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ABSTRACT

Tow greading is a process of flattening fibre tows into thinner and wider tdpasincreases resin
impregnation, lowes void content in impregnated tows and prodwgkghtweight compositesvith
improved mechanical performanc€hereare several techniquéds spread fibre bundles ranging from

using induced forces through mechanical elements to using air jets, vibrations and corona discharges.

Themajority of tow spreading tectologyhoweveris owned by companiem the form of intellectual
property and patentshus limiting the scientific understanding of the proceBkis aspect leaves tow
spreading open as a field of research for exploration and investigatiiiie some previous studies
focused on undetanding the behaviour of tow spreadinigpe applicability of these studies has so far
been limitedin their experimental apparatudhese studies identified the gap that exisetween the
sophisticated industrial technology and the research sefupsiding an incentive to further develop
an experimental facility thagenerates a deeper understanding of the current industrial practices in
tow spreading

The objective of this study was divided into three parts: i) to develop a reliable and corlollab
mechanical tow spreader, ii) gain a better understandihthe influence of spreadingarameters on
spreading behaviour through experimental investigation and iii) developing a technique to generate
spread tow specimens for microstructural @stigation.

In this research, a mechanical tow spreader was developed that utilizieglrical spreader bars to
facilitate the spreading of fibres. The spreader consists of three main units: the unwintdinghe
spreading unit and the winding iinThe unwinding unit consists of the material spool attached to a
mechanical brake which generates pretension in the fibre tow. The spreading unit consists of
topocrom coated spreader bars that are the main components responsible for the spreadingsf fib
¢KS GAYRAY3I dzyAl O2yaraita 2F Iy SyLiie alLkRz2ft
performance was evaluated by observing whethbe spreading output was controllable and
repeatable. The material used for studying the spreader Waay T700SC 24k 50C.

Development of the tow spreader was followed by an experimental analysis where different input
parameters were isolated to check for their influence on spreading behaviour. A sample size of 5
spreader runs wassedand the spreading with was captured through a camera. It was found that
tension, spreader bar orientation, heat and speed have the biggest influence on the spreading
behaviour.An ncrease in pretension (218 to 318 cN) induced by the mechanical brake increased the
final tension (2100 to 2900 cN) in the tow but it did not appear to influence the spreading behaviour
of the fibres. When testing the effect of each spreader bar on the amount of spread, it was found that
five spreader bars were sufficient to achieve spreading iitgbAnother relationship was observed
between the wrap angles of the tow with the bar and the spreading behaviour. An increase in wrap
angles (252 to 732°) led to an increase in spreading width (9 to 14 mm). A friction study on the
interaction between preader bars and tow was done by adopting the Coulomb friction model and
the coefficient of friction distribution was observed between-0.25. Three spreader bars were
heated up to a temperature of 125°C that led to an increment in spreading width fomm to 18.5

mm. Lastly, the winding speed was tested for its influence on spreading width and it is found that with



an increase in winding speedQto 240RPM), the spreading width increased by a small am{LhB
to 15.8 mm).

Following the expémental analysis, a microstructural investigation of spread tow followed. Five
spread tow samples were generated by using a 3d printed mould that clips onto the tow in spreader
on-site and was observed under a confocal microscope. The microstructuratigateon of spread

tow allowed for visualisation of fibre distribution evolution as the tow becomes wider and thinner.
Image processing of crosectional photographs of the spread tow samples vyielded detailed
heatmaps of fibre distribution. From thig was found thatthat the unspread tow is approximately
elliptical but as it is spread and flattened, it transforms into a rectangular shape of increasingly sparse
and uniform fibre distribution.

In conclusion, this study creates research questions and directions for further experimentation to
understand the influence of spreader parameters on spreading and the interdependency of these
parameters on each other. Additionally, with a technique to eleg samples for microstructural
investigation; an opportunity to observe the changes in spreading behaviour on fibre level is created
which implies that the spreading behaviour that was previously observed on a mesostructural level in
the current researcltan now banvestigatedon a microstructural level too.
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1 Introduction

In this chapter, a brief introduction to the process of tow spreading is presented along with its
advantages in composite structures, its industrial applications and the necessitgaiiesfor a
scientific investigation. This is followed by the statehd art comprising of the current spreading
techniques with a focus on mechanical spreading, a description of mechanics of fibres tows during the
spreading process, their interaction on a microstructural level and an analysis of the spreading
parameters.m the end, the research objective of this thesis is defined based on the research questions
that highlight the scope of this study.

1.1 BACKGROUND

A compositecomprises two or more materials that are used in combination to produce properties in
a structure oherwisedifficult to obtainwith a single homogeneous material. Structural composites
consist ofreinforcementseembedded in a matrigigurel.1) wherethe reinforcementgfibres)are the
main source of stiffness and strengihd the matrix binds them together while supplying good shear
properties In recent years, lightweight compositésmve become increasingly popular several
industriesfor the benefits they offer such asigh strength to weight ratipcost efficiencytailorable
propertiesand superiormechanical performance.

o:-+g=ﬁ

Fiber/Filament
Reinforcement Matrix Composite

Figurel.l: Composite formatiofil]

Several types of reinforcements are available in the industry and they can be broadly classified into
particles, discontinuous fibres, continuous unidirectional fibres and texfggifel.2). Selection of

the appropriate reinforcement is done on basisthe properties they offerFigure1.3 shows such
different qualities as a function of the length of the fibres. As the fibre lengtle&sas, the modulus,
strength and impact performance of the fibres can be expected to increase but the processibility
decreases. This means that for continuous fibres, the mechanical performance is higher but they are
more complex to process as opposed isabntinuous fibres that have a significantly smaller length

[2].
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Figurel.2: Types of composite reinforcemeni3]
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Figurel.3: Role of fibre length on composite performan@g

This demonstrates that continuous fibres in comparison to its competitors are aswdd
reinforcement option for structtes demanding high mechanical performance. This mechanical
LISNF2NXYIF yOSs K26SOSNE OFy Fdz2NIIKSNI 6S AYLINROSR o8
by the method of tow spreadind.ow spreading is a process in whibk filaments in dibre tow are

spread to create wider and thinner tapasd by consequence have a lower aerial weiftigrel.4).

Areal weightm this context islefined as the weight of the tow per unit area.

Figurel.4: Fibre tow being spread]
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Woven fabrics made of spread tow were foundnave improved impregnatigdower void content
and reduced resinrich areas in compositefs] compared to unspread towabrics In terms of
mechanicaperformance,Kim and Soni6] researched the failure of composites made of thin and
thick plies and concluded that thin plies had a higtineeshold of delaminationcompared to thick ply
composites. Another study done IShin et al[7] stated that the spread tow composites were more
resistant to microcracks, delamination addmage Furthemore, an investigation conducted by Morii
et al. [8] on the performance of spread UHMWPE tow in comparigpnnspread UHMWPE tow
revealed that spread tows were found to have better tensile performafagu¢el.5).

900
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0
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=~ PET only
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0 5 10 15 20 25 30
Elongation (mm)

Figurel.5: Tensile performance of spread td@&]

Despite several studies showing the certain benefits of using spread tows; there are, however, limited
studiescenteredaround the process of tow spreading itself. A significant amafithe information

and researclon the development of tow spreadingownedby the companiegproviding this product

as intellectual propertyr in theform of patents This aspect leaves tow spreading open as a field of
research for exploration and investigatiowhile some previous studies focused on understanding
the processof tow spreadingthe applicability of these studies has so far been limitedheir
experimental apparatusThese studies identified the gap that existetween the sophisticated
industrial technology and theesearch setupsienceproviding an incentive to further develogn
experimental facility thagenerates a deeper understanding of the current industrial practices in tow
spreading

This report presents the research conducted within the scope of the thesis. Chapter one uctsd

the field of tow spreading along with its significance followed by a literature study that analyses the
past industrial and academic developments. Based on the findings of the literature study, the thesis
objective is presented along with its reseamghestions and corresponding goals. It is followed by
chapter two that presents the details and functioning of the developed tow spreader, the
methodology to conduct an experimental analysis on the spreading parameters and the concept of
capturing spreaddw for microstructural investigation. With an established methodology, chapter
three presents the results of the experimental analysis of spreading parameters. Chapter four then
presents the results of the microstructural investigation to visualise howtdhestructure evolves
during the spreading process. Based on the information in the aforementioned chapters, chapter five
draws conclusions on the findings of this research lastly,chapter six proposes recommendations

for further optimization and invetigation of the spreader anw spreading behaviour.

3



1.2 SIATE OF THE ART

Spread tow technology is defined as the practice of spreading fibre tows into wider and flatter tapes
for further applications and usés manufacturing lightweight composite structurSgurel.6). The

state of art presented belowegins withproviding some insight into different spreading techniques.
These techniques are classified based on the terminology proposed by Gizi@Egasactiveor non
contact techniqueand passiver contact techniqus, aswill be explained further in this chaptelt is
followed by a speai focus on mechanicéw spreading which is a passive techniquén attempt

has been made to describe tlmechanics involved in a tow spreadipgcess influences acting on

the spreadindgehaviaur at a microstructural level and parameters that control the degree of spread.

—

Standard Tow Spread Tow

Figurel.6: Spreading of tow into a flat profild.0]

1.2.1. Tow spreading techniques

Through theseveral patents and methods of spreading developg@dk et al. [9] analyzedthe core
techniques of spreading the fibresmd broadly classified them into active methods, passive methods
or a combination. Active methods are noontact methods that use energy such as air, acoustic
vibrations, electrostatic in a necontact manner to aid the process of spreading whereas passi
methods use mechanicédrces induced in tow via contacActive methods work without inducing
high forces in the fibre tow as opposed to passive methods that need forces to enable spreading. Thus,
active methods have a lower amount of fibre damagehieirt spreading procesaswas claimed by
several patents that sed an active spreading methobh this study,the focus has been given to
passive techniques to narrow down the survey whieiding oradopting the most suitable spreading
technique relevant to this thesisThe active techniques are described briefly for the sake of
completeness in this stuchnd to hae an overall picture of the tow spreading developments.

A. Active methods

Pneumatic spreading

Pneumatic spreading is a method that uses gas or air to spread the fibre bundles. An airflow passing
through the tow helps the fibres bundles spread without inducing high forces thus being a technique
that causesa significantly lower amount of damage tde fibres as compared to mechanical
spreading.
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Figurel.7: Air flow through fibres during spreadifgO]

In figurel.7 given above, the air flow wraps around the filament bundle such that the pressure above
the fibre bundle is higher than the pressure on either side of it such that a force develops in the width
direction thus loosening the fibres in the process. The presdifference is caused due to difference

in velocity generated in the centre and side of the tgd8] 6 . S NJ/ 2 dzf f: taD@prekdN® v OA LI S
dynamic pressure = total pressyréds the flow of air continues and the fibrest dooser, airflow
passes through the spaces between the fibres during the spreading stage (given id figusad the
pressure differences created are such that the pressurthecentre of the fibres is highest, followed

by the pressure in the spaces between them and having the lowest pressure on their sides. The
widthwise forces thus continue to the point of spread where stability is achiabedfihal state in

figure 1.7). A pnaumatic airflow spreading method was developed by Harmoni industry co. Itd. along
with the Industrial Technology Centre in Fukui to spread a fibre tow from 5mm to 25mm increasing
the width by 400%.

Three methods of pneumatic spreading are investigated is thview that use venturi profile,
compressed air and vacuum to facilitate the spreading process. Each method is very different from
the other in terms of design but ultimately uses air to deform the fibre tow using aerodynamic forces.
Ames et al[11] and Chung et a[12] in their design of a fibre spreader and prepreg forming device
respectively incorporate a spreading station that utilises compressed air/gas blown in a transverse
direction tothe direction of the tow such that the fibres spread. The pressure of blowing air is a key
parameter in action and the flow should be controlled such that an even spreading/thickness is
obtained along the widthChung et al. spread 15 tows of 6k carbomédibfed together to produce a
sheet of 88.9mm.

r___________
)

Figurel.8: Spreading of tow through suctidt3]



Suction or blowing of air by vacuum generation is another technique to spread the fibre bundles as
developed by Baucom et §1.3] (Figurel.8) and Kawabe et a]14] for their spreading sections in their
respective patents. Baucom designed an expansion unit for spreading whenedlls inclined away

from each other had holes in them that were meant to generate vacuum and suction the air from
between the plates to develop lateral forces. The tow when subjected to the air being sucked out from
the holes in the side walls were exposed to these lateral dgramic forces thus leading to their
expansion in width. Kawabe on the other hand designed a suction cavity that would gemerate
vacuum and pull the air into the bottom of this cavity. The tow during the spreading process is overfed
into the system suchhit it gets sucked into the cavity with a controlled amount of bend and this
bending portion is the area of the tow that is spread at a single instance. The tow by the process of
being overfed and bent down into the suction cavity is continuously spretdsiesignY I g 6 SQa
spreading achievement was to flatten 12k carbon fibre of approximately 6mm initial width to 18mm
which was an increment of 200%.

Finally, Daniel$15] invented a unique spreading technique that subjected the tow to lengthwise
airflow instead of a crossectional airflow like in other designs. Her tpart spreader system used
venturi profiles to first, spread the fibre tows and sedpstraighten them.The first venturi termed a
preblower has the tow and air pass through a venturi slot after passing which the air flowing in the
same direction as the tow expands expanding the fibres with it. The spread tow then passed through
the second spreader where thar blows against the direction of motion of the tow generating forces
that straighten the fibreslong their length

Vibration spreading

A spreadebar may be subjected to vibrations over which a fibre tow passes for spred&fisgd on

its intensity,it can be used to spread the fibre tows without a large amount of tension building up or
friction in the fibres thus preventing a significant amount of fibre damage as opposed to mechanical
spreader bars despite having a similar operationthincase of preading, the vibrations in effect are
regular throughoutthe spreading duration in the spreading elemeatprovide an even spreading
through the length of the tow.

e |

Figurel.9: Spreading wittvibrating barq16]



Akase et al[17] used a series of vibrating and nweibrating spreader bars to enhance the effect of
spreading through the vibrations and stabilise the amount of spread with intermediateviboating
spreader bars. They also deduced a suitable relation between the diarsiee of the two bars and
emphasized the importance of the distance between each bar to avoid any loss of spread width. Sager
[16] (Figurel.9) on the other hand developed a device with all the rods subjected to vibratiotige

Akase who claimed multiple batt-back use of vibrating rods will lead tiee creation of fuzz in the

fibre tows.

Yamamotoet al. [18] and Tanaka et a[19] too followed similar footsteps in their inventions of
creating an apparatus to spread the fibre tows. While Yamamoto had a simple design of freely rotating
spreaderbdlB &4 dzo 2SOGSR (G2 QGAONI GA2Yy (G2 AaALINBIR (GKS o
RSLX 28SR GKS dzaS 2F LlRaarofe GAONIdGAy3a aALINBIRS
spreader bars in it that ere periodically made to contact the fibteundles and could have an option

2F 0SAYy3a QGAONIGSR® 'y AYyGSNBadAy3a FaLSoG 27 ¢yl
position of rollers and base bodies in upstream or downstream contact with the tows and their
direction of rotation. He B0 designed his rollers or base bodies to have projections along the
periphery. In conclusion, while his use of vibration was straightforward, the geometry and

arrangement of his spreading elemere to take notice of.

dz)
NJ

In each of the mentioned desigabove the control parameters of vibradin were the sameOne, the
vibrations generated were ithe longitudinal direction of the spreader bars. Two, each of the designs
controlled the amount of vibration by controlling and adjusting the amount of frequeaid
amplitude input into the system. The vibrations caused the fibres to have intermittent contact with
the vibrating surface with reduced friction, tension and shear forces; loosening of sizing present
between filaments and thus by consequence allowtimg tow to spread with minimal damage and
interference.

Acoustic spreadinfAirborne vibrations)

Acoustic spreading meartke deformation of fibre tows through vibrations carried in a gaseous
medium/air. A sound is generated in a speaker or any other suitable device creates vibrations of a
certain frequency and amplitude that are carried by the gaseous medium to transfer tdbttee f
bundles such that the tow loosens thus leading to a spreading effect.

lyer et al.[20] patented a designFigure 1.10) to spread the fibre bundles where he used a
combination of spreader bars positioned ovar aoustic vibration source, a speaker, to cause the
fibres to spread. The arrangement of spreadersbia such that the tow wraps over and under them

in a zigzag fashion to enhance the spreading effect. As mentioned earlier, the spreader bars are
stationed over a housing unit for a speaker. The operation of the spreading system is such that the
pulsatins from the acoustic source are generated at a predefined frequency and amplitude making
the vibrations in the fibre tows regular and controlled. According to lyer, the spreading amount is a
direct product of the amount of tension in the fibre tow and tmplitude of vibrations it is subjected

to within a certain limit. So, increasing the amplitude will increase the amount of spread to a certain
point and lowering the tension in the fibres will have the same effect. However, too little tension can
cause fore damage due tthe uncontrolled movement of individual fibres. He also preferred that the
spreader bars rotate instead of being fixed to avoid fibre damage.

7



Figurel.10: Spreadeusing speaker pulsatiorf20]

Hall[21] in his invention to spread graphite fibres had a different version for using acoustic energy to
spread the fibre bundles. His design while using a speaker to generate pulsations was devoid of any
physical elements to keep the fibre bundles in place exe@epbsitioning ring at the exit of the
spreading system. The positioning ring was of a predetermined size which also constrained and
controlled the width of spread tow. The principle of using acoustic energy to spread the fibre tows
was similar for lyer ahHall. Hall had the tow pass over the pulsating gaseous medium in a tangential
direction to the horizontal plane of the speaker. The vibrations then interact with the fibres in the tow

to separate them and this occurs when the vibrations in single filasnare equal to that of the
source. His design realised the amount of spreading is controlled by three parametersh®ne,
tension in the fibre tow; lower tension allowed for lower frequency to be used to enable spreading.
Two, the length of the tow ovell KS LJdzf al G Ay 3 3AF aS2dzA YSRAdzY GSNXS
free span allowed for lower frequencies to spread the fibres. Last was the specifications of the
vibration source itself which in this invention was a speaker with an attached amplifier.

Bath inventions essentially emphasized the importance of low tension in the tows to be spread and
frequency and amplitude of the pulsations created much like in the technique of spreading using
vibrations in spreader bars. It can be assumed that the lowieens the fibre tows reduced the
amount of friction that was present between the fibres and thus preventing them from getting
damaged.

Electrostatic spreading

Electrostatic spreading is a method in which ttmaductivefibres in tows are electrically ahged to
facilitate spreading. The fibres are usually charged such that they repel each other separating
transversely and spreading in the process. Niina ¢22].in their design to spread yarn bundles coat

the fibres with water or any other solution to enable electrical conductivity through them. The
conductive agent is sprayed onto the fibresdogompressed air jet and the amount of conductivity
can be controlled by the pressure of the air jet, the type of nozzle, the distance between the nozzle
and the fibres and the type of conductive material. The tow is then passed through an electrode to
whicha high voltage is supplied usually in the range of 5000V to 100000V. The charge in the fibres
causes them to repel each other in the widthwise direction and the spreading takes place over the
grounded spreader bars that are positioned after the electroidee amount of spread in the tow can

be controlled by the voltage that is supplied to the electrodes. According to Niina, their invention

8



allows for any fibres to be spread irrespective of their conducting atility.A y I Q& Y EA Y dzY
was to widen @10 denier nylon 6 yarn to 150mm wide fabric.

Figurel.11: Spreading through electrostatic enerf8]

Uchiyama et al[23] on the other hand used a twpart electrode system for spreading where
potential was generated between two electrodes to separate the fibres in a(fogurel.11). The

first electrode is a small tube with a tiny passage for the tow to pass through into the second electrode
which is a truncated cone geometry flaring outward in the direction of the tow. The two electrodes
are also placed at a small distanfrom each other and care has to be taken to not let the spreading
fibres touch the inner surface of the second electrode that is grounded. A minimum potential of 500
V applied to the first electrode was needed to spread the fibres in the tow. The chéibges repel

each other, are subjected to an electric field and spread toward the diverging conical second electrode
due to attraction leading to an increase in the overall widlhhiyama spread a 70 denier nylon 6 yarn

to a width of 47mm.

