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Preface

This master’s thesis investigates the design, assembly, and employment of an experimental tow spread-
ing line for unidirectional carbon fiber composite tapes. The main focus is on studying friction behavior
during spreading and introducing novel monitoring techniques. The findings challenge existing theo-
ries, highlighting the need for further research and process improvement. This work aims to contribute
to the field of aerospace engineering and inspire future advancements in composite manufacturing.
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supervision during the thesis. Additionally, | would like to thank all other staff members which provided
feedback or assisted me on my work. | am very grateful to all of you.

Ehshan ul-Haq
Heerlen, The Netherlands, June 2023



summary

This master’s thesis focuses on the design and assembly of an innovative tow spreading line for in-
vestigating carbon fiber tow spreading through the utilization of spreader bars. The primary objective
was to examine the friction behavior during the spreading process by employing multiple tension sen-
sors. Additionally, novel monitoring concepts including 4-point resistivity sensing, optical width and gap
detection, and optical analysis for determining fiber orientation within the carbon tow were introduced.
Through a series of experiments conducted on the newly built setup, comprehensive data was collected
and analyzed.

The findings revealed an intriguing observation that deviates from the established Capstan equation.
It was observed that an increase in tension in the tow resulted in a reduced apparent friction coefficient
during bar tow spreading. This departure from the conventional understanding of friction dynamics in
this scenario contributes valuable insights to the field of carbon fiber tow spreading.

Furthermore, the feasibility of utilizing resistivity measurements as a means of detecting material
anomalies, such as damage or waviness, was investigated. The results demonstrated that this tech-
nique, while partially reliant on tow tension, consistently detected such anomalies. However, challenges
were encountered in achieving quantitative consistency in the optical orientation analysis, making it dif-
ficult to obtain robust results in this aspect.

The experimental monitoring setup also revealed an increase of approximately 20% in the width of
the tow. To enhance process repeatability, recommendations are proposed to upgrade several com-
ponents of the built experimental line. Moreover, it is advised to further test and develop the software
analysis techniques to achieve a higher degree of repeatability, thus potentially validating the obtained
results.

In conclusion, this research contributes to the understanding of carbon fiber tow spreading through
the design and assembly of an experimental production line, examination of friction behavior, and the
introduction of novel monitoring techniques. The outcomes serve as a foundation for future investi-
gations and advancements in this domain, with the potential to enhance the efficiency and quality of
carbon fiber tow spreading processes.
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Introduction

1.1. Background and Motivation

Carbon fiber is a versatile material that has gained popularity in various industries due to its high
strength-to-weight ratio and other desirable properties. Carbon fibers are manufactured by subjecting
precursor materials to high temperatures and converting them to carbonized fibers. The carbonized
fibers are then processed to improve their mechanical properties and used to make composite materi-
als for various applications, such as aerospace, automotive, and sports equipment [1].

A critical step in carbon fiber manufacturing is the spreading process, in which carbon fiber tows
are spread into flat tapes or sheets. The spreading process affects the properties of the final product
and can impact the performance of composite materials made from the carbon fibers [1]. Spread
tow composites undergo size effects, which can enable the material to have increased strength [2].
Understanding the behavior of carbon fiber tows during spreading is, therefore, crucial to optimize
carbon fiber manufacturing processes and improve the quality of carbon fiber products.

1.1.1. Applications of CFRP and Thin-Ply Composites

One of the key advantages of carbon fiber composites is their high strength-to-weight ratio, making
them ideal for applications where weight reduction is critical. Carbon fiber composites also offer ex-
cellent stiffness, durability, and resistance to fatigue, which make them suitable for high-performance
applications [2].

Part of the recent advances in carbon fiber composites technology is tow spreading, which involves
the spreading of carbon fiber filaments into a wider, flatter, and more uniform configuration. This pro-
cess increases the fiber volume fraction, which results in higher strength and stiffness properties for
the composite. Tow spreading also improves the interlaminar shear strength and fracture toughness
of the composite, making it more resistant to delamination and damage propagation. This technique
has found applications in the aerospace and automotive industries, where weight reduction is a critical
factor in improving fuel efficiency and performance [3].

