both use and production. The winch
will consist out of two shafts. The first of which will
be placed just behind the original puller, held up by
two laser cut plates attached to two aluminum beams.
The second shaft slides into a hole in the first shaft.
In this way allowing to either use it at full length
for maximum transmission or at halfway for ease of
turning.

The force needed on the fibers was determined, from
the highest force measured during the tests, to be
2kN. With this in mind, and the width of the test setup
known to be 200 mm, the required diameter of the
main shaft could be determined using equations 2 and
3. This in combination with the available materials
in mind, resulted in a steel shaft with diameter of
30mm being chosen as a safe choice. Having a
maximum stress of 38MPa well below the 250MPA
yield strength of steel. The required diameter of the
second shaft can be determined using equations 4
and 5. Based on this a diameter of 20mm was chosen
resulting in a maximum stress of 38MPa again well
below the yield strength of steel.

FL
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With the diameter of the shafts known the transmis-
sion ratio could be determined by dividing the length
of the second shaft by the diameter of the first. With
a convenient length chosen of 500mm this results in a
force needed of 60N when the full length is used and



Figure 22: Pultrusion setup
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Figure 23: Material stuck in the die entrance

Figure 24: Winch design

120N when the shaft is inserted halfway.

The winch has been installed just behind the puller,
this allows for a stiff connection to the rails of the
setup. During operation the first few fiber bundles
are still pulled by hand, but once this becomes tough
the bundles are put through a hole in the winch.
After this the bundles will clamp themselves onto the
winch and the bundles can easily be pulled further by
turning the winch

The winch allows for a more constant speed during
the setup of the process. It also significantly reduces
the physical work of pulling the fibers. Before the
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addition of the winch, if the fibers would snap, the
operator would fall backwards with the potential of
injuries. The addition of the winch removes this
problem, by switching to a turning motion instead of
pulling and reducing the required force by roughly a
factor 15.

4.2  Die entrance temperature

The temperature at the die entrance has been deter-
mined to be 85°Celsius, when the first heating section
is set at 90°Celsius. The polymerization of Elium®,
with the thermal initiator used in this research, starts
at 50°Celsius. Therefor the die entrance temperature
should preferably be lowered to below 50°Celsius.
The die entrance temperature also needs to be con-
trollable in order to answer the research objective of
identifying it’s influence on the produced material.

The first attempt to lower this temperature was to
elongate the die entrance 10 cm before the heating
block. In this way it was managed to drop the tem-
perature to 70°Celsius. This is not enough, especially
since the temperature of the heating sections might
be increased in future research. There are several
options to decrease the temperature even further,
three of the options will be discussed.

The first options is a cooling fan. This cools the die
entrance by creating a room temperature air flow
over the die entrance. This would be done using a
fan placed close to the die entrance. Potentially a
heat-sink can be added to increase the efficiency of
the cooling. Advantages of this concept are that a
cooling fan is easy to get your hands on, cheap and
the installation requires no changes to the current
setup and no coding.

Downsides are that the decrease in temperature
is strongly related to the room-temperature in the
lab, this would mean that the amount of cooling
present is inconsistent between tests and is difficult
to control using a standard fan. This would mean the
addition of an extra unknown into the variables of this
research, which is unwanted since it could influence
the reliability of the results. A second downside
of creating an aiflow is that the polymerization of
Elium® is based on evaporation which is sped up by
an airflow. This could mean that the process which



Figure 25: Winch after use

Figure 26: Cooling block in use
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we want to slow down by the addition of a fan could
potentially speed up the process instead. Lastly only
the fan speed can be controlled and not the resulting
die entrance temperature.

The second option is a Peltier element. This element
‘pumps’ the heat from the die to the air. Advantages
are that it does not create an airflow, is easily con-
nected to the Arduino already present in the setup and
that it can be turned on and off easily. This would
allow for a feedback loop between the Peltier element
and the Arduino, theoretically allowing for a well
controllable die entrance temperature.

The efficiency of the Peltier element are however
also highly dependent on the room temperature. The
amount of heat which can be transferred to the air sur-
rounding the die entrance depends on the difference
in temperature between the two. This means that on
a hot day the efficiency is lower and also that during
the process the efficiency will drop over time, by the
air being heated up by the Peltier element itself. This
could be improved by the addition of an airflow to
transport the heat away from the peltier element, but
as mentioned earlier an airflow is not an option.

The third option is a water cooling system, using a
thermobath, two aluminum blocks and some heat
resistant hoses. The temperature of the cooler can
be easily managed by settings of the thermobath
which contains a stable cooler. The system is more
than strong enough to keep the cooler at a constant
temperature during the tests. This option does require
a relative large amount of work to install. The blocks
of aluminum need to be ordered and milled, the
hoses and hosetails need to be ordered and installed,
the thermobath however is already present at the
university.

From these three options the water cooling system
has been chosen, for it’s reliability and since the
relatively high complexity was still quite feasible.
A quick model showed that the die entrance would
be the same as the water temperature, if the water
temperature is assumed to be constant.

The cooling blocks have been kept simple, by using
straight holes through an aluminum block. Each hole
has thread on both sides such that hose tails can be
attached. All 16 (4 holes per block, 2 hose tails per



hole) are connected to each other and the thermobath
using heat resistant tubes. The tubes are connected
such that all connections between the blocks are on
one side, in this way allowing the blocks to be folded
over the die for easy installation. The blocks are
clamped to the elongated die using 4 bolts of the
same size as used to clamp the heating blocks.