Sternberg[24] used corona discharge electrodes as his option for spreading. He used a thin and flat
sheet ofan air jet to travel the fibres tow over a flat plate to spread the fibre bundles. The corona
discharge electrodes were placed over a particular section of the flat plate and their position
depended on the velocity dhe air and the velocity of tow at each poialong the length of the plate.

The corona discharge electrodes are conical with a sharp tip that are arranged in a row along the
length of the tow. Due to this arrangement, the fibres are charged through multiple electric fields
generated by the dischargdectrodes and leads to a higher amount of charge and thus spreading.

Another design using corona discharge electrodes was invented by &eaitt[25]. Their corona
discharge device too contains a row of electrodes bstaad of following the length of the tow, is
placed perpendicular to it to ensure that no part of the fibre tow laterally is alienated or unexposed
from the electric field generated by the discharge electrodes. They deduced that the amount of charge
that was developed in the fibre tows was dominantly affected by the electric potential, the distance
between the tow and the electrodes and the environment it is present in (humidity and air
composition). The tow in the spreading station travels along with dective but grounded foil sheet
underneath it such that the tension in the setup is bore by the foil instead of the fibre tow. The tow
sticks to the foil due to electrostatic attraction. The system also has rollers present in a specific
arrangement to guid the tow when needed. When exposed to the discharge electrodes, the foil is
removed temporarily from the fibre with the help of a roller and reattached once the tow exits the
electric field. But it is separated again because spreading cannot occur withitbeing adhered to

9
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the fibre tow. The amount of spreading in this system can be controlled by adjusting/varying the
position of the rollers that separate the foil from the tows and by varying the amount of net charge
developed in the fibre bundles.

In conclusion, electrostatic spreading technigues out of all seems to be the least invasive in terms of
force generation into the fibre bundles and by consequence causing minimal fibore damage. However,
information in a lot of developments about the kind fibres that can be used based on their
conductivity is rather limited which may be the biggest drawback of this spreading technique.

B. Passive methods

Mechanical spreading

A mechanical tow spreader generally consists of an unwindingasyitieading unitvith mechanical
elementslike cyindrical barsand a winding unit. It can also be used in combination with other erergy
based spreading elemenfactive methods)can be integrated with a system for resin impregnation
for the spread tow or have the winding unit replaced with a weaving unit to produce textiles and
weaves.

The unwinding unit houses the unspread tow creels from which the fibnelles are supplied as input

to the spreading unit. Here, priension can be induced in the fibre bundles and the rate of unwinding
can be controlled. The spreading unit comprises spreading elements where forces are induced in the
fibre bundles that fadtiate the deformation of tows. This unit also can be used to control the amount

of final tension present in the final flattened tows. Finally, the winding unit houses the empty creel in
which the spread tow winding takes place.

For the tow spreaderto qualfy as smoothly functioning, the most important aspect is to have
boundary conditions that are well understood and controllable such that no unpredictable behaviour
is observed upon operatioMechanical spreading has several mechanism options for sprg#itire
bundles that have been developed over the years. Of all the spreading methods, spreading by
mechanical means is the area of focus in this project to better understand the nature of spreading to
its finest details. A mechanical spreader due tcsitsplified setup allows forelatively controllable
boundary conditions, quantifiable parameters in tow spreading and a clear picture to understand the
behaviarral changes in carbon tows as they deform into wider and flatter tapésrefore, the
following section in this study attempt to highlight and analyse the varielesnentsof mechanical

tow spreading as it is the chosen method of spreading for this study.

Types of mechanical elements for spreading

This section describes sormeechanicaklements that have been used by the industrypast studies

to spread the fibre tow via contafgassive methodEach element or multiple of them cdiiste the
spreading sutunit of a spreader system. The details abtheir geometry, the process of spreading
and the motion of tow through the element are discussed through various developments that have

occured b RIS Ay GKS TFT2N¥ 2F NBaSINOK 2N LI (Syidao

disadvantages iffablel are analysed and concluded towards the end of this section.
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Spreader bars

Spreader bars are long cylindrical rods that can be arranged in a specific configuration to facilitate the
spreading procesg6] (Figurel.12). The frst study on the spreading effecbmprisinga theoretical

model with spreader bars was presented by Wilgdf] in his study which will be highlighted in section
1.2.40f the review. The tow is wound around the spreader bars in tension to spread as it moves over
them. The key aspects for the tow spreader to work effectively in this system are tetis@n,
configuration of the bars and motion. Tension is a parameter that provides the necessary forces for
the fibre bundles to spread; the height and distance betw#enspreader bars control the amount

of tension that is built up in them as they move from one bar to another and motion allows for the
tow to enter and pass through the spreading system and passively controls the degree of spread.

Figurel.12: Example of a spreader bar configurati@a]

Spreader bars are an easily implementable tool for spreading seitteralparameters that can be

used to control and study the nature of flattening of tows. Howewveultiple factorsneed to be
experimented upon before designing the final spreading configuration. Their effects can have a
significant impact on the final qualityf tow deformation. Given below is a description of some
parameters while choosing the spreader bars needed:

1 Influence of symmetryln an arrangement of spreader bars, symmeipy periodic
arrangementis often observedas opposed to asymmetryVith a symmadrical (periodic)
layout of the spreader, the modifications in the height and distance are easy to do while being
able to control and predict the tension that each spreader bar generates (explained further in
detail later in this sectioh It also allowsdr controllable boundary conditions during testing.
The height and distance between the bame what ultimately varies the contact angles
between the tows and the bars. A symmetrical setup can be used to uniformly change the
tension ratios between each baas the tow passes through them. However, a 1hon
symmetrical setup allows for tension spikes in specific areas for increased spreading locally if
necessary and does not need the effort of moving every single bar in the configuration. This
can be advantage in systems wherthe spreading of fibre tows and their impregnation
occur simultaneously like in the patented design by Callk8k His setup of spreader bars
was asymmeical to allow for sharp angles the fibre tow undergoes in an impregnation bath.

i Effect of surface roughnesSome studies ithe literature have tested the effect of surface
roughness orthe spreading of fibre bundlef9] [30]. It is an important aspect to consider
because a) it can directly be responsible for the fibre damage that occurs during spreading
and b) it controls the amount of friction that exists between tow and the spreader surface.
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Thus, too much friction may ledd fibre damage due to rough interactions between the tow
and the surface and too little of it may not provide the necessary amount of friction that could
AYONBI &S GKS G260Qa aLISOG NYGAz2z (G2 Ada FdzZ £ |

9 Effect of roation of bars:The spreader bars can be deployed as a static element for the tow
to pass over or be allowed to rotate as has been tested by [#fajin some of his models to
AyarlSoid GKS &LINBI RA Y JctlyRenfing yhé effect oKrbtétiGn inkie RA Ry C
same configuration for spreading, his results did show a lower spread for rotatable bars as
compared to fixed ones of a different configuration. In several experiments done in different
studies, rotation of bars as adopted under the assumption that it allowed for reduced
friction [29], reduced tensio30] and lower damage to the fibre as compared to static
elements.

9 \Variation in bar diameters for a single setWgariation in bar diameters within a single
spreading system follows the same logic as that of symmetry. Based on local requirements as
was the cae for Calkin28], he used larger diameter bars along with smaller ones in the resin
bath to improve or better facilitate the impregnation of spread fibre tows as they reach their
maximum spreading potential. thay bebeneficialto look at the application of the spreader
bar while opting for different sizes in bar diameters.

Spreader bars due to their simple design and implementation allow for a bigger design envelope with
the multitude of arrangements and profilesspreader bars that can be used. For instance, in a design
developed by Guirman et 4B1], a spreader system takes a series of tows and spreads themarsing

air jet to produce a textile fabric. Before being subjected togharp flow of air, the fibre bundles are
WrespreadXo flatten them initially before final spreading into a single sheet. This prespreading is
achieved through spreader bars that instead of being a straight profile aredoeméd (banana
shape)and the bw is placed over the convex part of the bars. The convex profile over which the tow
passes widens the tow through a fanning effect. A detailed analysis of this is given in the following
sections. Irsum there are several factors in a spreader bar systieat can be varied and designed

to develop or further optimize the process of spreading. It can be done so by creating different profiles
of the bars themselves testing different diameters and roughness of bars, using
symmetricalasymmetrical setuget cetera.

Convex bars

Convex or spherical bars have a working principle similar to that of cylindrical spreader bars, the tow
passes over the element and due to induced tension and acting friction and undergoes spreading. But
the main difference between the two is the differeggometry along the length of the element. For
curved surfaces, spreading occurs through what could be described as a fanning effect. These
mechanical elements were used in a spreader developed by Nakagawd32].arhe clan for their
increased effectiveness as compared to regular spreader bars was made by Mariss¢@3traha

study that was done to develop an improved resin impregnation system for fibigstel.13 below

shows the profile of a convex spreader bar.

12



Figurel.13: Profile of convex roller for spreading via fanning effé&j

Nakagawa et al[32] use a separating roller comprised of symmetrically arranged convex roller
elements/rods to enable the spreading of fibre bund{€sgure 113). The separating roller rotates
along the middle shaft to flatten the tows. The concept of a roller will be @gadain the following
section about the multibar wheel. The fibre bundles while going over the convex surface of the
spreader elementend to adhere to the curved surface due to the normal force acting on them. The
arc that forms the curvature of the conxeprofile is longer than the cylindrical bar for the same
horizontal section Kigurel.14) thus the fibres in the bundle tend to slide down tbervature as
compared to the straight profile of the cyliridal spreader leading to a greater degree of spreading.
This fanning effect where fibre bundles spread along the curve of the bar allows for the option of
controlling the extent of spreading if eded by varying the angle of curvature. A bar with a higher
curvature will lead to larger spreading as compared to one with a lower curvature.

Figurel.14: Convex profile vs straight profile action tire degree of spreading
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Multi-bar wheel

A multibar wheel spreading system was developed and patented by Nakagawa et al [8] and later
adopted by Irfan et gJ34] to facilitate the spreading of towgsee figurel.13, 1.15) while stepping

away fromtraditional spreader bar configurations. As can be seen in figur® below, a multibar

wheel consists of multiple spreader bars attached betweega discs at the same distance from the
centre of the discs such that when the wheel rotates, tlI- -

fibre bundk comes in contact intermittently the same wa
for each baf32]. While Nakagawa used convex bars in t
system instead of straight cylindrical ones like Irfan d
this goes to show that within the wheel itself are multipl
potential options of spreader bar profiles that can be ust
for the optimization of the spreading process. An examg
of such would be a patented design developed by Krue
[35] where he used rows of spaced pins along tl
circumferencing the wheels to comb the fibre bundles in

a flatter, spread tow. These pin rows were variable :mFigure1.15:A rotatable wheel with a
spacing and positioning along the direction of the motic multibar configuratior{34]

of tow. This allowed for the unspreadwoto be spliced

into smaller bundles and overall a wider tow.

Thereappear tobe somedistind Sy STA G & G2 dzaAy3a | G§GSOKyAljdzS adzOK
is necessary as the tow stlcome in contact with each spreading element, the wheel alkaws for

the tow to move faster in the spreading system by adding possibly a component of rotational velocity
to the running tow or in the least providing minimal resistance longitudinally against the speed of
processing. Another important aspect to cadey is reduced damage in fibres. Compared to its more
traditional and simpler setup of spreader bars tladuceshigh forces on tows and thus high b
damagethe multibar wheel seems to offer improved performance due to its design and operational
technigue. The rotation of the wheel and intermittent contact of the tow with spreader bars reduces
tension and by consequence friction between the tow and the bars thus preventing fibre damage.
However, the technique is more complex to implement as compamed tsimple spreader bar
configuration and care must be taken to balance the speed of processing and the desired spreading
width that is to be achieved in the process.

Expandable wheel

An expandable wheel was developed by Lifke €38l to spread the fibre tow by elastic expansion

and contraction of the spreader elements between tow discs as the tow passes throudguite(

1.16). Thewheel comprises two outer discs between which elastic bars/tapes or compressible and
expandable foam can be placed. The discs are angled to each other such that the point of the smallest
distance between the discs has rods that will expand or stretch esvtieel does a rotation. This

point of smallest distance is the position of entry for the tow to contact the spreading elements and

as the wheel rotates, the rods stretch and the tow over them is forced to widen as well thus leading

to spreading. The exfoint of the now spread tow is the maximum distance between the two discs
adzOK GKFG AG Aa ALINBIFIR G2 GKS FdzZf LRGSYaGAlrt 27
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Figurel.16: Expandable wheel schematic with elastic rods/tafi&j

This unique design has an important benefit; the width of the tow can be controlled by varying the
angle between the discs. A higher angle can lead to more spreading laner angle can limit the
amount of spreading as desired. The fibre bundles as they come in contact with the elastic rods adhere
to the surface due to tension and thus are fadde deform laterally when the rods do. One downside
though to using this splading element ishe slip of fibres. At highinclination of discs with each
other, the spreading in an ideal case should also increase. This however could be complex to achieve
if the fibres will be forced to separate overcome the lateral friction @actin them due to the rods

and try to regain their original position via slipping back towards the centre lineeofilife tow.
Nevertheless, this technique prevents fibre damage by inducing lower forces as compared to spreader
bars due to its rotational mvement.Lifke et al. used an untwisted carbon fibre tape of an initial width

of 6.35mm and spread it by approximately 293% to a width of 25mm.

A similar concept was developed by Van Den H¢®€}in 1981 before Lifkelfe year 2000) to spread

the fibre bundles into wider or narrower tows. He used a cylindrical rod that consisted of gtbaves
converged on one side and diverged on the other. Depending on the direction of rotation of the rod,
the type of width whether reducedr increased could be achieved. The concept of spreading using
this element is similar to that of regular spreader bars but the groves of varying overall width (from
small to large) were used to guide and spread the filament bundles along their contours.
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Spreading element

Features

Possible advantages

Possible disadvantages

For further reference

Spreader bars

Straight cylinders
Fixed/ Rotatable

Theoretical models available

Simple design/easy integration in
system

Controllable boundary conditions
Uniformity in fibre spread profile
can be expected

High fibre damage

Limited spreading compared to
competitors

High tension expected in fixed
bars

[26] [28] [31] [48]

Curved profile
Adjustable curvature

High degree of spreading
width variation controlled by

High fibre damage
Possible unbalanced sliding of

Convex bars Fixed/ Rotatable curvature variation tows in either direction 3211331
Simple design High tension expected in fixed
bars
Symmetrical arrangement of High system speed possible Complicated system in comparison
spreading bars in a wheel Low tension in system to competitors
Multi-bar wheel Rotation needed to spread Low fibre damage Degree of spreading heavily [32] [34] [35]

Adjustable number of bar Low intensity of loads acting on dependent on rotation speed.
elements in wheel fibre tows
Elastic expansion between discs High system speed possible Possible uneven spreading due to

Expandable Tow spreads as elastic tapes Low tension in system forced lateral widening 136][27]

wheel between discs spread

Rotation needed to spread

Low fibre damage
Highly controllable spreading
width

Complicated system

Tablel: Comparative analysis of different spreading elements
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1.2.2. Mechanics of fibre tows

Understanding the relationship between miemsesomacro scales of composites in terms of
behavoural dependecy may be valuable in controlling the properties of the final composite
structure. It is known that tl spreading of fibre tows allow for them tcakie improved mechanical
properties and better absorption of resin and as of late, a crucial and beneficial technique to use
before resin impregnation during composite production.

Level

Matrix

Fabric composite
“abric composi
(© Fabric composites

Carbon tow of woven fabric

fiber

| wx

Unit cell

Microscopic configuration of

Periodic Array S 2
(a) unidirectional composites

Figurel.17: Carbon fibreon a) Micrescaleb) Mesacalec) Macrascale[38]

While tow spreading is a phenomenon that is observed on a mesoscale, it is crucial to understand the
behaviour of the fibres in the bundle while they spread. As can be obser¥igdiia 117, on a micre

level, the resin and the file cells are distributecevenly in an ideal state, howeveén reality, the
microscopic imagedo not represent soMoving to the mesoscale, in addition to the variations that

are observed in 2D, other features such asdfibaviness and tortuosity along the length of the fibres
come into play. Therefore, the consequence of these features on a macro scale is a devitht@n in
expected mechanical performance of the composite due to theirideal arrangemenf39].

Tow spreadingnay be assumed tbe controlled by the forces that act onais the test parameters in
tow spreadingstudies are mostly related imducedforceswhich will be explained on reading further.
However, there are some other aspects that on the microscopic level also affeextiéng or nature

of spreading. These characteristics of fibres and their interactookl contribute towards what the
final width and crossectional profile of the tow could look like.ntay bethus advantageous for the
sake of better understanding edw spreading behaviour to have some insight on these factors. Given
below are some of the characteristics that could affect tow spreading with a big or small influence:

9 Fibrefibre friction The frictional interaction between fibres during spreadmgy influence
the flattening of the tow due to the sliding movements fibres have with each other while
changingheir orientation. While the common relationship for friction force can be described
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coefficient of friction. However, studies done pIOJNB | t AaSR GKI G F2NJ FAON

apply as in certain case studies, the friction coefficient increased as the load went down. They
thus developed a modification of the equation based on empirical data. The new equation F=

h BRSAONAROSR GKS NBfFGAZ2YAaKAL) 60SG6SSy FTNARAOGA2)

and n were empirical constants dependent on the mateahuantifiable frction amount
between fibresduring the spreading process may thus derive a relationship betvrgion
and the extent of spreading.

Inconsistency in filament diameter& certain amount of dispersity or difference in filament

sizes is obtained durinthe production of fibre441]J® L NF I yQa Fylfteaara 2F TFA

above (Figure 16 (ii)) relied heavily on the forces each fibre exerted on its neighbours apart
from the tension acting on it and described the concept of spreading as fibres falling into
spaces below after ovpowering the friction and reaction forces acting on them. This would
be disrupted or made more complex if the fibres are not found to béth@same diameters.

For instance, if a lighter fibre (smaller diameter) was being forced into a space between two
heavier fibres, the friction and reaction forces to be overcome before it can slide between the
two would be higher in comparison to the three fibres of the same size. This dispersity can
therefore interfere with the spreading forces albeit on an extrenszhall level.

Sizing in the fibresSizing is a thin and homogeneous protective coating applied on fibres to
prevent them from getting damaged during usage, improve resin impregnation and adhesion
to the matrix[42]. It holds the individual fibres together and prevents them from straying
actinglike glueand a lubricant This can haveomeconsequences such as increased friction
[43] and additional fores, due to the sizing that try to bind the fibre and prevent it from
spreading as it otherwise can.

The orientation of fibres as supplied in tows mentioned earlierfibre tow in an ideal state

is visualised to have a crystide lattice, homogenous distribution and straight fibres.
However, such is not the case and the fibres mrectualty inhomogeneous in packing
arrangement with waviness along their lengeéfigure 118) [39]. This unpredictability in
packing arrangement can also cause issugkdrspreading behaviour of fibres. Withnon-
uniform distribution of fibres, it is also safe to assume that the movement of thosesfibre

the tow will be nonuniform too thus leading to uneven spread tows especially in heavy tows
with a high number of filaments. This despite the advantages of using spread tow plies to
improvethe mechanical performance of compositesmybe perhaps dador of a hindrance

for further optimisationof composites
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Figurel.18: Ideal fibre lattice vs real packing

1 Twisted filaments and entanglement® a study done by Suzuki et al. thie mechanics of
fibre entanglement[44], attention was given to fibre bending over cylindrical rods and
entanglements present in fibre sheets using nylon fibres for their testing. While this study was
developed in the field of textiles, the motivation for the said study however was valuable to
tow spreading. Their concern regarding fibre entanglements was ttinay affected the
mechanical properties of the fibre such as tensile strength, bending strength and shear
strength. For tows too itnay be saidhat entanglements pose a problem not jusitivthe
overall mechanical performance of the continuous fibres but for the spreading process also.
Twisted fibres and entanglements during spreading cause obstruction in the lateral
displacement and subsequently desirable parallel arrangement of towsolffibres are
entangled, they will tend to knot up and, in the process, create high local forces around that
entanglement such that those fibres become more likely to damage as compared to the rest
of the fibres in the bundle. Otherwise, if there are nipie filaments entangled with each
other where the local forces may not cause damage, the consequence that can be expected
in that particular area is reduced or limited spreading.