Thin-ply composites are another area of development in carbon fiber composites, where thinner
carbon fiber plies are used to create a composite with enhanced properties. Thin-ply composites offer
improved interlaminar shear strength, reduced delamination, and enhanced damage tolerance com-
pared to traditional thick-ply composites [4]. This makes them ideal for applications where weight
reduction and high-performance are critical, such as aerospace and defense applications. Below, a list
is presented with examples of how thin-ply composites are being used in aerospace.

+ Aircraft structural components: Thin-ply composites can be used in the manufacturing of aircraft
structural components, such as wings, fuselages, empennages, and (cryogenic) fuel tanks [5].
Their high strength-to-weight ratio and improved interlaminar shear strength can help reduce the
overall weight of the aircraft, leading to improved fuel efficiency and range. New solutions such
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as morphing wings can possibly also be introduced [6].

+ Satellite components: Thin-ply composites can be used in the manufacturing of satellite com-
ponents, such as solar panels and antennas. The improved damage tolerance of thin-ply com-
posites makes them more resistant to the harsh environments of space, leading to increased
reliability and lifespan of satellite components [7].

* Helicopter rotor blades: Thin-ply composites can be used in the manufacturing of helicopter rotor
blades [8]. The improved interlaminar shear strength and damage tolerance of thin-ply compos-
ites can help reduce the risk of delamination and damage propagation in the rotor blades, leading
to increased safety and reliability.

» Spacecraft heat shields: Thin-ply composites can be used in the manufacturing of spacecraft
heat shields. The high strength-to-weight ratio of thin-ply composites can help reduce the weight
of the heat shields, leading to reduced launch costs. The improved damage tolerance of thin-ply
composites can also help protect the spacecraft during re-entry into the Earth’s atmosphere [9].

* Unmanned aerial vehicles (UAVs): Thin-ply composites can be used in the manufacturing of
UAVs, where their high strength-to-weight ratio and improved damage tolerance can improve the
endurance and reliability of the vehicles. Thin-ply composites can also help reduce the noise
signature of UAVs, making them more suitable for surveillance and reconnaissance missions.

Overall, the applications of thin-ply composites in the aerospace industry are diverse, and their
properties make them well-suited for high-performance and weight-critical applications. On top of the
presented examples, thin-ply composites can also be used in sports and recreational equipment, such
as bicycles, where their high strength-to-weight ratio can improve performance.

In conclusion, carbon fiber composites are a versatile material that has found numerous applications
across a wide range of industries. The recent developments in tow spreading and thin-ply composites
have further enhanced the properties of carbon fiber composites, making them even more suitable for
high-performance and weight-critical applications.

1.1.2. Manufacturing of Carbon Rovings and CFRP

The manufacturing process of carbon fiber is complex and involves several steps. This chapter pro-
vides an overview of the manufacturing process of carbon fiber rovings, which are bundles of carbon
fibers used as a reinforcement material.

There are two main materials used in the production of carbon fiber: PAN (polyacrylonitrile) and
pitch [10]. PAN is derived from oil or coal and forms a thermoplastic polymer, which will later transform
into carbon fiber. Pitch, on the other hand, is the residue of the distillation process of carbon-based
materials such as crude oil or coal. Pitch-based fibers generally have a crystal structure in the form
of sheets, making them stiffer, while PAN-based fibers have a more granular structure, making them
tougher. Pitch fibers also generally have better electrical and thermal conductivity, but are more expen-
sive than PAN fibers due to the need for an oil refinery.

Regardless of the precursor material used, the process of manufacturing carbon fiber involves sev-
eral steps [11]. The precursor material is first obtained via spinning, which can be done using melt
spinning, dry spinning, wet spinning, or dry jet wet spinning. Once the precursor is made, the oxidation
step follows, where temperature and pressure are finely controlled to stabilize the precursor. The fibers
cannot yet be called carbon fibers at this stage, as a significant portion of their content consists of non-
carbon atoms. To turn them into near 100% carbon fibers, the fibers are heated in an inert atmosphere,
causing the carbon atoms to orient themselves towards a structure with minimized energy. During this
process, the crystal structures align more with the length direction of the fiber, resulting in a stiffness
increase.
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For high modulus fibers, an additional graphitization step is performed, where the fibers are placed
in a high-temperature oven filled with inert gas. During this step, the crystals in the fiber align even
more with the fiber direction, making for an even stiffer fiber. However, this process also results in a
reduction in tensile strength. Finally, all fibers receive a surface treatment and a sizing [11].