First trials showed that the die entrance indeed had
the same temperature as the water (in this case 20°C)
and that the resin stayed fully liquid until after the
cooler.

4.3 Increase of clamping force

Towards the end of this research the M5 bolts and the
thread in the bottom heating block used to clamp the
die shut, were worn out. The decision was made to
switch to M8 bolts to increase the maximum clamping
force, in order to reduce the odds of leakages. The
thread in the bottom heating block was replaced by
nuts. This allows for more ease in replacing when the
thread wears out again. Now only the bolts and nuts
need to be replaced.

21



5 EXPERIMENTAL

With the improved setup finished, the research into
the process variables could start. In this section the
different tests, their relevance and the related calcula-
tions will be discussed.

5.1 Differential scanning calorimetry (DSC)

The DSC test has been performed at 100 degrees
Celcius with 1, 2, 3 and 4 weight-percent of peroxide.
The results can be seen in figure 27. From this figure
it becomes clear that the polymerization is the fastest
at 4 weight-percent of peroxide, which will therefor
be used for the tests. This results in a polymerization
duration of roughly 50 seconds. The conditions in
the actual setup will be very different, therefor this
value is only an indication and will probably not be
the same for the actual productions.

Heat normalized per mass
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Figure 27: DSC results

5.2 Productions

Producing test samples in it’s way is a test on it’s
own. During the production the temperatures in the
heating die and the pulling force are measured. By
relating the forces to the different variables used,
conclusions can be made about the quality of the
process.

The mold itself is located on a sled, which allows for
back and forward movements during the process. On
the outlet side this movement is limited by a force
sensor. Considering that with Newton’s third law the
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pulling force needed to pull the material through the
die should be equal to the force applied to the die,
this allows us to measure the pulling force.

During the tests 5 thermocouples are present in the
die, 4 are used to control the heating cartridges, in
the middle of both heating sections one thermocouple
just below and one just above the die cavity, and one
at the start of the first heating section. Initially one
was also placed at the die entrance, but validation
with an external thermocouple showed that the ther-
mocouples used are not accurate at low temperatures.
The die entrance is for this reason considered to be
the temperature of the thermobath, which has been

proven to be a valid assumption with an external
thermocouple.

For all productions 6 bundles of carbon fiber have
been used in the preform orientation shown in figure
28. Based on the DSC test a initiator content of
4wt% has been chosen for to get a high reactivity.
The Elium® resin has been mixed with the 4wt% of
Perkadox 16 and 1wt% of release agent and stirred
carefully until it became a clear mixture.

The die temperatures and pulling speeds for the
tests have been decided based on recommendations
from Arkema and research from Zoller et al. on
Elium® pultrusion[12]. From Arkema it is known
that the boiling temperature of the monomer is a
100°C and pultrusion temperatures between 65°C
and 115°C are recommended. It is preferred to not
reach the boiling temperature until the Elium® has
fully transitioned into it’s gell-phase, meaning that

Figure 28: Fiber preform orientation. The holes
which are used are shown in white.



the first heating section should be below 100°C.
With the recommended max being 115°C and Zoller
having performed successful productions in a mold
with sections at 90°C and 110°C, it was chosen to in
this research also use a 90°C first heating section and
a 110°C second heating section.

Knowing the temperatures and having the results of
a DSC test at 100°C. The required time in the die
is expected to be roughly 60 seconds. With the die
having a length of 400mm this results in a maximum
speed of 400mm/min. Preliminary tests (see Ap-
pendix B) have shown that 400mm/min is too fast but
300mm/min seems to work. With 300mm/min being
set at as the max speed, the decision has been made
to perform the tests at 100mm/min, 200mm/min and
at 300mm/min.

The second variable to be varied is the die entrance
cooler temperature. Knowing that the polymerisation
of Elium® starts at 50°C, and wanting to stay well be-
low this, the decision has been made to perform tests
at 20°C and 40°C. This results in a total of 6 tests to
be performed, by combining performing each of the
three speeds at both die entrance temperatures.

5.3 Microscopy

From each variable set 2 pieces of approximately
10mm are embedded in epoxy and afterwards
polished. These samples are used both for the
microscopy inspection and the nano-hardness tests.
During the microscopy inspection, an estimation is
made of the fiber volume content, the void content
and deviations in the micro-structure are noted.
Possible deviations are uneven fiber distributions and
cracks.

The fiber volume fraction can be determined by
doing an image analysis on the microscopy images.
This is done according to the “composites material
handbook”[42] guidelines. = This means that the
image is translated to a grey scale on which then a
threshold (see figure 29) is determined for the range
of grey in which the fibers are present. The volume
fraction is then simply calculated by counting the
pixels in the threshold and dividing this by the total
amount of pixels. This is a quick an easy way to
calculate the volume fraction, but the image qual-
ity and the threshold settings can influence the results.
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Figure 29: Grey scale threshold for fibers

From the volume fractions the void volume fraction
is the most interesting. Voids are pockets of gas in
the material. These pockets can decrease the strength
of the material significantly by being an easy starting
point for cracks. In these productions there will be
two potential sources of voids, being air trapped in the
resin during mixing or when entering the die and gas
released by the resin during polymerization. The air
being trapped in the resin can’t be controlled during
these productions due to the lack of an automatic
mixer or a degasser. The amount of gas released by
the Elium® is expected to be highly dependent on
the speed and temperatures, this will therefor make
th