1.2.3. Spreading on a microstructural level

Interactions on fibre levelvhen subjected to tensiorare responsible fothe compaction behaviour

of fibre tow, its crossectional shap§45] and deformations that lead to spreading. In a study done
by Amir Davijanj29] to create a discrete element model for tow spreading, he conceptualised the
effect of forces on two fibre filaments at different heights (layers) in a tow wrapped around a spreader
bar (see fgure1.19). According to his analysis of the geometry gpeeader battow interaction, the
filaments with a bigger height {& h) are expected to spread more due to a higher normal force
acting on the filaments thus meaning that the top layers of fibres in tow have a higher tendency to
spread as compared to ¢hones closer to the spreader bar. This was due to the fibres in the top layers
having a higher tension force as a functioraddirger strain than those closer to the bar thatiess

strain and thus less tension in comparison. Due to this incrementgtica in tension from bottom

to top layers, the normal force also increases therefore pushing the filaments down and forcing the
tow to spread. He also realised the effectloé wrap angle of the tow around the bar and concluded
that the increase ithe spread was directly proportional to the increase in wrap angle. This particular
observation of his agrees with the capstan equation stated in the section above when keeping tension
as a spreading parameter in mind.
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he measures the effect of spreading over a single bar while the two bars on either side of it are
designed to prevent the tow from spreading to constraint the boundary conditions. On the other hand,

tow spreading using spreader bars aoonly makes use of multiple bars in defined configurations

around which the tow is wound thus making the boundary conditions very different from those
described in his study. Thus, his theory needs to be extrapolated and analysed for-apradtier

system to gain an understanding of the mechanics in that system.

Another analysisvasdone by Irfan et alf26] on fibre interaction projects spreading as a function of
bending moment of the fibre tow along with the tension acting on it. In Fidu2e (i), a fibre tow
schematic containing three parallel rows of fibres on a surface is shown. The arrows define the
interaction path each fibre has with the other and the contact surface. He described two coefficients
of friction; one for thefibre-spreader bar interactiomnd the other for the frictiorpresentbetween

the fibres(fibre-fibre interaction) Followingthis, Figurel.20 (ii) shows a free body diagram of two
fibres in contact with each other from a cresaction view. B-and Regare the reaction forces acting
onthe other fibre, Wi & (G KS ¢SAIAKG 2F GKS FAONB GAUKiISGAAY "
the frictional force acting in the opposite direction in response to the tangential component. On
applying the free body diagram to figute?0 (i), it was found that the reaction forces were the highest

for fibres in contact with the surface and diminésl with increasing height éB> Rir> R9.

Contact area

Figurel.20: L NF I y Q&4 NBLINBaSyil dAiz2y 2% FTAoNBa Ay

On application of tension in the fibre bundle, it was observed that tension forced the fibres to fall into
the spaces between the fibres below through shuffling around by being supported from the surface
of adjacent fibres. The reason for this slipping ement was the tangential component of weight
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constrained by any imposed boundary conditions and seems rather feasible to adopt for checking this
behavour experimentally.

1.2.4. Analysis of spreading parameters

With insight on theoretical and industrial background on tow spreading developments, it is also crucial
to understand the spreading behaviour from an experimental perspective for which several tesearc
papers were analysed to spot common findings, understand different experimental setups for
spreading and take note of the parameters that were experimented with. This section introduces two
significant theoretical models proposed in past research dore farther branches out to explore
other literature that contributes to this study based on the experimental parameters that can be
applied and tested in a practical setufigurel.24, in the endjs used to summarise all the observed
parameters and their relation to each other to conclude the analysis.

2 AfazyQa Y2RSf

An important development in the field of tow spreadings introduced in the form of a theoretical
model by Wilsor[27]. His study proposed the relationship between the width of the tape and the

T 2

orientation of the first spreader bar. In figufe216 St 2 6> 2 At a2y Q& SELISNRAYSy Gl

He created a symmetrical spreading system where he passed a tow fixed oendnever two
spreader bars and the free end of the tow was attached to a mass. The tow in this system was then
subjected to certain tension cycles until equilibrium in spread width was obtained. The spread of the
fibre bundles was observed over the firgireader bar hence his system was a single spreader bar
system.

Lcosa

Axis of symmetry

Figurel2L:{ ARS @GASs 2F 2 At apRe[Qad SELISNAYSY(l f
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a certain mass Z. Wilson spread the tow by a series of to and fro motionghengpreading had
reached an equilibrium stage. For his theoretical model, he developed the equation given below:

&) pOOGET

Where W1 is the width of the spread tow on the first spreader bar and A is the-segisn area of
the fibre tow. Wison treated the fibre tow as a continuum and not as a collection of individual

filaments. His setup was simplified with certain assumptions he made while developing the equation.

He assumed that each fibre in the tow bore the same amount of tension anidrrplayed little role

in the effect of spreading inhe crosssection of the tow. He also assumed that fibres had no
movement along their length and lastly, there were no entanglements or twists present in the fibre
bundles. On comparing the result®i the model with his experimental values, he found an error of
10-15% in width which he considered to be due to friction and entanglements. Additionally, he
concluded that spreading is a consequence of spreader orientation independent of the tensien in th
fibre and the effect of additional spreader bars on spreading is minimal.

LNFIFyQa Y2RSt FYyR SELSNAYSyGlIf Fylfeara

Ifan et al [26] F dzNJI KSNJ RS@St 2L) 2 Afaz2yQa GKS2NBUOAOI f
motivation was to improve the quality of resin impregnation in fibre tows, he found it necessary to
extend the original model to include more spreader bars as they alldwe@ higher degree of

spreading. Based on the same numerical model, he further continued to predict the thickness, width

and contour of the fibre tow on a second bar. Validation of this extended model was done through
tow spreading experiments of severahr configurations using different test parameters such as

number and arrangements of spreader bars, rod diameter, tension release. His experimental setup
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andenabled spreading through baekd-forth motions.

Irfan made several conclusions through his experiments that described the influences that occur on

tow spreading (sed@able2). Using the backnd-forth motions of the tow over two spreader baos

Yension cycleQhe realised that six tension cycles were needed to reach a spreading equilibrium state.

His reasoning for the tow reaching an equilibrium statas that the fibres attain an almost stable
arrangement in the spread tow and the inter fibre friction was too high to let any more spreading from
occurring. Additionally, he also found that the amount of spreading beyond the first spreader bar was

verya Yl ff 2SN GKS F2fft246Ay3 2ySa ogKAOK @I ftARFGSR
bars. His next observation wasncerningr Wi Sy airz2y NBfSFAS LINRPOSaaQd ¢
where after the tension cycles are applied to the tow, two more cycles are applied, one with tension

and one after the tension is released from the tow that caused deformation of fibre bundles. He
observed that on releasing the tension from the spread tow, the tow spread more and he attributed

it to the fact that sinceno more forces weracting on the fibre tow, its stable arrangement was lost

and it could afford to spread even further. Interesting = RdzS G2 GSyaiaz2y NBft S|
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Influence parameter| L NF I Yy Q&8 FAYRAYy3a

Tow material 9 \Variation in width and crossection areaalong the legth of tow
(dependent onthe position of tow in the creeldisrupts data of
spreading.

1 There was amsence of twists in a tow (effect discussed in a |3
point).

1 Sizing in fibres due to their cohesion caused an unfavourable effe|
spreading

Tension cycles 1 Six tensiorcycles were needed for spreading to be in equilibrium

9 First tension cycle increasdte width by 80% followed by smallg
increases.

I Beyond six cycles, fibres were damaged.

Presence of twists | § Twists are of two typesvhole twists along the length of thew and
twists between the fibres in the tow.

I Twists are unfavourable when aiming for a high degree of spread

Bar diameter 1 Smaller the diametetthe higher the degree of spreading.
1 Maximum permissible tension cycles for different diamstef bars
werethe same.
L& ah g § Spreading increases a2 &ah A Y ONBIF asSa dzyida
2 At azyQa equilibrium.

T Limited range of L for which its variation can have an impadhen
degree of spreading.

T {LINBFRAY3I AyONBlLasa sAGK RSON
which it will start decreasing due to its interaction with the adjac
bar (a certain minimal anglis needed for spreading to occur betwe
two bars).
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Additional bars 1 First spreader bar causes a laaount of spreading but additiong
ones cause much less spreading.
T /2YLX ASE 6AGK 2AfazyQa | NHdAzYS
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QX
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the tows to flatten, the error margin of their theoretical model to te&periments they performed

are quite high. However, both of these studies laid a foundation for further experimentation,
development and optimisation of mechanical spreading techniques. Several reseahawe taken

2 Axfazy | yR LNFI ya litevatuie &rid &ieditciundérktshd thd spisialing under

their experimental conditions and setup.

QX
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parameters that affect mechanittow spreading. This study was composed of two p#ntsfirst was

'y SELISNAYSyGlt &aSidzld aAYAE NI 2 2AfazyQa (2 dza!
width of the tow being spread until it reaches an equilibrium stage. The seconchpalvéd setting

up an automated spreader that would take tow directly from the material creel, spread it in the system

while recording data on the degree of spread and wind it in an empty spool. The goal of this setup was

to develop a data acquisition sgsh for capturing the amount of spreading and it was done so through

sensors that would capture the profile of the tow before and after tow deformation. The results from

the first experimental setup showed that the obtainsgreads inwidth were smalle than that of

Wilson and Irfan and it was attributed to the difference in experimental setups. In this setup, acetal

rollers instead of rods were used which would reduce the friction in the system significantly due to
permissible rotation in the rollers. It vgaalso concluded that a higher value of mass attached to the

tow reduced the amount of spreading which is interesting because theoretically a higher amount of
tension should lead to a higher degree of spreading but this needs to be verified diligenthecbimel

experiment with an automated spreading system did not yield a high degree of spreading so focus

was given to the laser sensors that captured a before and after spreading tow profile. While it does

y2iG O2yGNROGdzGS G2 |yl tG8SANEYQT iykKeS WTIIZRES (IRMARO St | Lal2]
capture good data points of the tow contour and how to ppabcess them.

' YANI 5 HOISELBNREY Sy Gt &Sidzld G222 61Fa || aAYLIE ATASR
the gpreading behaviour was captured over a single spreader bar. Since the goal of his thesis was to
develop a discrete element model for spreading, his experiment was designed in such a manner that

the boundary conditions were simple and easily controllabéetdé subjected the fibre tow to tension

cycles until an equilibrium state was achieved. Although for his experiment, the number of tension

cycles necessary for spreading to stabilise were five instead of six as Irfan had found. The parameters

he investigéed in his study were tension in the tow, friction between the tow and the spreader bar,

tow twists, fibre sizing and the geometrical variations of the tow with respect to the bar.

Amir found through his experimental data that tensidid not affectthe exent of spreading. He
varied the amount of tension in the fibre bundles by varying the weight (B0Qg) hanging from it.

His values of spread were similar although he does state that the result could differ from his conclusion
if higher values of tensiowere used. He also concluded that friction had no impact on the spreading
behaviour. He tested so by spraying the spreader bar with PTFE lubricant and graphite powder and
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comparing it to regular spreading conditions. It was observed that the lubricantestthe amount

of spread which was probably because of the wet filaments adhering to each other and that graphite
powder made no difference in the extent of spread. There was a margin of doubt regarding the friction
GSad Ia AG O2dzZ Ryehthe lubrBantdaydRpbwdr ingde Rtle diffe@iic& to the
spreading because the friction in the system was already too low or whether they played no role at
all. Despite the slightly ambiguous results obtained dutirginvestigation of tension and fri@iy Q a
influence on spreading, Amir did have solid conclusions about the tow twists, tow sizing and
geometrical variations in the spreading system. It was noted that twists along the length of the fibre
tow were highly unfavourable and inversely proportiotathe final width obtained by the spreading
LINPOS&dad ¢KAA 61 a GKS alryS O2yOfdzaAizy AY3%BNFI YQA&
more than sized tows. Finally, the results of geometric variations are explairiggire 1.23. It was

found that as the height h increased, the amount of spread increased too. This was attributed to the
increment in normal forces acting on the tow as the height in the system was increased. Additionally,
the horizontal distance z on being decreased increasedathount of spread.

Figurel23:DS2 YSGNA O LJ NI YS[EENB Ay ! YANDR&a aid

A study by Gizik et d9] on spreading investigated the spreading behaviour of heavy carbon fibre

tows (12k,24k,50k) using an industrial spreading machine. An aspect that stood out in this
investigation was the usage of different types of fibre tows to study the dependency adipgeon

GKS YFGSNARFE ljdzr ft AGe AGASET GKAOK Aa | FlFOG2N (K

The test parameterm this studywere tensionin the tow, spreaderspeed, aspect ratios of the spread
tow along the length of the tow from a single creel and thi@dhvalues of minimum attainable areal
weight before fibre damage. It was found that the obtained aspect ratio with different tensions had
no specific pattern for different fibre types but the machine speed shared a common behaviour for all
tows; the highe the machine speedhe lower was the obtained width. This could becausethe

fibre tows did not have enough time in the spreading unit to atthi@ir maximum possible width.
Another important observation wahe maximum attainable aspect ratio of easpread tow before

fibre damagelt makeghe development of a common spreading system for all fibre types all the more
complex as each time a system may potentially have to be tailored accdodihg material quality

of the fibre tow that requires sprating. Variation of spread aspect ratios along the length of a single
type of fibre tow and variation of them across different creels adds another dimension to the
obstructions that could occur when designing a controllable spreading setup especiallydttses
aspects are not necessarily controllable themselves. In concluGiark et al[9] highlighted the
challenges of controlling the spreading behaviour of fibre tows and it showed that designing a
smoothly operating spreas is not enough. For consistency to occur in tows with regards to
spreading, understanding and monitoring the material and its responses itselbis@ex pocess as

it is largely dependent on the manufacturing conditions/techniques of the fibres.
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Figurel.24: Interaction flowchart of parameters in mechanical tow spreading
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Infigure 1.24, each parameter is arranged on basis of its contribution and interaction in a mechanical
spreader. The blue arrows indicate a flow from main elements/parameters tpardmeters and the
yellow arrows are especially sketched to highlight thetdes that directly contribute to fibre damage.
Mechanical tow spreading has two key elements that constitute several parameters or aspects that
influence how they affect the behaviour of tow flattening and the extent to which they do. Those two
elements ae the mechanical spreader and the tomaterial properties

As can be seen in figure #,2he spreader has various aspects that control the amount of spread.
Spreader bar geometry or its profile can control the very mechanism with which spreading &cours.
instance, as can be recalled in sect®ra cylindrical bar will have a different spreading mechanism
compared to a convex bar. Spreader balary 3SYSy i | & LINRPOSR Ay 2Afazy
that the relative position of one spreader bar to another and the tow wrapped around it has a
significant impact on the amount of spread. Surface roughness is a property of the bars that controls

the interaction between the bar surface and the fibres in contact with it through changing the friction
interaction. Too high a surface roughness can although cause fibre damage. Spreader bar diameter
and speed of the tow running through the spreader are add#l parameters thatvere found to
influencethe spreading behaviour.

Concerninghe fibre behaviour, a crucial parameterdagpresence of sizing especially because while
desized fibres increase the amount of spread, sizing also protects the fibresdorage and
improves their resin impregnation properties. Two parameters with respect to fibre tows are the
twists and entanglements present in them that cause lateral obstructions during the process of
deformation. But they are important nonetheless becaulsese two parameters are often inevitable
when the material supplied is directly from the creel.

It may be assumed at the present stage ttiad biggest role as an influence is played by tension in
the system for mechanical tow spreading. Tension aararpeter directly corelates to the friction
between the fibres and the fibrepreader bar. A higher value of tension suggests a higher amount of
friction present in the system and they both directly contribute to any damage thatsfigwehrough
including breakage, fuzz formation or a pewf of fibre layers on the spreader bar. Numerous studies
in the literature have been performed on fibfdear and fibrefibre interaction to understand the
friction behaviour between them which may be a crucial influencing parameter on the spreading
behaviour.
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1.3 RESEARCH QUESTIONS ANEST®BJECTIVE

Thestate of the art in the previous sectiavas used as a foundation for generating the research scope
and subsquent research questions of this thesis. Given belowsareegeneral takeaways from the
literature study that were kept in mith while defining the thesis goals:

9 The number of researchers in the field investigating fibre spreading is quite limited and as a
consequence, there are not enough research papers strictly related to the topic. At the same time,
LI G6§Syda R2y Qi NB@SIt AyarakKaFdAgd AyF2NXYIFdGAZ2Y
research is therefore needed.

[ON

1 Several techniques for spreading (both active and passive) were evalitatbpt the most
suitable spreading technique that che developed. Apart from the quality of spreading that was
investigated for different spreading techniquethe focus was alsqgiven to the ease of
development ér a labscale system.

1 Typically in older studies, tape/manual measure was usexvabuate the spread extent as a data
acquisition means but that has developed into more sophisticated technology with laser sensors,
cameras and other such high accuracy sensors. The data from them is currentyrquestsed
through relevant software anduitable algorithms.

1 Multiple parameters influence spreading behaviour such as tension, spreader bar arrangement et
cetera.Each studylone on understanding the spreading behaviavas found to have analysed
different influences and aspects spreading however,a comprehensive study covering all or
most of these parameters is missing

1 The patents contained robustnd highly sophisticateghachines that unwound fibre tows, spread
them and wound them in an automateand controllablenanner;whereasa majority ofresearch
d0dzZRASE dzZaSR | AAYLI AFTASR 3ablidRY 0% 435801 @&y O0AY &)
length of tow over a spreader bar with weights attached tdrhis stark differencén spreading
systemshighlighted agapbetween industrial technologynd research setups.

1 Each technigue of spreading was unique with different results for the obtained final width. But
while final width was the most important deliverable of a spreading system, damage to the fibres
was also a veryriportant factor to consider. Active methods claimed to be advantageous over
passive methods due to minimal fibre damage without compromising on the potential increment
in width. Some techniques (Harmoni with Industrial Technology Centre in Fukui) wereable
spread their fibre tow by 400% without damage sustained by the tow.
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To make the research scope clear and more coherent, a set of research questions are defined to keep
the workflow in check.

1.3.1. Research questions

I.  How can we develop and buildhaxperimentaltow spreading unit with multiple subunits
(unwinding, spreadingdata acquisitiorand winding unitsjhat allows investigation of spreading
phenomen&

a.

What are the most influential parameters (input) that contribute to spreadimgtput)
using a tow spreadér

Literature surveydliscussiomvith experts

This goal consists of a diligent investigation into the concept of towesling, industrial
developments and academic reseamdrformedin this field. Theliterature study thenis

used to identify the knowledge gaps in the field of tow spreading, structure a research
plan andrealizean objective for the thesis

Realizehe arguments that contribute to understanding thehaviar of widening of tape.

An investigation into the input influences/parametanseds to be done to understand
the physics of spreadinigehaviar such that the spreading system can be designed to
control the nature and extent of spreadingjhis controllable aspect provides the means
to make spreading tests repeatabletireir results thus making the system reliable

For mechanical spreading as the chosen technique, perform a thorough study of spreading
mechanics, industrial practices and develop a preliminary plan for building a tow spreader.

This goal focuses primarily enechanical spreading technigsiand develping a build
plan. Aswasestablished earlier in thiterature study mechanical spreading out of all its
alternatives is easier to understand and control in its boundary conditongpared to
other techniqueshence it is the chosen technique of this dyu First, all requirements
from the tow spreader are realized based on the parameters of mechbhepreading.
Then, a list of necessary steps to implement the requiremenéstablished. Finally, a
plan is draftedn terms of logistics and feasibility to build the spreading machine.

How can an integral spreading system be built and validated such that it can

accommodate these parameterg@iditionally, what constitutes the epe of controlled
width?
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1 Determine design scope within which tow spreading can be understood/experimented
upon.