Once the carbon fibers are produced, they are bundled together to form rovings, which are the basic
unit of carbon fiber reinforcements. Various configurations of carbon fibers can be achieved through
different bundling techniques. For example, single carbon fibers are too thin and fragile to be useful, so
they are bundled into untwisted strands, also known as direct rovings or single end rovings. Assembled
rovings, or multi-end rovings, are bundles of multiple strands that often have been twisted together to
improve handling [11].

Carbon fiber composites can be made from either thermoplastic or thermoset matrices, both of
which have their own advantages. Thermoplastic composites are more easily recyclable, have bet-
ter toughness and can be welded [12], while thermoset composites have better chemical and heat
resistance due to their cross-linked molecular structure. In both cases, the carbon fiber rovings are
impregnated with the matrix material and then molded into the desired shape using heat and pressure.
The final product is a composite material that combines the unique properties of carbon fiber with the
advantages of the matrix material [13].

In conclusion, the production of carbon fiber rovings is a complex process that involves several steps
and the use of either PAN or pitch precursor materials. The resulting carbon fibers are then bundled
together to form rovings, which can be used as reinforcement materials for thermoplastic and thermoset
composites. The ability to tailor the composite to specific requirements makes carbon fiber composites
a popular choice in many industries, such as the aerospace industry. As research continues, it is likely
that carbon fiber and its composites will play an increasingly important role in shaping the future of
materials engineering.

1.1.3. Carbon Fiber Tow Spreading

Carbon fiber tow spreading is a critical process in the manufacturing of high-performance composite
materials. It involves the precise and consistent spreading of individual carbon fibers into a wider,
flatter ribbon or tape, which can then be used to create composite materials with exceptional strength-
to-weight ratios. Carbon fiber tow spreading is important because it allows manufacturers to produce
composite materials that are strong, lightweight, and durable. The process requires specialized ma-
chinery and expertise to ensure the fibers are properly aligned and distributed, which ultimately affects
the performance of the final product. In this research, the focus is on bar tow spreading, in which the
carbon tow is tensioned over a bar to engage spreading. Bar spreading machines do this by controlling
the tension, wrap angle, and speed of the tows during spreading. This section reviews several rele-
vant aspects of the bar spreading technique and related research is presented. The mentioned topics
include: pre-tension, tension release, relative velocity, wrap angle, bar surface and friction, bar diam-
eter, symmetry, and twists. Other spreading techniques are also mentioned, including air spreading,
ultrasonic spreading, and electrostatic spreading. An illustration of the mechanism of tow spreading is
displayed in figure 1.1.



1.1. Background and Motivation 4

D-D
N’

OO OONN

Filament Q@OOOW thickness
Ravleleleleelc)
©OOOOOOOOC:

VAV AV ANV

Migration

e

~J

A

width -

Figure 1.1: Diagram of the mechanism of lateral fibre spreading, showing a cross-section of a fibre bundle as it is stretched
over a rod [14].

Pre-tension

Pre-tension is the process of stretching the carbon fiber tow before spreading it. Pre-tension helps to
keep the fibers aligned during spreading, which results in a more uniform and flat spread. Adjusting
pre-tension can also helps to prevent damage to the fibers, which can occur if the fibers are stretched
too much during spreading.

An experiment has been performed in which the effect of pretension has been analyzed on the
spreading behaviour of a carbon fibre tow. The results are displayed in figure 1.2 below [15].
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Figure 1.2: Influence of pretension on spreading [15].

From figure 1.2, a trend can be observed between the applied pre-tension (via a mechanical brake)
and the final tension in the tow. As the pre-tension is increased, the final tension also increases. How-
ever, even though the overall tension gradient changes, there does not seem to be a noticeable trend
between the pre-tension and the final spread width of the tow. This conclusion is in line with the con-
clusions from both [16] and [17].