With a design plan in hand, a design scope also must be sketched. Mechanical spreading
has several dimensions and techniques that studies have utilized over the years. But
implementing them all is highly complex and beyond the scope of this thesis. Thus,
dedsions must be made on what are the necessary elements that must be inclusive to
create a robust spreading system. A design scope helps keep this exploration in check

9 Draft plans and iterate, build and iterate toinimizeerror in spreading unit cohesi.

As the goal states, this step is to build and iterap®n the tow spreading system such
that a reliable and smooth operation of spreading is achieved. The focus hergamto
repeatability in results for the same parameters instead of maximizing the spreader
performance with minimal errors of operatioAn aror here implies any obstructions in

the flow of movement that a tow may experience through the spreaiibis goawill be
satisfied once the results are predictable based on input parameters and can be replicated
over a series of same experiments.

II.  What are the hardware and software to be included in the spreading system so that it can be
automated and controllable?

a. What identifies as relevant information (related to input and output) that should be
collected during the operation of this integral system?

1 What information is sufficient to capture the behaviour of sprea®ing

While the width of the spread tow ighe main output that is desirable to checkrf
spreading behaviour, does it suffice the knowledge requirements of this study? This needs
to be invesigated and if there is a scope for extracting additional informasibauld be
checked.

1 Does the collectedata provide reliable information to quantify the spreading? Verify.

A validation plan is needed to check for the accuraay matiability ofthe data that is
collected This can be done once the data acquisition system is tried and tested; some
data iscollected from it angost-processed to check for any remnant noise or errors that
couldcausedeviations from the actual results.

b. What are the hardware and software that is needed for an easy to use and reliable
system?

c. How can these datacquisition and control components be used under one single virtual
interface?
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lll.  How can we evaluate the system and its fitness to our goals?

a. How can the level of control as well as achievamgacceptable level of spreading be
quantified?

1 Do the system parameters have limits of application? Can thresholds be defined for these
limits irrespective of the material that may be used to spread?

Maximum and minimum values of each influencing paramaged to be defined for the
user of the tow spreading unstuch that each operation is well withilhe bounds of these
limits and yieldsspreading results. These limits help desigrsveeet spot/range of
operationin which ugr data can be retrieved for understanding the spreading behavio
Further, repeatability of results for the same process parameters provide confidence in
the spreading systenand males the system reliable forany experimentation and
followinga detailed irvestigation into spreading influences.

1 How important is the role of fibre damage in developing a robust system?

Fibre damage is fiequently mentioned downside in literature wharsinga mechanical
technique for spreading fibre bundle3hisleads to the question ofts cruciality in
understanding and developing a tow spreading systéfifiore damage were to be
excluded out of the scope of this study, would theesmler still function welin providing
the necessary information thdulfils the final objective Expenments are needed to verify
this.

b. How can a relationship be established between input and output defingbdrabove
guestions?

9 Postprocessing of the collected data tiraw conclusions and observe input/output
relationship rules

1 Aim for capturing dry fibre in a frozen state for further microstructural investigation

As the final step to guide ihtow spreading study to a microstructurgvel, a specimen
needs tabe designed that has spread tow captured inside ofltis is to be done by taking
the tow within the spreading unit and freezing it in resin on the spot without any
disturbance causedot the fibre arrangement or final width. This specimen is further
prepared for inspection under the microscope to checkifsiguality andvisualizatiorof
fibre arrangement Once the technique is deemed satisfacti@yme images of the fibre
microstructure can be taken to display the potential of the technique for further
microstructural investigation.
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1.3.2. Thesiobjective
Based on the research questions defined, the research objective is,

G¢2 RSOSEt 2L I O2 gysididd feheBale spedniensiok diNdolstiRdtuyaHnvestigation
of unidirectional spread tow composites by carrying out experimental studies and performing
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The motivation of this thesis is to gain an understandihthe process of tow spreading and create a
direction for its microstructural investigation to further generate information on the spreading
behaviour at a fibre level.

To fulfil the research objective, thorough investigatiorinto the industrial practices for spreadirig)
neededto do a performance evaluation for potential implementable techniques. With the background
informationin mind, a tow spreader has to be built and iterated upamtil it is smootHy operating

and satifying the requirements defined by the research questiditse chosen strategy for developing

the tow spreader is to focus on a select few parameters that may influence the spreading behaviour
and explore their relationship with the width of the tow insteatlaiming for a spreader that can
spread the tow to its highest potential.

Followingthis, the spreader needs to be established as controllable with repeatable output in
spreading which by extension indicatiés reliability of operation An experimentahnalysisis then
neededto understandthe process ofow spreading where the selected parameters are tested for
their influenceon the spreading that occurs in the fibre tow.

Lastly, a technique needs to be developed for capturing the spread tow inarsite the spreading
setup without any loss of widtAhnd minimal disturbance to the fibre orientatiohismay bepossible
through trial and error and aubsequent evaluationf the quality ofthe specimen producedThe

microstructural investigation that follows aims to visualize the changes in fibre distritattéfierent

stages of spreading.
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2 Methodology

This chapterdescribesthe research approach adopted inistthesis. The methodology is mainly
divided into three parts:

o Development of a mechanical tow spreader

o Approach for experimental analysis of spreading parameters

o Developing a technique to capture the spread of fibre tow in resiarfacrostructuralspecimen
gengation

2.1 DEVELOPMENT OF A TOW SPREADER

This section describes the design of the developed tow spreader and highlights the different units that
constitute the spreading system. iShsection aire to emphasize the input parameters that will later

be used to analyse and test the spreading behaviourthd fibre tow. It also describes the
requirements in terms of performance from the spreader and presents an operational flow diagram
of the spreading process.

As described in the state of art secti@ mechanical spreaders spread the fibre tows by inducing
forces in the fibre filaments to displace them with respect to their previous relative positiaes
figure 1.20. Mechanical spreaders generally consist of a set of particular spreading elements
(cylindrical bars, convex bars, expandable wheels etc) that upon contact with théntmwase its
width and reduce its thickness.

It has beersuggestedhat high forces in the tow induced by mechanical spreading can lead to fibre
damage[26] which may make mechanical spreadestatively unsuitablefor spreading. Despite this
potential risk, mechanical spreading is adoptedtss technique of study in this project due to its
AAYLIX AOAGRE AYy AYLESYSyidlidAzys NBfFGAGSte fFNBS
objective of understanding spreading behaviour along with connecting it to a microstructuralacope

the study.

2.1.1 The base design of the spreader

The mechanical tow spreader used in this study iterates upon the base design developed by Daniel
Wiangyangkungd 7] for agraduation project at the TU Delft Aerospace Manufacturing Technologies
research group. His deliverable of a tow spreader contained the basic necessary components for
spreadingln the study, the spreader wasitegorized into three main componentie winding unit

that contained the material spool for the supply of fibre tow; the spreading unit that contained
cylindrical spreader bars with adjustable geometric orientation for the tow to wrap around and spread
and lastly; the winding unit that coiséed of an empty spool attached to a stepper motor for the
motion of the tow running through the spreadélhe spreaderalso cosisted of acontrol unit and a

data acquisition unit.
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The functioning/features of thebase desigof the spreadekvere compared to thelesirable featues/
needsderived fom the research questianof this studyFeaturedn this contextmeanthe necessary
functions or componentthe spreadershouldcontain in order to answer theesearchquestionsin
this thesis If certain features werenissing changeswvere made to the spreader desighhisledto the
developmentof the upgraded tow spreadéinrough the approach illustrated in figure 2.1 giveridye.

Identify the

needs/requirements from
Revaluation of the
spreader performance if

the spreading setup %
needed
@ Development of the tow spreader @

Iterate upon the spreader Implement selected
design if needed solution

N &

Evaluation of the
spreader performance

Research potential
solutions

Figure2.1: Approach fodeveloping the tow spreader

2.1.2. Upgraded setup, its validati@md flow of operation

The upgraded tow spreadefidure 2.9 adopted the categorisation of the base design setup and
divided the components into fivenits (specifications of components available in Appendix A):

Unwinding unit
Spreading unit
Winding unit
Control unit

Data acquisition unit

O O O O O

Figure2.2: Developed tow spreadetesign
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Unwinding unit

The unwinding unit is the part of the tow spreader that supplies the unspread fibre tow to the rest of
the units. It comprisesf a material spootlid over a mechanical brake from which the tow is pulled
(figure 2.3. The mechanical brake is responsible for supplying initial tension into the fibres of the tow
by changing the resistance it presents against the rotation during unwinding. It has resistaisamt
settings from 1 to 5 with one supplying the lowest resistance ageitation of the brake and 5 having

the maximum resistance. Since the material spool is slid over the mechanical brake, the resistance
against rotation from the brake is sbrved in the material spool too thus generatiegsion in the

tow.

Material spool

Mechanical
brake

Figure2.3: Unwinding unit with mechanical brak¢8] andfibre spool

Spreading unit

The roleof the spreading unitError! Reference source not foungdis to induce mechanical forces in
the fibres of the tow forcing them to spreahd by ekensionincreasing the width of the town this
tow spreader, it is done via spreader bars. As thewgapsover them, the tension in the tow and the
friction due to contact with the bars are twiactors responsible for spreadifjg6]. The elements in
the spreading unit can be arranged geometricallptoduce the desiredpread in the tow

Thread positioning piece

Tension meter 2 —5000 cN ‘

Figure2.4: Spreading unit with spreader bars, positioning piejdd tension meterd49]
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The spreader barsare 25mm cylindrical bars with a topocrom coatifigure 2.9 that reduces the

friction between the fibres and the bar surfabecause a high amount of frictianay lead to fibre
damage. The diameter of the bars can be selected by studying how the spreading behaviour can
change with respect to however previous studies hateundthat the diameter of the baris inversely
proportional to the sprading width[29] [26]. Five bars are selected to be a part of the unit after an
experiment was dondo test the effect of the number of bars othe spreading behaviougsection

3.4.7) but the spreading unit allows for seven bars to be installed. The orientation/arrangement of the
spreader bars can be changed by changing the height, distance and length between them.

Figure 2.5: Spreader bar arrangement

An additional feature was added to the spreader bars to test the effect of temperature on the
spreading tow. It was a heating element inserted into the holtdvthe barsthat increase the bar
surface temperature up to 125°C. High resistance wire was wrapped around a conductive tube in coils
and supplied with poweto build the heaing element(figure 2.§. For a certain power input to the
heating element, the resistance in the wire would incredsading to a high amount of heat being
generated which in turn would transfer to the bar surface through convection.

Figure2.6: Construction of heated spreader bar

The heated elements were built for three spreader bars and each bar had its power supply with input
current and voltage. Tests were done to select the input currents for different temperature outputs
on the bar surface that were monitored through thermocouples.
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Winding unit

The winding unitf{gure 2.7 contains an empty spool attached to a stepper motor that rotates and
pulls the tow with it.The rotating shaft of the motoris responsible for collecting the spread tow on
the empty spool and controls the speed with which the t@ypulled into the winding unifThe spool
has an adjustable widthof winding by sliding the ringdang the length of thetube to control the
amount of tow that gets wrapped durirthe operationof the tow spreader.

Gear system

Nema 23 motor

Winding spool

Figure2.7: Winding unit of the tow spreader

Data acquisition unit

The data acquisition unit consists of a camera mounted above'tlspigader bar to capture the final
spread of the tow. A 3d printed frame is used to ensure that the camera is facing downwards at exactly
90° to prevert any parallax errorlmages of the tow are collected every 2 seconds. This frequency is
sufficient to display any variations in width that occur during a run of the tow spreader.

Figure 28 shows a colour block of grey, red, green, blue and black tmgissh between different
elements in an image like the bahe tow andthe background. The code created to calculate the

width recognises this contrast in colours and uses object recognition technique to determirmathe t
width. In this code, each pixel tife image is allotted an RGB (red, blue, green) value, and significant
changes in the RGB value tells a shift in an object. A purely black pixel will have an RGB value of (0,0,0)
and a purely white pixel will have an RGB value of (255,255,255). The dtthdespreader bar will

have an approximate RGB value of (192,192,192) if the three colours are balanced and the colour of
the bar is completely flat which is not the case in reality.
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Figure2.8: Colour blocking Bspreader bar for tow width calculation

The code is instructed to observe a single row of pixels on the horizontal centreline and distinguish
the variations in RGB combinations for each pixel. As the motefor each pixel from left to right, it

first notices the blue patch of known size, calculates nlaenber of pixels for it and then does the
same for the black pixels which is the spread tape. The formula for width simply becomes:

aQERD & 6§ D RO,
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To ensure the accuracy of each measurement, the light exposure of each picture should be the same
and the distance between the camera and the lengtthefspreader bar should be vertically the same
at each given point on the bar.

Control unit

The control unit is responsible for running the tow spreader and collecting data from it to capture the
spreading behaviour. This is done via the LabVIEW state machine. The LabVIEW state machine is a part
of the LabVIEW software that allows for visuallggramming multiple control elements into a single
interface. Simply put, it is possible to simultaneously run different programs, develop triggers that
interconnect those programs and get combined output if desirable.

The tow spreading program on LabVIEijure 29) runs the stepper motor via Arduino, triggers the
installed camera to take images of desirable quality and records the tension from the tensiors meter
by converting its voltage output to a measurable unit of tension. The program also allavwsitahe

rate of data collection. In return, it produces a text file withut speed, tension at the two sensors
and their corresponding images captured by the camera.
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Tension Sensor 2 Sensor gain2
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Figure2.9: LabVIEW program for tow spreader

2.1.3. Flow of operation

For the tow spreader to generatccurateresults that help understand the spreading behaviour, it

may be beneficial to sketch the requirements from the tow spreader that are netxdestrieve the

dza S ¥ dz RFGFI® ¢KS GSNY aNBldZANBYSyidaé AYLIEASa
necessary in the tow spreader to be at a stage where it functions sufficiently and produces reliable
output widths based on the input parameters.

Quialities/requirements from a reliable tow spreader:

0 The tow at no given point should get stuck in the tow spreader. The tow getting stuck at any
particular instance or even periodically will compromise the data that is being collected (tension,
spreadingwith) by inducing unexpected forces in the filaments that may affect the final spreading
quality.

0 The motion of the tow in the spreader should be longitudinal i.e., in the direction of pulling only.
Lateral shifts or straying of fibre tow will not ordysturb the spreading width due to its force
components, but it will also degrade the image quality of the final spreading width captured
through the camera on theSspreader bamwhich may produce unreliable resultsduring an
experimental investigation

0 The noise in the spreader should Bempened as much as possible. Noise in this context is the
large vibrations caused by the stepper motor that can also affect the quality of data and
orientation of fibres during spreading itself. While spreading due to vibrations is a spreading
technique,it is irrelevant to the technique adopted in this project and hence should be isolated
and eliminated as much as possible.

o Any element apart from the spreader bars itself should not physically change the width of the tow
whether they reduce or increase it. For example, when the tow passes through the thread
positioning piece, the width of the tow should not get crumpled orstied due to contact with
them.
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o Finally, and most importantly, the results from the tow spreader should be repeatable for a given
set of input parameters. This indicatesd very important aspects of spreader design: a) The tow
spreader is controllable i.eby knowing that there are no external influences apart from the input
parameters, the spreading width of the tow can be controlled by entering the right input
parameters and b) the reliability of the data itself; a reliable and controllable tow spreeaidd
produce reeatalde results in terms of spreading width which is a very desirable and crucial
characteristic for the spreader to have especially for a study of understanding spreading
behaviour.

Based on the troubleshooting of the upgraded tow spregdsetup (see Appendix B) and the list of
requirements, an operational flow diagram of tow spreading is given in figuBsb2lbw:

Tow width remains
the same without
getting crumpled

Pretension in the .sa=4 TOw does not stray

Tow does not get Pretension is
tow is recorded Ha laterally

stuck induced in the tow

Sy DA it | Spreading width is
H recorded at last

Tow runs through spreader bar
the first tension HH
meter ;
Tow runs through -
the spreader bars |"*%%
Tow winds into Tow passes through Tow exits the Tow runs through
Spread tow l€—— empty spoolat  |af—j the thread — spreading unit = the second tension B )
requlated rate positioning piece meter H Spreader bars
- :: | orientation data is
collected

Tow passes through

Unspread tow  —3p Tow unwinds at > the thread > Tow enters the )

regulated rate positioning piece spreading unit

Tow width remains
the same without
getting crumpled

Final tension in the :%..| Tow does not get

Winding speed is
tow is recorded stuck

recorded for the tow

Figure2.10: Operational flow of the tow spreader

The figure above showsach physical stage/process of the tow spreading as the unspread fibre tow
unwinds from the material spool, passes the several units of the tow spreader and after spreading,
winds onto the empty spool. In an industrial setup, after spreading this tow wmdlst likely be
immersed in a resin bath for impregnation or in a textile producing setup to generate weaves/fabrics
instead of winding back as dry fibre. In the figure, the purple boxes represent the pre and post
spreading state of fibre tow that passebrough the spreader. The blue boxes represent each
a0F38SkStSYSyil 2F GKS &LINBFRSNI 0KIFdG 02YSa Ay O2yl(
of the tow from an unspread state to a spread state. The yellow boxes highlight the points at which
data iscollected (e.g.spreading width) to evaluate the spreading behaviour of the tow and green
boxes represent certain unfavourable behaviours (e.g., stuck tow) the tow may have at a certain stage
(e.g., during unwinding) that should be avoided every timeoimclusion, the goal of this figure was

to help visualise and break down the steps in tow spreading from a mechanical perspective and to
provide a simplified summary of building a tow spreader.
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2.2 EXPERIMENT METHODOLOGY

This section describes the methodologyith which experiments toinvestigate the spreading
behaviour are conductedang withthe underlying assumptions made during this study. After the tow
spreaderwas built and troubleshot, m approacho conduct the experimentwas desiged. A list of
parameters that can be input into the tow spreadess realised. Each of these parameters was
isolated as the only varying parameter against a set of fixed/baseline parameteristan the
required results.

The experiments and their resultsuld be split into two categories: a) Tests that cheskelement of

the tow spreader to establish their proper functioning b) Tests that relate directly to the spreading
behaviour of the tow.Results from categorfa) were kept in mind whileobserving theresults in
category(b).

The fixed parameters were a set of baseline parameters input for every experiment g)ableey
were selected on basis of ease of implementation between each experimanThese parameters
were also used to do a repeatability test (sect®B) to determine whether the spreader was reliable
and reproduced the same mlts for the same set of input parameters.

Baseline parameters Input Value
Speed 50 RPM
Tension input 1T on the mechanical brake
Number of spreader bars 5
Temperature of bars Room temperature
Length between spreader bars 150 mm
Distancebetween spreader bars 150 mm
Running time (stabilise the system) 2 minutes
Running time for tests 1¢ 1.5 minutes
Images collected every 2 seconds
Fibre towmaterial T700SC 24K 50C

Table3: Baseline input parameters of togpreader

Given below in tabld isthe implementation strategy of the experimentation approach developed in

this section. It shows how an experiment was conducted for each parameter. For an arbitrary
parameter A of the spreader with an operating range from Al to A5, algasme of 5 tests were

conducted to capture the distribution of results for the same input values. Between each test run, the

026 &LINBFRSNI gl a &adzoo2SOGSR G2 | aadGroAfAdGe@ NHzyéc
has reached its stabilityfilibrium stage and has recovered from the test run it was previously
subjected to. This stability run uses baseline parameters as input and ensures that the next test run

(e.g. A4) of the spreader will be unaffected by the changes induced by the prewio(s.g. A3) and

the spreader is returned to its equilibrium state. Each stability run is done for 2 minutes.
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Isttest |Stability run|1sttest [Stability run |1st test Stability run Stability run  EERES Stability run
2nd test _|Stability run[2nd test [Stability run_[2nd test Stability run PICRCS AN Stability run
3rd test | Stability run|3rd test |Stability run [3rd test Stability run 3rd test Stability run
4thtest  [Stability run|4th test | Stability run |4th test Stability run 4th test Stability run
5thtest | Stability run|5th test_[Stability run_[Sth test Stability run 5th test Stability run

Table4: Experiment approach for evaluation of input parameters

Certain assumptions were made in the experimental gtiedsimplify the test approach and to fit the
tests performed within the research scope of producing a preliminary study of spreading behaviour.
While these assumptions may lead to certain unexplained behaviour in the results, an exhaustive
study of tow preading was beyond the time frame of this project. Given below are the assumptions
made:

a)

b)

d)

There are no additional forces generated in the tow by the passive elements (e.g. tension meters,
thread positioning pieces) of the spreader. These elements aretosepture data and position

the tow in a particular trajectory and counting their contribution to the spreading behaviour
makes the study complex

Noise generated in the spreader does not play a significant role in spreading behaviour. The
vibrations in the tow spreader caused due to the stepper motor may be attributed as noise and
trying to quantify them and subsequently eliminate them is a highly difficult and-tiomsuming
activity. It may be tackled during the optimization or furthedtensive iterations of the current
spreader design.

The tow from the material spool does not have any variations in width. Ideally, the supplied tow
should have a uniform width throughout its wrapped length in the spool but such is not the case
and smallariations can be noticed.

During the heating process of spreader bars, the temperature of the bar surface is allowed to
stabilise before a test is conducted. Despite this, a few degrees of temperature change is
noticeable. This change is assumed to hageémpact on the tow and on the larger scale, the
effect of temperature on the tow remains the same.

No geometrical changes occur in the elements of the spreader or the frame components
(aluminium profiles) during a run due to loads acting on them. ieians that for instance if the
frames on which the spreader bars are mounted are subjected to high loads, they remain fixed in
their position, do not experience any bending forces. Before each run, a check is performed to
ensure all the positions of theerhents in the tow spreader are accurate but high loads may cause
very small changes in these positions but due to the frequency of these checks, this factor is
ignored.
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2.3 MICROSTRUCTURE SPECIMEN GENERATION

This section describes the approach adopted teneyate a specimen for investigating the
microstructure of the spread tow under a microscope. The fibres in the tow were embedded in resin,
polished and observed under a Keyence confocal microscope. Capturing dry fibres without disturbing
the microstructue was a complex task so some requirements/factors for embedding the fibres in resin
were realised. Factors affecting the impregnation of dry fibre in resn

(0]

Applied pressure/tension on tow to be captured he tow must be kept in high tension such that
when resin passes through the fibres, theglative position does not change.

Wettability and fibre interaction with resig The resin should be able to wet the fibres properly
which in turn would lead to good impregnation.

Viscosity of resiiq The viscosity of thresin should be low such that it easily runs in between the
fibres and through the tow impregnating them in the process.

2.3.1 Sample quality assessment

Selection of the best technique for embedding spread tow in resin for microstructural investigation
was done by designing an assessment criterion and rating different aspects of the sample quality
according to it. Three ratings pbor, moderateand goodwere allotted to each assessment criteria

and a final evaluation was done based on these scores accumulated for each technique. Given below
are the judgement parameters:

(0]

Ease of manufacturing This parameter evaluates the ease with which the fibre tow ban
manufactured from the point of embedding till the final sample is prepared for being observed
under the microscope. The intermediate stages are cutting, further embedtmgample in a
resin vessel, grinding and polishing. A poor rating implies the manufactsrcamnplicated and
good implies that the technique is easy to use.

Physical interaction- This parameter evaluates the amount of physical contact (human
interaction) with the spread tow during the process of embedding. An important consideration
during @pturing fibres in resin is minimal touching/shifting to make sure no fibres are disturbed
during the process. This preserves the fibre orientation during spreading of the tow thus makes
for very crucial assessment criteria. A poor rating implies the bitissiof physical interaction
disturbing the fibres is high and a good rating means the fibres are minimally disturbed.

Impregnation quality The most important parameter to consider is the impregnation quality of
the sample generated. The presendedefects like voids, trapped grime, cracks act as noise and
may cause issues in the microstructural investigation in terms of changing fibre distribution,
assessing spreading quality et cetera. A poor rating means that there are a high number of defects
present in the sample and the fibres are not impregnated well. A good quality sample has minimal
defects and the fibres are completely impregnated in the resin.
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2.3.2. Embedding techniques for samjeneration

Given below are the different techniques tried and, their images under a confocal microscope and their evaluation basexbsessment criteria:

Embedding technique Sample image

Image quality assessment

Doublesided tape is stuck on
microscope slide and the tow
stuck to it. Cyanoacrylate is thejes
poured and dried over the to
followed by the top slide wit
doublesided tape.

Ease of manufacturingModerate
Physical interactioq Poor
Impregnation quality Poor

Doublesided tape is placed o
the slide and the tow is stuck to
Cyanoacrylate is then poured a
dried over the tow, followed by
fastcuring Technovit 4071 resin

Ease of manufacturingModerate
Physical interactioq Poor
Impregnation quality Poor

Doublesided tape is placed o
the slide and the tow is stuck to i
Cyarmacrylateis then poured ove
the tow and while wet,a fast
curing Technovit 4071 resils
pouredover the sample

Ease ofmanufacturingg Moderate
Physical interactioq Poor
Impregnation qualityg Moderate

The tow is sandwiched betwee
two slides aligned with an offse
such that the superglue poured
has a flow surface/path befor
contacting the fibres for improve(
impregnation.

Ease of manufacturingPoor
Physical interactioq Moderate
Impregnation qualityg Good
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5. | The tow is sandwiched betwee
two slides covered with a thicle
doublesided tape. The stickines
of the tape keeps the to
together but noimpregnation is
done.

o Ease of manufacturingGood
o Physical interactioq Moderate
o Impregnation quality Poor

6. Resin poured on tow. The portid
of the tow to be embedded i
supported on its base by the slic
following which dast-curing resi
Ad LId:NBR 2V
viscosity can be reduced f
improved impregnation butthe
curing time increases in the
process.

o Ease of manufacturingGood
o Physical interactioq Poor
0 Impregnation qualityc Moderate

7. Fibre tow is sandwiched betweg
3d printed moulds$ with a slim
cavity in high tension and fa
curing resin is injected through
tiny hole. A release agent
applied for easy removal from t
mould.

o Ease of manufacturingModerate
o Physical interactioq Good
0 Impregnation qualityg Good

1 The design for the 3d printed mould can be found upon further reading of this section.
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Slidesare clamped togetherover
the towwith a preapplied layer o
cyanoacrylateand later injectec
with cyanoa&rylateagain. The to
issandwiched between two slide
aligned with an offset such thé
the liquid poured in has a flo
surface/path before contactin
the fibres for  improvec
impregnation.

o Ease of manufacturingPoor
o Physical interactioq Good
' 0 Impregnation quality; Poor

Table5: List of embedding technigues evaluated for microstructural sample generation
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2.3.3. Selected embedding technique

In section2.3.2several techniques for embedding spread tow in resin were discussed and evaluated
on basis of assessment criteria that best suited what was needed for a satisfactory investigation into
spreadtow microstructure. Of all the techniques, number 7 which used a 3d printed mould was found
to be the most suitable option. Figurel2.shows a preliminary drawing of the mould used for
capturing the spread tow.

Figure2.11: Drawing of mould for capturing tow in resin

The mould latched onto the tow by a clamping mechanigule 2.13. Rubber bands or a torsion

spring were attached to the clip of the mould with very high torque that forced the mould slides to
shap shut over the spread tow. Two holes were built into the slides for injecting the resin and letting
the air escape as thesin fills the embedding space. The mould slides were coated with four layers of
Marbocote 227 CEE release agent to aid an easy release of the sample. The resin used for impregnation
was Technovit 4071 which is a fastring resin and could cure the sampe the spreader in -5

minutes.

Once the mould was clamped over the spread tow, the resin was injected into the empty embedding
space with a syringe and the sample was left to cure. Following that, the cured sample was further
placed in a small plastiglandrical vessel and the same resin was poured over it to make the specimen
ready for grinding and polishing. The sample from the mould alone would be too fragile during harsh
processes like polishing and thus needed a bulk volume surrounding and prgtéctDuring the
grinding stage, care was taken to monitor the sample quality through every step of the process and
continuous checks were done to analyse the surface quality by image observation under a microscope.

Finally, when the samples were readigey were observed under a Keyence confocal microscope at
20x optical zoom where fibres were distinctly visilflgure 2.13 and images were taken froome
end of the tape to the other.

Projections for wrapping
Hole for injecting resin rubber bands

Figure2.12: 3d printed mould and sample generated
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Figure2.13: Clarity ofmicrostructural image

The locations at which the spread tow was captured was between two spreaderfigare 2.14.
These locationsvere seécted to observe the diffeent stages of tow spreading and how the
microstructure evolves from passing over one spreader bar to another.

Direction of moving tow

A

Tension meter 2 Tension meter 1

Figure2.14: Locations for microstructure samples captured

With atechnique developed to manufacture spread tow specimensetailed evaluation of the
microscopic image quality was done whichdescribedin section 4.1 of the microstructural
investigation.
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3 Experimental analysis spreading
parameters

This chapter details the results of the experiments done to evaluate the tow spreader performance
and gain an understanding of the spreading behaviour of fibre bundles. The approach consists of an
analysis of a single input parametggainst spreadingidth obtained. This means that each parameter
investigated is isolated and varied over a test range and the results are plotted to determine its
influence on the spreadingehaviour At the end of the chapter, a summation of these resu#t
provided in the form of a linear regression model to visualize the influence of each parameter on the
overall spreading behaviour.

3.1 PARAMETERS EVALUATED

Asmentionedin the previous chapter, the study of the tow spreader is split into three parts: the
unwinding unit, the spreading unit and the winding unit. Each of the units further consists of several
components that individually may contribute to the spreading & filore bundles in the tow. Based

on the literature survey done as a prerequisite to this thesis (sedtidn a flowchart Figure3.1) for

the testing was designed with different parameters that could be analysed and their data quantified
during the spreading operation. Some additiopalrameters were added to this study for further
insight into the spreading behaviour during the progression of the projgw.current spreader
designis capable ofpreading thefibre tow up to 150% (20 mm wide).

TOW SPREADER
UNWINDING UNIT SPREADING UNIT WINDING UNIT
Y
v INFLUENCE OF
TR e 51 NUMBER OF BARS v
PRETENSION INFLUENCE OF
\ SPEED
SPREADING ON
v EACH BAR v
INFLUENCE OF INFLUENCE OF
ORIENTATION OF BARS HEATED BARS
v y v ¥
DISTANCE NUMBER OF ARRANGEMENT OF
WRAP ANGLE BETWEEN BARS HEATED BARS HEATED BARS
Y
TEMPERATURE OF
HEATED BARS

Figure3.1: A general categorisation of spreader parameters tested
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3.2 REPEATABILITY

Repeatability in the context of this study implies the ability of the tow spreader to produce the same
results at different periods and usage and over several runs. It is a crucial factor to consider because
repeatability in results is a gligy of the tow spreader that can:

1. Determine the reliability of data collected for variation of parameters, changes in time and wear
in the parts caused due to long term usage.

2. Indicate the level of control that has been achieved. If the tspveader is controllable by
achieving the same results for the same set of input parameters, it is safe to say that for instance,
the spreader is dependable for any experiments that may need repetition in case of loss of data.

To quantify the repeatabilt behaviour of the spreading system, a sample size of 25 runs was carried
out at random times and in between the various experiments described below (se8t®8%). The
baseline parameters were input into the spreader to establish a fixed set of input data to avoid errors
in orderto make sure that the initial conditions for the spreader operation wlesame every time.

This was the chosen strategy to subject the spreader to different forces by varying parameters
followed by bringing it to the equilibrium state of the reference parameters. Simply stated, the
spreading process started with the same ubhpalues for all its runs and the final spreading width
obtained is shown in figure 3.2 below:

Repeatability of results
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Figure3.2: Repeatability of results

As can be noticed iRigure3.2 given above, for each of the runsgxis), the final spreading width was
observed on the 8 spreading bar @axis) before exiting the spreading unit. Each scatter point in the
plot was foundto be in the vicinity of 14mm and collectively, the spreading width for the reference
parametesaveraged at 13.80 mm with a maximum variation of + 1.5 mm.

This plot can be beneficial to gain an insight into the tow spreader performance and its refigatabi

in output. Firstly, the scatter in the plot shows the distribution of final widths and variations that can
be expected for the same set of input parameters. Secondly, it raises the question about whether the
variation in the obtained widths may be arsequence of the noise that is generated during the
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spreading operation through motor vibrations or a variation within the input parameters themselves
despite their fixed values. It suggests a need for further and more extensive sensitivity analysis to
reduce this variation observed in the spread width distribution.

3.3 UNWINDING UNIT

The unwinding unit as mentioned earlier in the report consists of the fibre tow spool attached to a
mechanical brake that allows for changes in tenglaat is initially inducedn the tow as it unwinds
This means that it is possible to change the force with which the tow is pulled into the spreading unit
thus overall changing the tension in the tow. This initial tension provided to the tow is referies!

WLINBGSyarz2yQ Ay G(GKS (260 ¢KS FAyLf FAY 2F G8adhr

spreading behaviour but to do that, certaadditional experiments were necessary in order to
establish a clear relationship between the spreadifthe tow and the pretension in it. A description
of these experiments and the reason to conduct them are given below:

3.3.1 Translation of pretension from the mechanical brake settings

The mechanical brake over which the fibre spool is placed has tension settings from 1 to 5 but no clear
specification is available for what these values may be in actud@litg. experiment aims to convert
these settings into tension valueBhus, the tenien is recorded for each of these settings at the first
tension sensor (pretension) to get a clear picture of the distribution of tension for a single value and
its increments as the setting in the brake is increased.

To find out the pretension values féheir respective mechanical brake settings, each setting was
tested with five experiment trials and their respective observed values of tension inewtion (cN)
were noted down. Note here that pretension was the only parameter varied and every ot i
parameter was kept the same to isolate its behaviour.

00 Quantifying tension from mechanical brake

400 A

300 ] o

200 4

100 A

Pretension induced in tow (cN)
L
as

0 1 2 3 4 5 6
Tension setting in mechanical brake

Figure3.3: Induced pretension in tow via a mechanical brake
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Figure 3.3 above shows that for each mechanical brake setthaxig) there is @& observable
increment in its corresponding pretension value in cégiwton (yaxis). The tension at the first brake
setting is 218 cN and it increases up to 318 cN at the fifth setting of the brake. The difference in
increments from one setting to the neis not equal in the plot. For instance, the difference in the
average value of settings 1 and 2 on thaxs is 18 cN but the difference in settings 3 and 4 is 32 cN.

Two notable behaviours can be derived from the resoltshis test. Firstly, the tesion with an
increment in brake settings increasagproximately linearlyn observable values. Secondly, however,
the increment between these settings is not equal which could be attributed to the presence of noise
in the system. Another reason for the egual incrementsnay bethe suboptimal performance of the
brake itself. The functioning of the brake may not provide consistent tension output due to its
mechanical operation but since there is no intermadnitoring'sensor in the brake to provide a signal

for the changes in induced forces, this part remaireye speculation until tested. These factors may
influencethe spreading behaviour by providing a variation in the spreading width.

3.3.2. Tension variation along the length of the material spool

As thetow unwinds from the spool and passes through the thread positioning piece; at each step
along the length of the spool, the angle it makes from the centreline of the spool and the thread
positioning piece is different (see figuretg.that means I° <" m°<” 90° and so on. This may cause
changes in the force with which the tow is being unwound and thus to check for this behaviour, an
experiment is conducted. The reason for this experiment is to identify any changes in the pretension
that may be noticeablérom the tow at any given point along the length of the spatlich may, in

turn, provide information about the consistency in tension values during the process of unwinding.

Thread|pgsitioning piece

oods sy} jo yjbus| sy} Buoje juswssow mp}
<
<

Fibre spool

Figure3.4: Fibre unwinding from the spool is passed through a thread positioning piece

To visualize any changes in the pretension that may occur during unwinding at any given position along
the length of the spool, the tow is unwoundrfthree cycles and the respective pretension values are
noted. A cycle in this context means the unwinding of tow from one end of the spool till it reaches the
opposite end and then back to the same point where it started (point A to B to A in figire 3.
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Figure3.5: Pretension variation along the length of the spool

In the given figure 3. above, the »axis represents the three continuous cycles for which tow
unwinding was done and the y axis represents the pretension in the tow recorded at the first tension
aSyazN» ¢KS (GKNBS RIFGlI fAySa Ay (ddSensoifodtputs f I 6 St f
recorded for three different settings of the mechanical brasetting 1, 3 and 5)Upon visual

inspection, no such dips or elevations are noticeable as cycles change that surpass the variations of

the signal plotted from the tension metéself. On observing the pretension variations in the plot, it

may be appropriate to assume that the pretension in the tow at any given point on the length of the

spool is regular and no drops or increase in the tension is contributed by the positlumtofv during

unwinding itself.

3.3.3. Influence of pretension on spreading behaviour

This experiment iperformed to check for the effect pretension on the spreading behaviour. To
investigate the pretension influencéhe spreading width of the tow and theverall tension at the
second tension meter (final tensignafter the tow passes through the five spreader haase
compared to the pretension values.

The LabVIEW program that controls the tow spreader and produces data as described inZs&@ion
generates a text file with tension in the tow at the first and second tension meter thus providing
valuable information about the tension changes in the tow at the start and the end of the spreading
unit. Those values are noted for each mechanical brakiing along with the spreading width of the
tow at the 8" spreader bar tayuantify theLINS @ S yhlukre/ofisareadingbehaviour

20.0 Influence of pretension on spreading 18 Influence of pretension on spreading
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Figure3.6: a): Influence of pretension on spreading b): Spreatttwiensiondistribution for
pretension
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Figure3.6 a) shows the spreading width on the primargxis (y1) along with the relationship between
tension at the first and second tension meter on the secondaayiy (y2) against different tension
settings in the mechanical brake-gxis). The pretension (afirst tension meter) increases from
approximately 218 cN to 318 cN and the final tension (at second tension meter) increases from
approximately 0O cN to 2900 cN. The spreading width (y1 axis), however, shows no observable
trend.

In figure 36 b), a rehtionship between the spreading width distribution and final tension distribution
is quantified. The spreading width distributiondyis) is plotted against the final tension distribution
(x-axis) forthe differentmechanical brake settings. The spreadivigth distribution is between 12.5
mm to 16.5 mm with tension variation of approximat@@00 cN to 2900 cN.

The tensions in the two tension meters in figuré 8) show an increase in values as the setting on the
mechanical brake changes from 1 to hefle is also a buildp of tension that can be noticed by
observing the initial and final tension for each mechanical brake setting. The spreading has no visible
trend as can be seen in the plotted data in both figuré &.and b. This informatioauggestswo

notable influencesof pretension: One, as the tow passes through the spreading thitiension in

the tow increases. Two, this increase in final tension does not appear to affect the spreading width.
The presence of tension, althouglguldspread he tow from 8mm unspread width to around 14mm

on average.

The increase in tension may be attributed to the presence of friction in the spread¢odarontact.
Since the spreader bars are fixed and the tow comes in contact with all of them, there avidEioiin
amount offriction present between the tow and the bar surfaf#0]. It may be the reason for the
increase in tension between the two tension meters. Tiésis explored later in the report as a part
of the friction study (see sectioh4.4).

This test shows thatpseading width does not appear to be affectedthg inducedpretension. This
agrees with the result of pretension from the studies conducted by Irfan d84].and Amir[29]

where it was concluded that spreading of fibres was independent of pretension acting on the tow.
Although,in this study the test may be limited by the testing rangd.00 cN) of pretension induced

by the brakewhich could be too small tcatiseany visible changes in the width. Perhaps, to reach a
confident conclusion, a mechanical brake with a higher tension range may be used as a suitable
solution for confirmation of this result.

In sum while there is an imement in tension observed through the mechanical brake, its influence
does notdisplay a trend in the distribution of spreading widthcan be assumed that the effect of
pretension on width is still unknowdue to the small testing range that was avhia Tle test,
neverthelessraises questions about the relationship between pretension and final tension in the tow
and creates a necessity to expldhe phenomenon behind thehanging tension values.
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3.4. SPREADING UNIT

The spreading unit comprises five spreader bars arranged in a specific orientation to facilitate the
spreading process through the induction of mechanical forces acting on the fibre bundles (section

1.2.3). Several parameters can be tested in the spreading unit to make decisionsviadtite ideal

spreading unit orientation should comprise (figure 3.7). Parameters in the spreading system that can

be changed are distance, height and length between the spreader bars. Through these parameters,

the contact angle between the tow and theNB I RSNJ o0F NJ 2NJ 6 KS WgNF LI | y3f
Additionally, the spreading unit volume allows for up to seven spreader bars to be added to the frame.