Since the spreading of the tow strongly depends on the mechanical friction between the tow and
the rod, and since this friction results from tension in the tow, it seems counter-intuitive that there is no
correlation between pre-tension and tow spreading. Therefore, in agreement with [15], a new study will
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be conducted in which the same principle is examined. In the previous study conducted by [15], the
pre-tension test range was approximately 100 cN.

Tension release

Tension release is the literal release of tension on a tow after a spreading process via bars has been
performed. A study has been conducted by Irfan et al., in which he spreads a carbon fibre tow over
two rods via a back and forth movement [17]. After an equilibrium of the spreading width has been
achieved, an additional cycle is carried out followed by a relief in tow tension. Then, another cycle is
performed. Experimental results are displayed in figure 1.3 below.

20

18 ]
| t

-
=)

-
=
—

-
N

Width of the bundle (mm)
3

o N B O ®
—

As-received fibre  Bundleunder  After six tension After tension
bundle tension cycles release

Figure 1.3: Width evolution of tow for various stages [18].

According to the figure above, the tension release action seems to have a notable effect on the
spreading of the fibre bundle. An explanation is proposed for this phenomenon. It is believed that
the spread of the bundle approaches an equilibrium value as the friction between fibres and rod, and
between fibres and fibres, eventually prohibits further movement of the filaments. It is said that the
fibres in the bundle keep a 'near-stable packed configuration’. Therefore, further spreading is unlikely
to occur once equilibrium is reached. If, however, the tension on the tow is removed, and a new cycle
is performed, the fibres are able to move relatively freely. Then, the spread width of the tow can be
further increased [18].

As figure 1.3 implies, applying the additional tension release cycle can have a significant effect on
the spreading of the tow. Also, it can be relatively complicated to add a tension release system to a
spread-tow production line. In two known cases, carrier hubs with multiple rollers are used [3] [17]. As
the tow passes over this rotating carrier hub, the total distance that the tow has to travel changes due
to the rods that move with the hub. This results in a periodic relief in tension on the tow. Adding such
a setup to a continuous production line would require a brake to be placed before the tension release
setup. Otherwise, the release in tension is noticeable through the entire line which could potentially
reduce the effect of the spreader bars.

Relative velocity and wrap-angle

Looking at figure 1.4, it becomes clear that an increased rotational speed, in opposite direction of the
moving tow, of the spreader bar causes a greater amount of spread. The mechanism of importance
here is the (variable) relative velocity between bar surface and tow. The phenomenon can be explained
by the fact that when the rotational speed is increased, more contact points between tow and roller
occur. This means that there is a greater chance for the monofilament to be affected by a friction force,
and be distanced from the center line. From the same graph it also becomes visible that an increase
in wrap angle leads to an increased spread width. This has a similar potential explanation; as the
wrap angle increases, the contact area between tow and roller increases as well. As the contact area
increases, there is a greater distance over which the tow experiences friction (and therefore spread-
inducing normal forces).
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Figure 1.4: Spread width versus roller surface speed for various wrap angles [14].

Bar surface roughness and Friction

Spreader bar surface roughness is also an important factor in bar tow spreading. A smooth spreader
bar surface allows for easier spreading of the carbon fiber tow, but it can also cause slippage and dam-
age to the fibers. A rough spreader bar surface can help to grip the fibers better and prevent slippage,
but it can also cause damage to the fibers. Therefore, it is important to find a balance between surface
roughness and grip to achieve optimal spreading results.

Depending on the material and topography of the spreader bar surface, the overall spreading prop-
erties can differ. Some materials and topographies result in processes in which the fibres experience
more friction than for other parameters. Generally, friction is defined according to the Coulomb friction
model shown in equation 1.1. In this equation, the force of friction F is written to be directly proportional
to the normal force N.

Ff:,uN (11)

For which 1 is the coefficient of friction, and N is the normal force.