Lastly, the spreader bars can be fixed or allowed to rotate. Therefore, the following subseetibns t

different aspects of the unit that magffectthe spreading of tow.

Spreader bars

Bar 3 Bar 1

Tension meter 2 Wrap angle ‘o’ Tension meter 1

Bar4 Distance 'd Bar 2

o
<

Direction of moving tow

Figure3.7: Representation of spreading unit

3.4.1. Influence of number of bars on spreading behaviour

For selecting the ideal number of spreader bars needed to spread the tow to its maximum potential
for a given set of input parameters, an experiment is done to check for how each spreading bar
contributes to the changes in the width of the tow as it pagkesugh them.

A sample size of 5 runs is usedhteasurethe spreading width on each bar for the same set of input
parameters (sed able3 for baselineparameters). As the tow runs over the spreader bars, the width
on the top of each spreader bar is noted down (see figuBg Since the camera is only present above
the 5" spreader bar, the width of the tow is measured on the other spreader bars witeasuring
tape.

Measuring width of tow

Spreader bars l

Tensicn meter 2 Tension meter 1

A

Direction of moving tow

Figure3.8: Setup for testing the influence of the number of bars
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In figure 39 given below, the spreading width-gxis) is plotted against each bargxis). The star in

the plot represents the width of the unspread tow (8mm). As is shown in the plot, the average width
of the tow on the first bar is 8.5 mm, the second bar is 128, itihe third bar is 15.1 mm, the fourth

bar is 15.4 and the fifth bar is 15.9 mm.

Spreading on each bar
20.0 P g

17.5 1

-
w
(=]
=@
feze)
&

12.5 1 '

10.0 1

Spread width (mm)
~J
n

w
o

2.5+

% Unspread tow width

.0 T T T T T T
no contact with bars 1 2 3 4 5
Spreader bar number

Figure3.9: Spreading relationship with the number of bars

CNRY G(GKS (2¢6Qa dzy arLiidddsdef 06 mRin Widt2iF observed Bn the first
spreader bar. This changes at the second spreader bar where an increment of 4.4 mm is seen and a
2.2 mmincrement is seen on the third bar. Beyond the third bar, the increments in width are much
smallerof 0.3 ard 0.5 mm on the fourth and fifth bar respectiveRherefore, a trend is visible where

the increase in width is high till the third bar beyond which the trend plateaus and this implies that
the spreading of the tow stabilise§hus, this behaviour of bacsn be categorised into two zones of
spreading; the first zone which hasasgeramount of spreading occurring in the first three spreader

bars and the second zone whichggeststhat adding additional bars after three have a smaller
contribution to spreding.

The result above differs from thresultsA y L NJF [2¢] Rrereitwiasiiidd that the first spreader

bar caused the maximum spread and while any additional bars did increase the width slightly, the
increase was ot significant This was also the idea proposed by Wil§dr in the theoretical model

of spreading width predictiorHoweveri KS SELISNAYSy Gl aSGdzd Ay LNFLY
attached to a dead weight and subjected to tension cycldstension cycle here refers to a baakd

forth motion of the tow over a spreader bar. Therefore, it may be assumed that the spgeadi
behaviour of the tow as it is subjected to tension cycles and as it runs over the spreader bars is not
equivalent hence the results for the point of spreading stability do not align.
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3.4.2. Rotatingandfixed bars

In the design of the tow spreaddhespreader bars can be fixed or allowed to rotatee Bxperiment
aims b decide on a suitable option of bar motiomherethe tensionrecorded n the secondension
meter (final tension of the tows used as a judgement parameter. FigutEO®elow shows d@ension
relationship between the fixed and rotatable barsa¥is) against a sample size of 5 runaxs).

Tension difference between fixed and rotating bars

Fixed bars
I I I :I: Bl Rotating bars

2500 1

]
=3
[=1
o

1500 4

1000 4

Final tension in the tow (cN)

500 4

1 2 3 4 5
Run trials

Figure3.10: Tension output with fixed and rotating bars

In the figure, it can b®bservedthat the average tension in the tow moving through fixed bars is
approximately 2.5 times the tension of the moving tow through rotatable bars. From the previous
experiment, it was found that the pretension induced from the mechanical brake wals, svhich
suggests that to generate more tension in the tow, fixed spreader bars need to be used. Rotating bars
do not generate sufficient tension, hence, fixed spreader bars appear to be a more suitable option.
This,however, can be changed if the highrigion in the fibre creates fibre damage.

3.4.3. Influence of wrap angle on spreading behaviour

Wrap angle is the angle of contact the tow makes with the spreader bar (figlite €hanging the
height, distance and length between the spreader bars change the wrap angle thus the wrap angles
as an input parameter can collectively check the influence of geometric changes in the spreading
orientation on the spreading behaviour. Howey this study the wrap angle is adjusted using by
changing the height and distance between the bars and the influence of length is checked separately.

Figure3.11: Representation of wrap angles in spreader jafj
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The changes in the spreader bar orientation are illustrated in figuesa3.b and ¢ given belowith
setup(a) having the smallest wrap angles and sefdphaving the largestvrap anglesFor the same
input parameters, these three bar orientations are tested for theffiect on the spreading width
observedon the 5" spreader bar.

a) Observation point Spreader bars
of spread width

Bar 3 Bar 1 .
Tension meter 2 ) d3 Tension meter 1

e e < d1=d2=d3=260cm

h1=h2=h3=70cm

Direction of moving tow
< g M=12=13=14= 150 cm

b)

Observation point Spreader bars
of spread width

- Bar3 Bar1
Tension meter 2 d1 Tension meter 1

di=d2=d3=150cm

h1=h2=h3=130cm

11=12=13=14= 150 cm

A

Direction of moving tow

C) Observation point Spreader bars
of spread width

Tension meter 2 Bar 3 Bar1 Tension meter 1
d1

d1=d2=d3=60cm
h1=h2=h3=150cm

__________ 11=12=13=l4= 150cm

Bar 4 Bar 2

Direction of moving tow

<

Figure3.12: a) Bars orientation 1 b) Bars orientation 2 c) Bars orientation 3

Figure3.13 a) below shows the spreading width on the primanayis (y1) along witkhe pretension
andfinaltension on the secondary-gxis (y2plotted against the different sum of wrap anglesaxis).

Y2 axis displays that the final tension increases for constant prietenghe final tension (at the
second tension meter) increases from approximately 1000 cN to 4000 cN. The spreading width (y1
axis) is observed to increase from approximately 9 mm to 14.2omawverage

In figure 313 b), the relationship between the spading width and final tension is quantified. The
spreading width distribution €gxis) is plotted against the final tension distributipraxis)for varying
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wrap anglesThe spreading width distribution is between 9 mm to 16mm with a tension variafion o
approximately 1000 cN to 4000 cN.

Influence of wrap angles of bars on spreading Influence of wrap angles of bars on spreading
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Figure3.13: a) Influence of wrap angles on spreading b) Spread wiiétision distribution for wrap
angles

Figure 313 a) shows a increase in tension and the spreading width as the sum of the wrap angles
increase. This happens so while pretension shows no variation. Fig3ie) glisplays spreading width
increase as final tension in the tow increases for increasing wrap anglesughiests that wrap angles
andor tension dfect the spreadingbehaviourandare directly proportional to it.

Certainstudies on tow spreading in literatutgave had differing results for the role of tension in
ALINBFRAY3 0SKIF JA 2 dzNIodel dtefted 2hgt Qansiony had KdSivipact o the Y
spreading width and the primary parameters influencing the spreading were the length and angle
between the barg27]. A possibility in the model, howevenay be that changing the length and the
angle between the spreax bars itself could change the wrap angle and by extension, the tension in
the fibre tow.

2 Afaz2yQa Y2RSt 4 & [F6iaMarethd tddsiSnivas $rofudethR a ga@amete N | Y
spreading and the results in this tegraewith his findings. There were two notabidservationsn

his study; firstthat spreading increases up to a certain increase in tension and then stabilises and
seconda higher amunt of tension can lead to fibre damage. For the tow spreader in this project, the
tension in tow never reached a level high enough to cause fibre damage and the stability of
spreading width of the tow was ensured by using five spreader bars (asstadighed in section
3.4.1).

Aswasnoted earlier, the results in this experiment may suggest that an increase in tension causes the
FAONBA (G2 &LINBFIR® ¢KAa allsSodzZ I dAz2ys K2gSOSNE O
influence on spreadingséction3.3). In thesaidtest, with increasing pretension, the final tension in

GKS G266 AyONBIlI aSa o0& dbemnonaffectiebspreéatiigidhavibuy. Whefebs® 6 dzi
with increasingwrap angie> (G KS FAylFf (Syaizy AyONBlFIaSa o0& kor
to increase by 5 mmoughly. Twoknownparameters changing with changing wrap angles are tension

and contact area of the tow with the spreader bars. Therefdarmay be reasonableotassume that
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tension alone may not be sufficient to spread the fibres dhd contact area is an additional
parameter that can béurther investigatedfor its effect onthe spreading behaviour.

If the assumption of tension affectinthe spreading widthholds weight, this test presents an
opportunity tostudythe mechanics diibre spreading over bars. The forces acting on the fibres in the
tow can be analysed to develop a theory for the spreaditeractionson amicrostructurallevel. To
initialise thk, friction interaction between the tow and spreader bars is analysed and its relationship
with tension is speculated upon.

3.4.4. Determining the coefficient of friction between tow and spreader bars

The role of friction in tow spreading can be divided into two interactions; one is dbthend the
spreader barand the second ifibre-fibre contact(see figure 3.4) [51]. The tow and spreader bar
friction on a larger sda can be analysed through a simple Coulomb friction model and a suitable way
to do that iswith the Capstan equation or thEytelwein'sequation explained below. Through the
presence of tension meters,wasfeasibleto determine the friction behaviour between the fibre tow
and spreader bar butleterminingfibre-fibre friction is more complex and thus this analysis is not
included withinthe scope of this project.

COLOUMB FRICTION
MODEL F“ CAPSTAN EQUATION ‘

HOWELL'S EMPIRICAL
MODEL

FIBRE-BAR FRICTICN H LONGITUDINAL MOTION

CAUSES FOR FRICTION

RHEOLOGICAL STUDY OF
FIBRE-FIERE FRICTION LONGITUDINAL MOTION SIZING INTERACTION

LATERAL MOTION

KNOTS AND TWISTS

Figure3.14: Analysis of friction in the tow during spreading

The Capstan equation provides a relationship between the er
and exit tension/force ofa belt over a cylindrical bar with the
coefficient of frictionand the wrap angl&Xof the belt with the
bar (see figure 35). The equation determines a multiplicativ:
response of the frictional force acting on the belt area in cont:
with the bar thus explaining the tension increase that
experienced when the belt winds over theiogler. In the Capstan
equation given below:

v VO _ .
Figure3.15: Schematic of a belt

wrapped over aylinder

or
— XSljdzt GAz2,
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Where T is the tension in the belt upon entry and i the increased tension upon exits ig the
O2STFAOASYUG 2F adlraAaAd FTNAROGA2Y FYyR h A& GKS I|y13
radians.

From theequation above, it is clear that the role ¢
friction is what causes resistance for the belt fro
sliding over the cylinder with the wrap angle beir
the control factor for the amount of tension
increment. Bis the maximum tension value tha
needs to be wercome to make the belt slide
completely. If the cylinder were to be frictionles:
the two values of tensioi; and & would be equal. =y
In the figure to the right (see figure 1H), an ;.

infinitesimal portion of the belt is analysed throug Figure3.16: Schematic of a very small slice
its free body digram to explain the theory behinc
the capstan equation. For a belt with tension T over
GKS NRBRRXI R‘ A& (KS Fy3ftS 2F 6NI L) 6KAOK Aa OSNE
belt. The frictional forcesRcts in the opposite direction of thHeelt motion and a normal force dN acts

upon the belt in the positive-girection. Since the system is in equilibrium, the net force acting on it

will amount up to zero. On solving the vector equations in the x and y direction, the result obtained is

capst Yy Q& Sljdzr A2y F2NJ YFEAYdzY (Syarzy gAlK2dzi &af Al

belt over the rod

For a system where a belt goes over multiple cylinders (see figliig, 3he effect of wrap angles is
cumulative i.e. each of the angles of contact is added to enter into the capstan equation for getting
the net tension output in the belt due to the winding system. It is important to note that the
orientation of the wrap angles makes no difference in the tension generated. Thus, the equation
becomes:

Y YQ XSljdzk GA2Y odn

Figure3.17: Schematic of a spreading unit to calculate tension ratios

LI AOFGA2Y 2F OFLAGIFY QA SljdzZ A2y G2 dzy RSNREGF YR
assuming that the fibre tow is a continuum. The tow then can be assumed to mimic the role of a rope

or a belt to simplify the analysis for tension generati®hus, the above equations provide the tension

ratios through the system due to the telaar contact. During the process of spreading, it is important

to keep caution of the wrap angle of the tow around the spreader bars. Since the increase in tension

is exponential and a regulated tension through the system is desirable for even spreading, smaller
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wrap angles may be better suitedswasobserved in yarn winding mechanisfia®] and a balance
between the number of bars and thretonfigurationcan be used to control the amount of tension

To calculate the coefficient of friction; the input values that can be changed are the sum of wrap angles
and —ratio. Therefore, three approaches were taken to determine the coefficient of friction from
equation 3.4.2:

o By varying wrap angles, thalue ofB| is substituted for different configurations in the capstan
equation.

0 By varying pretension, the- ratio is varied to check for their corresponding coefficients of

friction.

o Over the course of experimental runs, it was noticed that aremae in speed caused an increase
in tension (see sectioB.5) therefore the winding speed is varied and its aadatio is substituted

in the capstan equation.
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Figure3.18: Influence of inpuparameters on coefficient of friction
In figure 318 above, the individual plots represent the following:

0 Subplot aThe plot shows the pretension arfithal tensionon the primary yaxis (y1) along with
the coefficient of friction on the secondaryaxis (y2) and the sum of wrap angles on tkexis.
While the pretension for increasing wrap angles remains the same, the final teinsi@ases
from 1000 cN to 4000 chahd the coefficient of friction values lie between 0.2 and 0.25.

0 Subplot b The plot shows theidtribution of coefficient of friction as a function of final tension
distribution for varying wrap anglesVith increasing tension values, a slight decreaskigtion
coefficient values can be noticed as an overall trend.

0 Subplot cThe plot shows pretension and final tension on the primagxig (y1) along with the
coefficient of friction on the secondaryaxis (y2) and the mechanical brake settings athxis.
Thepretension increases from 218 ¢cN to 318 cN,fthal tension increases fron0R0 cN tc2900
cN and the coefficient of friction values lie between 0.2 and 0.25.

0 Subplot d The plot shows the idtribution of coefficient of friction as a furioh of final tension
distribution for varying brake settingsThe friction coefficient circles around 0.23 as tension
increases and no positive or negative slope is observed.

0 Subplot eThe plot shows pretension and final tension on the primaaxig (y1) along with the
coefficient of friction on the secondary-axis (y2) and the winding speeds on thexs. The
pretension increases from 266 cN to 307 di¢ final tension increases i 2400 cN t03700 cN
and the coefficient of friction values lie between 0.2 and 0.25.

o Subplot f The plot shows theidtribution of coefficient of friction as a function of final tension
distribution for varying winding speeddhe friction coefficienapproaches a value of 0.z5d
stabilises
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The common observation found in subplots 3.18 a,c,e is an increase in final tension as wrap angles,
tension setting in mechanical brake and winding speed increase respectively. Anotheronom
observation between 3.18 subplots b,d,f shows that the coefficient of friction distribution lies between
0.2 to 0.25. However, the coefficient of friction with increasing wrap angles seems to have a small
negative slope while the coefficient of frictiavith increasing tension setting and winding speed have

a roughly horizontal distribution.

The negative slope of the coefficient of friction distribution as wrap angles increase suggests that there
is an additional phenomenothat affects the friction beaviour as the tow contact area and the
GSyarzy Ay (GKS (26 AYyONBlIaSed ¢KS NBfFGA2YyaKAL]
by Cornelisen [51] while investigating the tow interaction with a metal drum in a Capstan
experimental setup. He observed that with increasing tension, the apparent coefficient of friction
based orthe Coulomb friction model decreased. It was suggested that the coeffiofdniction was
dependent on the load it was subjected to. This observation agrees with the results in stbp®a

and b. With a tension increase of approximat@d00 cN, the coefficient of friction values gradually
decrease. Change in wrap angles raes the tension and the contact area of the tow with the
spreader bar which may imply that either one or collective of the two parameters change the friction
behaviour of the tow with the bars. Whereas the increase in tension with increasing pretenglon an
winding speed does not appear to affect the coefficient of friction.

A study done by Chakladar et f2] while investigating the effect of carbon fibre tow size on the
coefficient of friction found that for increasingze of the tow (3k to 12Kk), the coefficient of friction
values increased but ultimately stabilised at 0.21 as it approached the 12k tow. This suggests that if
the stability of the coefficient friction value remains the samedaiincreasing tow size beyanl 2k,

then the coefficient of friction values observed in the results above@®3) for a 24k carbon fibre

tow fall close to this value of 0.21.

Nevertheless, a further investigation into these observed trends through extensive experiments may

be beneficial. If these phenomena/behaviours are identified, it rppeyide an insight into some
WLI & & A @S Q flaclinddde ¥pgeadthglehaviour thatavey QG 6 SSy ARSYGAFASR
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3.4.5. Influence of length between spreader bars on spreading behaviour

The previougxperiment to check for the influence of wrap angles on spreading behaviour was done
by adjusting the wrap angles with a constant length betwbars and only the height and distance
were changed. The goal of this experiment is to specifically check for the influence of length between
the spreaderbars while keeping the wrap angles constant. The results from this investigation may
provide an insighinto how far apart the spreader bars must be to provide maximum spreading and
how this length changes the width of the spread tow.

The test consiss of three different spreader bar configurations with varying lengths between the
spreader bars while keépg the wrap angles constant. A sample size of 5 runsavedysedand the

spread width was observed through camera images on thegbeader bar.

Influence of length between bars on spreading behaviour
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Figure3.19: Influence of length between bars @pread width

Figure 319 above shows the relationship between the spreading width obtainedx{y) and the
length between bars for different spreader bar orientationsagis). The average spreading width
observed for 60 mm length is 14.3 mm, for 150 msrt3.85 mm and for 265 mm is 12.97 mm.

The spreading width as length increases from 60 to 150mm decreases by 0.45 mm and as the length
increases from 150 to 265 mm, the spreading width decreases by 0.88 mnimphésthat length
between bars contributes to the final spreading width by acting inversely proportionalltdutther
suggests that at some point during the spreading process, there may be a $ggsadwidth for the

same wrap angle but increased lengifhis mayccurif the fibres in the tow between two spreader

bars try to reach their initial unspread state dueagossibldocal loss of tensione. try to reverse to

their original shape. This causes the following spreader bars to compensate fosshien spreading

width instead of spreadinthe tow more.

It is possible tounderstand this behaviour furthdsy performing a series of experiments. Firstly, for
the same setup described above, spreading on each bar can be observed to claegkdes of width

and subsequent evolution of spreadinbhis may indicate how much loss in width occurs at each
spreadig stage and whether the positions of all spreader bars contribute to this behaWwor.for

the same setup stated above, the width of the tow at the centre between the spreader bars can be
compared to that on the edgesear the bardor quantifyinganyloss inspreadwidth locally.
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3.4.6. Influence of heat on spreading behaviour

Fibres in the supplied material aneost oftenO 2 | (i SR A ytheUsizingis doyhabsed of gilghe

coupling agents that are responsible the impregnation quality, various additives to control static

O0SKI @A2dzNE f dzoNAOIF GA2Y S O0AYRAY3I SGO yR WTALY F2
fibres in the tow, holdig them together before composite manufacturing and to promote the wetting

of fibres[53]. These ifm formers are chemicallgimilarto the target resins for the fibrefs4]. During

experiment runsijt was speculated that the presence of sizing in the fibres was the cause of reduced
spreading because the film formers and other components in the sizing were preventing the fibres

from being separated.hus, here were two methods proposed to overcomeetforces of adhesion

of fibres due to sizing:

1) Using force/high tension to break the adhesion in fibres: High tension in fibres can be used to
overpower the lateral forces of sizing that are holding the fibres together. This, however, makes
fibores more suseptible to damage and defeats the end goal to produce better performing
composites.