Although equation 1.1 is widely used, it has been observed that the apparent coefficient of friction
1 changes as the applied normal force changes instead of staying constant as the equation implies.
Because of this, Howell’'s equation is widely accepted to estimate the correlation between friction and
normal load. Howell’s equation is displayed in equation 1.2 [19].

Fy =kN" (1.2)

For which k is an experimentally determined coefficient of proportionality, and n is a fitting parameter
that relates to the deformation mechanism. The value of n ranges from 2/3 for a fully elastic deforma-
tion, up to 1 for fully plastic deformation.

An experiment has been performed in which the coefficients of friction have been determined for a
12k carbon fibre tow passing over a friction drum [19]. Said tests are executed according to the Cap-
stan measurement setup, of which a diagram is displayed in figure 1.5. The experiment included the
following four different cases: (a) tow over smooth metal, (b) tow over rough metal, (c) tow over tow
parallel, (d) tow over tow perpendicular.
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Figure 1.5: Schematic description of capstan experiment [19].

From the experiment, several Major Trends were noted. These are listed below [19].

» The friction experiments show a general trend that the friction between tow and metal is signifi-
cantly higher for the smooth drum than for the rough drum.

* The friction between tow and parallel tow (on the drum) is higher or at least as high as for the
friction between tow and perpendicular tow (on the drum).

» The measurements with parallel tow on the drum show that the friction coefficient is measured
to be higher for tow that have a polyurethane-based sizing, compared to tows which do not have
that sizing.

Bar diameter

Changing the diameter of the rods, used to spread the tow, has been shown to have an effect on the
spreading behaviour of the tow. In figure 1.6, this effect is shown for spreader bars with diameters of
30, 50, and 100 mm.
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Figure 1.6: Rod diameter vs. tow width after spreading [18].

In this particular setup, two bars were placed next to each other. The tow was draped over the two
bars and weights were attached to the ends of the tow. The findings from figure 1.6 can be explained
by the following. As the tow slides over the larger diameter rods, the contact surface is larger compared
to the smaller diameter rods. Since the tension in the tow remains the same, the contact stresses will
be lower for the case with the larger diameter rods. Using a rod with a smaller diameter also increases
the de-cohesion between the filaments, due to increased strains on the fibres as a consequence of a
tighter radius. This, in turn, also contributes to the spreading of the tow. It has to be noted, however,
that increased contact stresses and bending strains on the fibres can increase the damage afflicted on
the fibres [18].

Symmetry
The relative position of each of the spreader bars is what decides how the contact between the tow
and the rods is. By utilizing a symmetrical spreader setup, the tension ratios (of the tow between each
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rod) can be uniformly altered. A non-symmetric layout can in turn provide tension spikes. This can
be beneficial in controlling the evolution of the spreading process. Non-symmetrical layouts can, for
example, be used to achieve strong spreading during impregnation [15].

Lateral symmetry is essential in bar tow spreading. If the tow is not spread symmetrically, it can
cause uneven fiber distributions, which can result in weak spots in the final product. Therefore, it is
important to ensure that the tow is spread symmetrically during the spreading process.

Twists

When a reel of carbon fibre is manufactured, some of the carbon fibres are twisted. The twist of a fibre
can occur in two ways. Firstly, global twist. Global twist can be explained by a general twist of the tow
itself. This can be resolved by hanging the tow vertically and letting the tow unwind. It is also possible
to buy reels of carbon fibre for which the global twist is already mainly resolved.

The second type of twist is intra tow twist. In this case, individual fibres are twisted around neigh-
boring fibres. This can be detrimental for the spreading of the tow; the intra tow twist inhibits spreading
of the fibre bundle. When a section of tow passes over a spreader bar (for example), a normal force
is applied on the tow which leads to lateral relative motion of the fibres. If a fibre is wrapped around a
bundle of fibres, this fibre can prevent the lateral motion by carrying a tension load. Intra tow twist is
difficult to simulate. However, to give an impression of the effect of twist on the spreading behaviour
of a tow, a graph is shown in which maximum spread is plotted against amount of global twist in figure
1.7 [16].

2.5

Spread (mm)
in

[y

0.5

0TPM 10.1TPM 30.4TPM
Twist

Figure 1.7: Maximum spreading width for untwisted, 10.1 twist/m, and 30.4 twist/m [16].