2) Softening the sizing by using heat: Increasing the temperature of the tow magnsoélt the
sizing reducing its viscosity thus allowing for fibres to spread more eakipugh the permanent
effects of heating the sizing on the impregnation of fibres and mechanical properties of
composites are unknown, it may be a better option to understand the spreading behaviour
0S0OlFdzaS GKS FAONBa ¢2dZ.RyQd 3SG RIFIYF3ISR Ay GKS

To subject the fibre tow to high temperatures, heated bars were used with a test rangel@B0C
on the surface of the bars. Tests were done to determine the ideal temperature for spreading, the
number of heated bars that should be used and the ageament of hot and cold bars.

Influence of number of heated bars

The goal of this experimeigto determine how many heated spreader bars are needed to spread the
tow until it hasreached its stability poinfsee figure 3.20)From a spreader construction point of view,
the results for this experiment can provide an insight into selecting the nurabbeated barsfor
maximum spreadingldeally, more heated bars would facilitate higher spreading because the tow is
being subjected to more consistent heat for the sizing to melt.

Tension meter 2 Tension meter 1
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b) Direction of moving tow

Tension meter 1

d) Direction of moving tow
-—

Bar3 Bar1

Bar 4 Bar2

Figure3.20: Schematics of number of heated bars placement in spreading unit (heated bar = yellow)

This test consisted of usingslheated bars at 100° C with the tow spreader running on the same input
parameters. Care was taken to ensuhat each spreader bar had enough time to reach a stable
temperature of 100° C and to do so, thermocouples were attached to each bar for monitoring the
stability. The spreading width was observed on tiespreader bar. For thearticular case of all
heated rods, the measurement for the final width was taken by sliding callipers to avoid damage to
the camera.

Effect of number of heated bars on spreading width
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Figure3.21: Influence of number of heated bars on spreading

In the given figure 21 above, a relationship between the number of heated baraxis) and the
spreading width (3axis) is described. When all the bars are cold, a spreading width of around 14 mm
is obtained which increases to 18 mm approximately for three heated barseandims in a similar
vicinity on usindive heated bars with a spreading width of 17.5 mm.
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The trend observed in this experiment is positive which means that while one heated spreader bar
does increase the width of the tow when compared to no heated lmtding additional heated bars
increases the width even further. This, however, stabilisabrae heated bars beyond which more

heat does not seem to affect spreading. This could mean that at this point, the sizing has softened
sufficiently and the maxinm spreading due to heat is taking place. It is thus concluded that a
sufficient number of heated bars in the tow spreadethiee.

Influence of temperature

In the previous experiment, an ideal number of heated bars were selected basgut@ading width

as the judging criteria. It is also important to know what temperature would work well for heating the
tows. Whether the tow sizing is sufficiently softened at 50° C or it softens even more as temperature
increases, this information is unkwn still. Thus, the goal of this experiment is tadithe optimal
temperature of heated rods based on the degree of spreading of fibres. Since any data about sizing is
intellectual property and thus inaccessible, predicting its temperature behaviownigplex. Which

makes this experiment insightful for the operation of the spreading systeimg heated bars

Three heated bars based on the previous result are placed in the tow spreader to evaluate the effect
of bar surface temperature othe spreading with. The test range for the temperature is 50°C to
125°C witheachincrement of 25€. Care was taken to let the temperature of the bar surface stabilise
before running the tow spreader with the same input parameters. The final spreading width was
observed m the 5" spreader bar.

Effect of temperature on spreading width
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Figure3.22: Influence of temperature on spreading width

The variation of spreading width-gxis) with increasing temperature of the spreader bar surfaee (x
axis) can bebserved in figure 22. The bars at room temperature have an average spreading width
of 14 mmbut the spreading width increases to approximately 18 mm at 125°C.

The figure shows an increase in spreading width as bar temperature increases from room temperature
to 125°C. It can be seen that there is an increase in spreading width at 50°C itself which indicates that
the sizing begins to lower its viscosity. It lowengher at 75°C and 100°C with an increase in spreading
width but beyond this temperature, the spreading stabilises and therefoneaiy be reasonable to
assume that the viscosity has lowered to its minimal point. Two notable things can be observed in the
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figure above One, 100°C is the point of lowest sizing viscosity and maximum spreading width so any
temperature beyond this valumayyield a width in the same size vicinity. Two, while 100° may appear
to be sufficient, the distribution for the spreadingdths at 125°C is much lower than that of 100°C.

It may indicate higher stability in spreading width at 12&Mich creates the need to investigate the
effect of high temperature on spreading width variations for the same set of input parameters.

Influerce of heated bars arrangement

In this experiment, the arrangement of heated bars in the spreading unit is tested. With suftiatant
collectedon the ideal temperature and number of heated b&ostheir influence on spreading width
the last question unanswered @about the placement of the heated bars in the spreading orientation.
To check for that, different arrangements of heated spreader bars were tried and tested:

1) 1,2,3 spreader bars (figei 323 a)- First three bars were heated to provide a continuous supply of
heat to the fibres without any cold bars in the middle that could reduce the temperature in the
sizing before they havanample opportunity to spread. Recalling the experimentpkading on
each bar(section3.4.1), maximumspreading occurred on the first three bathus,heating those
bars could be a suitable option.

2) 1,35 spreader bars (figure &3 b)- Alternate arrangement of bars may allow for a uniform and
periodic supply of heat to the fibrel the cooling effect on fibres due to cold bars is minimal, the
tows are continuously subjected to high temperature. Additithyy f the cooling effect does
occur, it may be suitable to avoid placing the cold bars in thai 5" position topreventcooling
of sizing and by extension the possibility of the fibres adhering together.

3) 1,2,4 spreader bars (figureZ8 ¢} This arrangement was selected on basis of a combination of
heating and spreading opportuigs As the tow passes over thé& and 2 spreader bar, it gets
heated up while still being in the maximum spreadioge The ' cold spreader bar may reduce
or not affect the temperature of the tow but due to the high temperature of the tow from the
first two bars, still effectively spread the fibres. The fourth spreader bar on the other hand heats
the tow again allowing for incesed spreading on thé™and 3" bars. Another advantage of this
arrangement may be the same as that of 1,3,5; avoiding cooling of sizing and thus preventing the
fibres from getting close together

a) Direction of moving tow
-
Tension meter 2 Bar 5

Bar3 Bar1

Bar4 Bar

b) Direction of moving tow

Tension meter 2 ar Tension meter 1




Direction of moving tow

c)

ar 1
Tension meter 2 Tension meter 1

Bar4 Bar

Figure3.23: Schematics of different arrangements of heated bars in the spreading unit

Different arrangements were tested at 100°C with the same input parameters for a sample size of 5
runs each. The temperature ohe bar surface was allowed to stabilise before testing and constantly
monitored through attached thermocouples. Since the camera for capturing spreading width was
placed directly above and close to the spreader bar, the measurements for 1,3,5 arrangearent w
done with sliding callipers.

Effect of arrangement of heated bars on spreading width
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Figure3.24: Influence of arrangement of heated bars on spreading

Figure 34 shows a relationship between the spreading widtkagys) and different arrangements of
spreader bars ¢axis). In the plotted data, the average spreading width of 1,2,3 bars, for 1,3,5 bars
and 1,2,4 bars is around 17.5 mm.

With such a low difference imidth, it is uncertain which arrangement provides an improved spreading
behaviour. It may be concluded that an arrangement of heated spreader bars makes no substantial
difference to the spreading width as long as the number of spreader bars and tempeittine
heated bar surface is sufficient.
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3.5. WINDING UNIT

This experiment investigates the effect of winding speédow on spreading behaviouAs can be
recalled from the winding unit description, the stepper motor is attached to the shaft ofvthding

spool by a gear system that decreases the speed of winding but increases the torque which allows for
tows with a higher amount of tension to be pulled.iFbxperiment aira to determine whether the

speed at which the tow is being moved through 8preaderaffectsthe spreaihg behaviourof the

fibre tow.

Different speed inputs of 60, 120, 180 and 240 RPM are input intsgheader The remaining input
parameters are kept constant and a sample size of 5 tests is performed for each input valfiealThe
spreading width is observed on th& Spreader bar.
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Figure3.25: a) Influence of winding speed on spreading b) Spread widtision distribution for
winding speed

Figure 35(a) describes relationships between tension in the tow and spreading width with the input
winding speed. The primary-axis (y1) represents the final spreading width of the tow and the
secondary yaxis (y2) represents the pretension and final tensiornim tow against the range of the
winding speed in the tow {axis). The spreading width is observed to increase from approximately 14
mm to 16mm as the speed increases from 60 RPM to 240 RPM. The pretension with a fixed input value
in the spreadechangesrom 266 cN to 30 cNas the speed increaselLastly, the final tension in the

tow increases from 400 cN to J00 cN approximately with the increase in speed.

Figure 35 (b) further shows the distribution of spread width obtainedafis)for the distribution of
final tension (xaxis) as the speed increases. The distribution of the spreading width increases from
roughly 14 mm at around350 cN and reaches up to 16mm at 3750 cN.

The width increases as the winding speed increases and a similar observation can be made for the
final tension. This result does not agree with the finding of Irfan ¢84]in his spreading studyhere
it was concluded thd. | 2 -9fR¥péed\iab mzie favourable to the amount of spread.

The increase in width may be a consequence of an increase in final tension as has been suggested in
the earlier experiments of this study as wélhe increase in final tension in thew may be due to
the 40 cN increase in pretension, however, the increment in pretension is smah raises the
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guestionof whether this increase in pretension is sufficient enough to increase the final tebgion
1300 cN This phenomenon can be furthénvestigated and the focus dfie study can be on the
tension relationship with speed which by consequence egainthe increasing amount of spread

with increasing speed.

3.6. STATISTICAL ANALYSIS

With multiple parameters influencing the spreading width collectively during a run, each input
parameter may be assumed to havies specific contribution tathe width through a particular

empirical factor of influence. It can be visualised in equaidiil g K S NS

iKS

function of all the input parameters in the tow spreader. It can be further expanded upon into an
empirical equation whereaa, &, a, &, a are unknown weightage factors by which each parameter

influences the finhwidth.
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Regression modeTo get an idea about these coefficients, a linear regression analysis ithdough

IBM SPSS toulith a data setof 25averaged values of sample sizmsand a data set of 125 values
inclusive of the sample size distributiohhe aim to use the two sizes of data sets is to check the
contribution ofthe number of dataseté a regression fitTable6 shows the results with aRsquare

fit of the data sets \ith a potentialestimateerror. TheRsquare value was found to be 0®With an
error of 0.053or 25data setsand 0.785with an error of 0.0814or 125data setssuggesing how well

the parametersperformto predict the spreading width.

Model Summary

Adjusted R
Square

Std. Error of

Model R R Square the Estimate

1 9577 915 .B87 05310

a. Predictors; (Constant), Speed | Length between
spreader bars, wrap angle , Pretension, Number of heated
bars, Temperature

Model Summary

Adjusted R

Model R R Square Square

Std. Error of
the Estimate

1 .886% 785

J75

08145

a. Predictors: (Constant), Speed

bars, Temperature

,Length between
spreader bars, wrap angle , Pretension, Number of heated

Table6: Rsquare for input spreading parameteiw 25 data sets (left) and 125 data sets (right)

Table 6 shows that as the number of data sets increasedR Hupiare fit decreased and the standard
error of estimate increased. This suggests that 25 data sets are not sufficient to predict the spreading
width as an increase in data sets increased the error and lowere® sgpiare value. However, 125

data sets dawot appear to be sufficient either due to théower Rsquare value antdigher estimated

error.
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Equation for spreading width predictiolable7 shows the coefficierstof influence that build the
predictive equatios for the spreading width (equation 3.6.3.6.9:

Coefficients®
Standardized
Unstandardized| Coefficients Coefficients

Model B Std. Error Beta 1 Sig

1 (Constant) 232 058 3.960 001
Pretension 108 044 A79 2.458 024
Number of heated bars 256 a7 485 3.620 002
Temperature 183 060 407 3.018 o0o7
wrap angle 468 072 447 6.479 0oo
Length hetween spreader -113 075 -104 -1.516 147
bars
Speed 160 047 247 N2 .003

a. Dependent Variable: width
Coefficients”
Standardized
Unstandardized|Coefficients Coefficients

Modal B Std. Error Beta t Sig.

1 (Constant) .218 040 5.439 .ooo
Pretension 123 030 84 4,071 .ooo
Number of heated bars 263 048 451 5422 ooo
Temperature 192 o4 388 4,633 .ooo
wrap angle 462 050 399 9.326 0oo
Length between spreader -.099 051 -.083 -1.834 056
bars
Speed A74 032 244 5438 .000

a. Dependent Variable: width

Table7: Coefficients of input parametefsr 25 data sets (left) and 125 data sets (right)

On comparing the coefficients of the two data sets, it can be observed that despite the inclusion of
more runs, the coefficients of influence for each parameter similar in valuessiven belowarethe
predictive equatiosfor spreading width derived fra the coefficients of influence calculated through

the regression analysis with &square fit of 0.9% and 0.785 for 25 and 125 data sets respectively
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Individual contribution of parameterFable8 below shows an individud&® square value for each of
the input parameters for spreading width (appendiX@)25 and 125 data setthese values indicate

if a certain input parameter is a good variable foegtcting the output width based on the input
datasets. A lowrsquare value indicates a poor performance in terms of width prediction. According
to the table, wrap anglenumber of heated barand temperature of heated bars araore reliable
prediction varables whereas pretensigrspeedand length between the spreader bars are the poor
predictors of spreading width.
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Independent/ Influencing parameter€oefficient of determination (r square

Pretension 0.003
Number of heated bars 0.582
Temperature of heated bars 0.562
Wrap angle 0.258
Length between bars 0.016
Winding speed 0.001
Independent/ Influencing parameter€oefficient of determination (r squarg
Pretension 0.001
Number of heated bars 0.503
Temperature of heated bars 0.486
Wrap angle 0.21
Length between bars 0.011
Winding speed 0.002

Table8: Rsquare data for each input spreading parameter

Evaluation of regression analysi¥he linear regression model aims to analyse whether the
experimental data collected can be used to predict the relationship between the spreader input
parameters and the spreading width. The R squared value represergsdlter of the spreading data
around a fitted regression line. Using the prediction model coefficients for each input parameter, a
predictive linear equation is generated and tested. However, some caveats must be kept in mind while
evaluating the data:

(0]

(0]

(0]

The R square value dR5 data sets was lower than that of 25 data s&tsis suggests that more
data sets are needed to train the model better such that the predictive equation can be improved
and made more accurat@ larger amount of data may improve tfieof the regression model

Another approach to reducing the error in width prediction is adopting alive@ar regression
model instead of a linear regression model. The advantage of using-tnean model over a
linear model is that it can be mogdficient for small datasets and produaemore suitablesurve
fitting. It is also equippedo quantify thenon-linear relationships of input parameters that may
exist in the tow spreader. However, the decision to select a suitable statistical model depend
the scatter of the data.

When analysing R squared values of individual paramgpeesension the length between bars
and winding speed had aalue closer to zeravhich suggests that these parameters did not
contribute sufficiently to predict the spreading width. A conclusion may be derived that an
increased density in sample size may be needed from these parametersewnlgate their
contribution. A larger testig range for these parameters may also improve the regression model
for spreading.
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3.7. SUMMARY

This chapter described an analysis done on the parameters influencing the spreading behaviour
through experiments performed. The repeatability test established the distribution of spreading width
for a given set of parameters. Pretension investigationrditishow any trend of how it affects the
spreading width. But it was also concluded that the testing range of pretension valagdetoo

small to have any discernible conclusidasits influence on spreading.

Increase in wap anglson the other handncreased the width of the tap&.heincrease in wrap angle
also causedan increase irthe final tension of the tow which led téhe speculation of whether
spreading width may be directly proportional to the tension in the tow. This investigation further
extended toan investigation into the tovspreaderbar interaction of friction which was quantified
through the capstan equation and the coefficient of friction was found to be in the range-0tZb2

Results fothe experiments on spreading behaviour with heated bars werantifiedand it was found
that the heated spreader bars increase the spreading width possibly by softening thepsizsegt in
the fibre tow. It was also found that three spreader bars at a temgtere of 125°C were an ideal
configuration to facilitate maximum spreading and their arrangement was insignificant.

Finally, an investigation into the winding speed revealed that as the speed increases, the final tension
in the tow along with the spreadg width increase too. Based on these results, a linear regression
analysis was performed to generate a predictive equationtferspreading width.

In sum,certain resultsin this chaptemposed more detailed questions abatlte spreading behaviour
thanallowing forspecificconclusions to be made butigmay be beneficialonetheless because these
guestions carve a trajectory f@amore detailed dive into the tow spreading investigationfuture
studies

75



4 Microstructural analysis of spread tow
specimens

This chapter presents an investigation done on the microstructural specimens developed of spread
tow. Recalling from sectioR.3, a microstuctural specimen of spread tow is spread fibre embedded
in resin, processed for image analysis and observed utidemicroscope at 20x optical zoom to
visualisethe fibre distribution as the tow spreads at different locations of the spreading Eifites
during theoretical analysisideally, are assumed to behomogeneous (square/hexagonal) in
arrangement and straightlong their lengthout in reality, the fibres are inhomogeneous in content
with a presence ofortuosity along their lengti39] (figure 4.1). Thereforeg fibre investigation into
the tow microstructure may provideomeinformation about the interaction between fibres, their
orientation postspreading, fibre waviness et cetemad may also help understand spreading through
a microstructural lensThis investigation aims to visualize the change in the distribution @fsfilnia
tow as they spreaithin the spreader

Figured.1: Fibres in ideal state (homogeneous and straight) (left) rexadl state (inhomogeneous and
tortuous) (right)[55]

4.1. BVALUATION OF SPECINEENVIAGE QUALITY

Figure 4.2 showsia2 2 YSR Ay A Yl 3S 27F (i K Shedvhils packeS retasenty A O NP 3
the fibres embedded in a resin represented by the colour grey. While the specimen intended to display

the resin andibres only, certain manufacturing defects were noticeable. The black dashed lines in the

image are scratches from the suboptimal grinding and polishing process despite an automatic
polishing machine being used. There are also microcracks present as tdaegksgin between the

fibre concentrations. This may be due to a combination of high forces through the grinding and
polishing process and vulnerability of the fibre matrix interphase that made the sample more prone

to cracks in that specific area. Anothreason for the formation of these microcracks maybe that fibres

in that particular region did not get impregnated sufficiently and a lack of resin in those local areas

made the sample vulnerable to high shear forces supplied by the grinding and pofishiegs.
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Loss of fibres from damage during the spreading process and those also damaged by the formation of
microcracks is a caveat to be considered during the microstructural investigation. While the fibre
damage during the spreading process was not eatidteto the naked eye, it can be expected that

due to the high forces in the tow, some fibres would get broken. In the case of microcracks, during
their formation, some fibres may break and get lost while being exposed to the fluids during grinding.

Figqure 4.2: Close up of a microscopic image of tow sample

While plotting the fibre distribution across the width of the tape (explained later in the chapter), it
was noticed that the fibre distribution line hambme local crests and troughs significantly larger than

its surrounding area (see figure 4.3a). This can be understood by observing the plot corresponding
microstructure image of the specimen (figure 4.3 b) and the image of the tape (figure 4.3 c).dlhe loc
crests could be attributed to the locally present high concentration of fibres (fibre rich area) in the
microstructure image which in turn could be a consequence of clumped fibres present in the tow or
due to the capillary action of the resin that foscthe fibres to adhere to each other closely and form

a high concentration area. The troughs on the other hand could be attributed to the low number of
fibres in the local area which may be due to the presence of gaps in the spread tow or separation of
fibres locally due to resin concentration (resioh area).