It is expected that an intra tow twist will have less of an effect on the overall spreading width than
global twist. However, the effect is assumed to be significant still.

Non-Bar tow spreading methods

There are various methods used in the carbon fiber industry to achieve flat and uniform carbon fiber
tow. Some of the most common methods are air spreading, ultrasonic spreading, and electrostatic
spreading.

Pneumatic spreading is a technique which uses the flow of air to spread a tow [20]. In this tech-
nique a pressure difference is applied to the tow. Applying the right amount of air pressure can result
in the tow experiencing weightlessness. Then, the tow momentarily is in a state free of tension. The
air, blowing through this tow, is then able to spread the fibres. It has been reported that this technique
can spread 12K tow from 5mm to 25mm, reducing areal weight by 500% [20]. It is also said that air
spreading generally results in less fibre damage compared to typical bar spreading methods [1]. This
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is due to the contactless spreading operation, where fibre-fibre friction is the only type of solid to solid
contact friction. It has also been reported that controlling the air-spreading process is difficult.

Ultrasonic spreading is a tow spreading technique which also makes use of bars to contact and
guide the roving. As the tow wraps around the bar, ultrasonic vibrations are applied to the bar. The
bar could also be named the sonotrode in this application. This causes a great deal of energy being
transferred locally into the tow. As a result of this, the filaments experience many moments of interac-
tion with either other fibres or the bar. The excited fibres settle down to minimize their energy. This
then results in spreading of the tow [1]. The ultrasonic spreading technique cannot be used with all
fibre types: the fibre has to be able to have an elastic response to the induced vibrations. If this is
not the case, the fibre might break. Glass fibre and pitch-based carbon fibre are generally too brittle
for ultrasonic spreading [1]. Spreading via vibrations can also be applied without the use of ultrasonic
vibrations. A lower frequency, potentially mechanically induced, vibration can be applied. The induced
vibrations do not have to be introduced into the tow via a bar-like interface. Rather, technologies also
exist for which the vibration is transmitted through air [21].

Spreading of fibres in a tow can also be achieved via an electrostatic route [21]. For this technique,
a conducting element is connected to the tow. The conducting element is connected to a high-voltage
source, while one of the bars is connected to ground. Resulting from this is a voltage difference over
the tow, which leads to electrostatic forces acting perpendicularly on the tow. Spreading of the tow
emerges as an effect hereof [21]. A big disadvantage of this technique is that it only works for non-
conducting fibres, such as glass fibres. Also, it is considered a complex and dangerous process due
to the applied high voltage.

Carbon fiber tow spreading is an essential process in the production of carbon fiber composite
structures. Bar tow spreading is the most common method used in the industry, and it requires care-
ful attention to details such as pre-tension, tension release, twists, spreader bar surface roughness,
spreader bar surface pattern, diameter of the spreader bar, and symmetry. Achieving a flat and uni-
form spread is crucial for ensuring the strength and durability of the final product.

Different tow spreading methods such as air spreading, ultrasonic spreading, and electrostatic
spreading offer alternative approaches to achieving a flat and uniform spread. Each method has its
own advantages and disadvantages and requires specialized equipment and expertise. As carbon fiber
technology continues to advance, it is likely that new and innovative methods for achieving a flat and
uniform spread will emerge. However, regardless of the method used, attention to detail and careful
quality control will always be essential for achieving the best possible results.

1.1.4. Mechanics and Characterization of Carbon Fiber Properties

Understanding the behavior of carbon fiber during the spreading process requires the characterization
of carbon fiber tow properties. Several properties, such as fiber diameter, orientation, and waviness,
can affect the behavior of carbon fiber tows during spreading. This section provides a review of the
different techniques used to characterize carbon fiber properties.

Friction properties

The quality of a carbon fibre, or a tow of fibres that is, greatly influences the properties of the final part
that is to be made with said fibres. It is known that the matrix material, in a composite part, adheres
to the fibres. This adhesion is dependent on the quality of the outer surface of the fibre. Therefore, if
the fib