12.5 mm sample microstructure

e
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Figure4.3: a) Fibre distribution plot (top) b) Image displaying tow microstructure (middle)
¢) Image of the spread tow (bottom)
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4.2. SETUP FORPREADING VISUALISATION

The visualisation of fibre distribution is done through thresholding pirdl recognition of fibres in

the microstructureimage. The presence of fibres is calculated along the width of the tow by identifying
shifts in colours ade processingode runs through the pixels the image. Thresholding implies that

the image to be processed is converted into a binary image of two distinct colours. This is done so
because these images of the microstructure appear to be grayscale hatuality contain different
colours on the RG@ed,green, blu¢ spectrum. This makexbjectrecognition through shifts in colours

more complex A binary colour image through thresholding makes it simpler for the code to
understand and recognise the tinypffes present (figure 4.4).

S0 100 150 200

Figured.4: a) Original image displaying tow microstructure b) Threshold binary image c) Close up of
the binary image

There were two strategies adopted to represent the preseatfibres in the specimen

0 Percentage of the total number of fibres against spread widihe approach to make this
representation is done by calculating the number of pixels representing fibres locally and
comparing it to the total number of pixels regsenting the fibres. For instance, if the total number
of white pixels is 100 (total fibre area), the plot shows howsthd 00 pixelsvary across the
horizontal axis (width of the tow). The image is divided into multiple eqizald pixel columns
(step size) and the number of white pixels is counted for each of those blocks. This number is then
used to calculate their percentage agaitis total number of white pixels. This approach has two
control variables, thresholding limit and step size which decides the size of a column the image is
split into. Their values are decided by tréald-error quality inspection of the image and of the
output plot it produces. Too small of a step size produces a plot with high noise and makes shape
recognition of the tow at different spreading stages complex. These plots intend to provide a
generallook of the contour/shape of tow as it spreads.

0 Fibre eénsity (fibre volume fraction) heatmapgs:K A & NBLINBASyYy Gl GA2Yy aK2ga
the presence of fibres. Hot areas represent a high concentration of fibres and cold areas represent
a low presence of fibres. This is done so by dividing the tiotdsbinary image into small square
blocks and calculating the volume content of fibres present in that block through pixel recognition.
This approach, too, contains two control variables, thresholding limit and step size which are
decided by trialand-error quality inspection of the image and the heatmap it produces. These
heatmaps intend to show the fibre concentrations in the t@mnosssection as it spreads.
Histograms are also plotted for further representation of fibre volume content across the width
of the tow along with the frequency of occurrence ohtliibre volume content.
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4.3. SPREAD TOW MICROSTRUCTURE

It was mentioned earlier in sectidh3that five specimens were nmafacturedfor microstructural
investigation; one sample consisted of unspread timbedded in resin and the other samples were
taken from in between the spreader bars. The goal of this investigation is to see halisthieution

of the fibres in thetow evolves as it goes from an unspread state to a spread state. The input
parametersof the spreader used to generate the specimens were the baseline parameters established
earlier in the study (sectio.2) hence these specimens dotnepresent the maximum spreading
capacity of the spreader. The reason for selecting these parameters was that the distribution of
spreading width with them as the input was previously investigated through the repeatability test
hence the spreading widtlange in this test can be checked for whether it falls within the distribution.
Additionally, the spreading observed on the spreader bars may be higher than that in between them
due to the fanning effect the tow is subjected to while it is supported bystiméace of the bar. This

difference may be avoided if the length between the bars is minimised.

Figure 4.5 below is a representation of the contours of all the specimens in a single plotaXike x
represents the width of the tow (in mm) and theazis rgresents the percentage distribution of the
total number of fibres present in the tow. Values on thaxis are a function of the step size input into

the processing code. The effect of filnieh and resirfrich areas is ignored here and focus is shone
upon the evolution of the overall shape of the tow as it spreads. The tow spreads from 8mm unspread
state to 14.2 mm spread state. The final spreading width is found to be within the range of the
expected distribution for the given set of input parameters.eTimdividual images and their

corresponding plots can be found in Appendix D for further reference.

= (Jnspread tow = 8mm
= spread width = 10 mm

memee spread width = 12.5 mm
me Spread width = 13.5 mm
= spread width = 14.2 mm

% distribution of fibres

Figure4.5: Evolution of spreading visualised through fibre distribution
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As can be seen in figure 4.5 above, thme distribution in the unspread town the centre area is
around 6% of the total number of fibres and this value gradually decreases as the width of the tow
increases with the 14.2 mm spread tow showing an avedigfeibutionat 2% of the total number of
fibres. A similar trend can be noticed with respect to the shape of the tow (refer to microstructural
images in Appendix D for image observation). For an unspread tow, the contour appears to be roughly
ellipticaland as the tow spreads, it begins to flatten until it reaches an almost rectangular shape in the
spread tow of 14.2mm.

From the observations given above, it may be suggested that as the tow is subjected to the spreading
process, the fibres present in thew redistribute themselves due to the forces acting on them and
the unspread tow transforms from an elliptical shape to a flat and rectangular shape. It may also be
inferred that as the width increases, the thickness of the tow decreases thus leadifigrtoadion of

thinner and wider tapes with a low aerial weight.

A caution to mention here, however, is the presence of fitich and resirrich areas that were earlier
ignored to analyse the general shape of the tow during spreading. During the manuigctfri
composites, the presence of these areas could cause unexpected effects on the overall performance
of the structure[56]. The specimens may have these areas present specifically due to the nature of
the resin and its sulmiimal impregnation capacity but it may be beneficial to investigate this
phenomenon nevertheless with resiapecificalljcompatible with the fibrematerial properties

Given in figure 4.6 below is the fibre volume content representation of tow &estons through
heatmaps and histograms. In figure 4.6 (a), the microstructural image of unspread tow is shown. It is
followed by the heatmap of the image, where theaxis represents the width of the tow and the
colour bar represents the fibre volume framti. The last plot is the histogram of the fibre volume
content of unspread tow; where theaxis represents the width of the tow, theaxis represents the

fibre volume content and the colour bar represents the frequency of occurrence of different fibre
concentrations. Figure 4.6 (b) follows the same structure of plots for 14.2 mm width of spread tow.
The step size of each block for computation in the original image is 0.027Tiremeatmaps and
histograms for the total of 5 samples can be found in Appebdix
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a) Unspread tow(8 mm)

Original image

Heatmap
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b) Spread tow(14.2 mm)

Original image

Heatmap
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Figure4.6: Heatmap and histogram of a) Unspread & mm b) Spread tow 14.2 mm
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The heatmap in figure 4.6 ahows a fibre volume distribution spectrum from 0 (red) to 1 (blue) for
the unspread tow.The heatmap showsthe colours of highfibre concentrations(hot areag more
predominant in the centre andparserat the edges. A similar result can be observed in the histogram
where the frequency of occurrence for fibre volume content is higher in the centre and lower on the
edges.The histogram also shows a maximum fibre volume content ofl0guggests that foan
unspread state, the shape of the tow is elliptical witbre fibres presenin the middle area and lesser

in the edges. This observation aligns with the fibre distribution plot for the unspread state which too
displaysan elliptical shape of the to{Figure4.5).

The heatmap for 14.2 mm spread tow in figure 4.6 b) shows a fibre volume distribution from O (red)
to 1 (blue). The plodisplaysa dimmer presence of fibrealong thespreadwidth. Additionally, he
fibre volume content appears to beniform aaoss the width which can also be seen in its
corresponding histogram. The histogram shows a maximum fibre voftetion of 0.3 which is
approximaely half of the maximum fibre volume fraction of unspread tdvhis suggests that as the
tow spreads the fibres get uniformly distributed across the width and the concentration of fibres
locally reduces. Another observation that can be made is the rectangular shape sgrdadtow as
opposed to the elliptical shape of the unspreag. This too can bebserved in the fibre distribution
plot of the 14.2 mm spread to\{Figure4.5). Therefore, i may be safe to assume that as the width
increases, theshape of the tow changes from elliptical to rectangular and the fibre distribution
becomes more uniform across the width with increasing spread.
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5 Conclusions

The objective of this study wde develop a controlled tow spreading system in order tog@ate
specimens for microstructural investigation of unidirectional spread tow by carrying out experimental
studies and performing subsequent iterations on the spreading syss&mply stated, the objective

was split into three parts: building a tow spreader, understanding the spreading behaviour through an
experimental study and generating a technigue for developing specimens for microstructural
investigation

A mechanical towmeader was developed that utilized cylindrical spreader bars for spreading the
fibre bundles. The spreader compriggg¢hree main units: the unwinding unit, the spreading unit and

the winding unit. The unwinding unit consists of the material pool (TaF8J0S24K50C) that is
attached to a mechanical brake which generates pretension in the fibre tow. The spreading unit
consists of topocrom coated spreader bars that are the main components responsible for the
spreading of fibres. The bars also consisingérnal heating elements that heat the bar surface for
increased spreading. There are two tension meters placed on either side aptleaderbars to
monitor the tension in the tow before and after the tow runs through the spreader bars. The winding
unit consists of an empty spool for winding the fibre tow after it is spread and the spool is attached to
a stepper motor that islsoresponsible for the motion of the tow through the spreader. A camera is
placed over the 8 spreader bar to monitor the chaegn width as it is the last bar for spreading the
tow. The data from the camera, tension meters and the stepper motor is collected in a text file through
F [ FoxL92 LINRPINFY (KFG O2fftSO0AGSte NMzya GKS alL
evaluaed by checking if the spreading output was controllable and repeatable. This was checked
through a series of repeatability experiments where the spreader was run with a set of baseline input
parameters at random occasions in between experiments. Througé tést, the obtained
repeatability and control over the spresd) widthindicated the level of reliability of the spreader.

Development of the tow spreader is followed by an experimental analysis where several input
parameters are isolated and varied f@rsample size of five runs each to check for their influence on
spreading behaviour. Pretension in the tow does not appear to influence the spreading behaviour of
the fibre tow. However, this observation is based on limited data, therefore it is recommdndest

this parameter again with a larger range of values by using a different mechanical brake. When testing
the effect of each spreader bar on the amount of spread, it is concluded that the first three bars
contributed the most to spreadingidth but any additional number of bars lead to a small increment
hence five spreader bars are sufficient to achieve spreading stability. Wrap angles also seem to affect
spreading behaviour and the relationship between them dhne spreading width is found to be
directly proportional. A friction study on the interaction between spreader bars and tow is done by
FR2LIGAY3I GKS [/ 2dz 2Y0 FNRAROGAZ2Y Y2RStQa /Il Ladlry S
wrap angles and winding speed and the coefficient of frictistribution is found to be between 0.2

0.25. Lastly, the winding speed is tested for its influence on spreading width and it is found that with
an increase in winding speed, tfiral tension in the tow increases due to which gmeading width

may havancreasel a small amount
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After the experimental analysis, a microstructural investigation of spread tow follows. The samples
are generated by using a 3d printed mould that clips onto the tovsitenthe spreader. The mould is
then injected with a fasturing resin and the sample ggindedand polishedto get a clear imagef

fibres under a confocal microscope. The microstructural investigation of spread tow allows for
visualisation of fibre distribution evolution as the tow becomes wider and thinnex olbserved that

the unspread tow is approximately elliptical but as it is spread and flattened, it transforms into a
rectangular shape of increasingly sparse fibre distribution. Heatmaps are also plotted along with their
corresponding histograms that digy the concentration of fibre density over the cresection of the
spread tow. It is noted that the unspread tow has a higher fibre density concentration over its area
compared to spread tow where the fibres appear to be more distributed anctlasteied together.

This is further confirmed by the histograms that display the frequency of occurrence of different fibre
densities across the width of the tow.

In summation, the research in this thesis expgttee functioningof the developedow spreader and

its input parameters. The results from this study while answering primary spreading behaviour
guestions also create newer trajectories and opportunities to further optimize and understand the
nature of tow spreading. The microstructural study of generagpdcimens mainly focuses on the
visualisation of tow crossections and their evolution of fibre distribution as the spreading increases
but that is merely a starting poinThis shift to microstructure investigation can be used to observe
the changes ispreading behaviour on fibre level which implies that the spreading behaviour that was
observed on a mesostructural level in the current research can be tested on a microstructural level
too. In the following chapter, some recommendations are provided aahfr carry on the
investigative work based on the work experience in this study.
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6 Recommendations for future work

The recommendations to further thesk of understandingthe process ofow spreading are provided
in this chapterTheserecommendatioms include improvements thatan be made to the tow spreader
for optimisation, extendingthe experimental analysis fomaore extensiveinderstanding of greading
behaviour and improvingthe quality of specimens produced for microstructural invgstion. They
are mainlydivided into three categories based on the structure of this study and report:

Development of tow spreader

This section comprises suggestions specifically intended for improving the tow spreader design and
functioning.

0 The primaryconcernwith the spreader & be tackled is the presence of noise. Vibrations in the
spreader are transferred from the stepper motor to each component through joints and
connections. Each joint/connection in the spreader is metal which means there is a direct
undamped transfer of vitations as they travel through the system. In this study, thick silicon
sheets were used in between joints in the winding unit to reduég tifansferas much as possible.
Additionally, a thick fabric film was placed in between the spreaddrthe metal table to further
dampen the vibrations. However, the solution to vibration damping can be made more
sophisticated and efficient. Therefore, the recommendation is to find a way to measure the
amount of noise present in the system and develophigiques to reduce it to a miniam. The
issue @ transfer of vibrations may be tackled through separating and fixing the unwinding,
spreading and winding units such that they are not in contact with each other and also by placing
them on a surface that absbs vibrations like silicon aubber.

o Aswasmentioned insection3.3.3 the mechanical brake is suggested to be replaced in order to
incorporate a larger range of inducible pretension in the tow. The current mechanical brake only
supplies a preterien range of 100 cN approximately. This aspraly havemade the results of
testing the influence of pretension on spreading behaviour uncertain. An electric brake may be a
more suitable alternative to a mechanically functioning brake as it is easier to mahio
performance of the former and would be expected to have more control over the pretension.

o There areseveraltypes ofmechanicaspreading elemets (for eg convex barsexpandable wheel,
combs etc ¢ seesecion 1.2) that can be tested in the spreading urdhd compared to the
cylindriical barsin this study for th& spreadingperformanceand the associated fibre damage if
any.

0 Aninteresting aspect to studyaybe using different fibre materialg.g.,glass fibréand checking
their response to the spreading behaviour. This creates an opportunitystabksh the tow
spreader as a universal spreading machine. Different filament counts (6k, 12k, 24k) of the same
material may also be subjected éxperimental analysis and their behaviour can be compared for
different input parameters.
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Experimental analyis of input parameters

This section has suggestions for further continuing the experimental analysis of the parameters in the
tow spreader.

o Chapter 3 in this report details the findings of the experimental analysis done on input parameters
of the spreaderThe results while highlighting some trends also create further trajectories and
guestions for a more detailed investigation. It may be beneficigx@aminethose questions and
create further experiments to answer them.

0 Each parameter wasessted by isolating it anthaintainingthe remaining parameters at baseline
values which do provide an insight into their contributions to spreading behaviour but they do not
suggestanything about the dependency of one parameter on another. Therefore, in order to
check for those dependencies, experiments can be designed testing two or more parameters at
once.Thismay provide information about how one @neter reacts wh another andn theend,
may help oalesce all the interactions withithe spreaderresponsible fothe spreadingof fibre
tows.

o Lastly, thelinear regression model can benprovedby inaeashg the amourt of test datasets
and possibly shiiitg to a nonlinear regression wdel. So far, spreading idth was the only
dependent variable in the mad but it was fomd thatseveral input parameterhave an influece
on the fnal tension & the tow so this tension can be used as a dependent asandlihen later
related to the spreading width.

Microstructural analysis

This section has suggestions for further continuing the experimental analysis of the parameters in the
tow spreader.

o During the image quality assessment of the specimens generated for microstructural
investigation, certain defects on the samples wariced. Cracks formed during grinding and
polishing operation, resin and fibre rich areas and difficulty in manufacturing the samples can be
avoided The resin used currently is a fasiring resin thais veryconwenient for on-site sample
manuacturingbut the material mayot impregrate the fibres well or make too soft to undergo
harsh processes like polishing and grinding without causing damages. A suitable resin alternative
with a better embedding quality may be needed to avoid the formation of cracks on timplsa
surface. Additionally, the reason for the formation of fibre and re&ih areas needs to be
investigated.

0 Currently, the 3d printed mould is only capable of capturinggeadiow between the spreader
bars but if this technique can be translated to theface of the spreader bar, it would be possible
to observe the fibre behaviour as it comes in contact with a spreading surfacemay be
valuable to wnderstand thedifference in spred tow fibre orientation when it isfannedover the
bar andwhen it is inbetween wo spreaderbars.
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A. TOW SPREADER COMPONEXITERNAL TOOLS AND
THEIR SPECIFICATIONS

This @pendix presentsthe specifications of iferent components within the spreadealong with the
additionaltools used durimg the course of this sty asreferencefor any future studies that may be

conducted on the currerspreader design

Component

Specifications

Supplier

Fibre material

T700S@4K50C

Toraylndustries

Mechanical brake

Input values unknown

Texmer GmbH

Thread positioning pieces

Topocrom coated vertical rollers

Texmer GmbH

Tension meter 1

Range: 0 2000 cN

HansSchmidt& Co GmbH

Tension meter 2

Range: 6 5000 cN

HansSchmid & Co GmbH

Spreader bar tube

Topocrom coated tube 25mm

Texmer GmbH

Camera C920Pro Logitech
3D printer Ultimaker 2+ Ultimaker
Print material PLA Colorfabb
Stepper motor Nema 23 -
Frame profiles 20X20 mm aluminium profile Iltem 24

Stepper motor controller

ArduinoUno

Power supplyor heated elements

0-30V input current/input voltage

RS components

Resin Technovit 4071 Technovit
Polishing and grinding machine Tegramatic (Automatic) Struers
Confocal microscope Laser scanning confocal microscop| Keyence

High resistance wire

Nickelchrome alloy

RS components

Stepper motor driver

TB 6600

Control program

LabVIEW statemachine

National Instruments

DAQ

USB6525

National instruments

Table9: Specifications of spreader components
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B. S READER TROUBLESHOOTING KEY POINTS

This appendixiescribesthe troubleshooting of issuesver the course of this study and during the
development phase of the tow spreadekfter the implantation of these troubéshoots, thetow
spreader was considered to be smoothly operati@gven below is a list of the issues and their
corresponding troubleshoots:

o Distance of unwinding spool from the thread positionimituA hypothesis was developed during
observation othe unwinding unit that as the tow unwinds from the spool, it experiences higher
forces at the edges due to the high angle the tow makes with the centreline. Therefore, the tow
should enter the spreadm unit aligned with the centreline. Hence, the distance between the
spool and the entry point of the spreading unit i.e., the thread positioning piece is made as large
as possibleThe position of the spool is adjustablenieight and distancdrom the speading unit
YR GKS&aS Gg2 FIOU2NE | NB NBalLRyairotS F2NJ GKS
Looking at the illustration in figurB.1 of the unwinding unit, it can be observed that at the
extreme ends of the spool, the tow being pullEaims a certain angle with the centreline of the
spreader. This angle £°) decreases as the distance between the material spool and the spreading
unit (first element: thread positioning piece) increases. A bigger valudbivould cause the tow
to enter the thread positioning piece at very sharp angles which could poterdallse additional
forces/tension in the tow that are undesirable and difficult to monitor. Hence, the goal was to
place the material spool as far away from the thread positioning piece as possible so the angle
“ A° approaches 0° with the centreline. This @es that the tow travels through the unwinding
unit undisturbed. The height of the material spool is adjusted to be at the same level as the rest
of the components in the tow spreader and care was taken to ensure that the tow does not get
crumpled by thehread positioning piece by pushing down on it.

Distance between the material spool and spreading unit

joads au jo ibus| ay
Buoje jusli&aow mo}

Thread|ppsitioning piece

i
1

Fibre spool

<

Diraction of moving tow through the spreader

FigureB.1: Cyclic unwinding of tow from the material spool
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o Entry and exitliread positioning piece The thread psitioning piecedn the spreading uniare a
set of vertical topocrom rotatable rollers placed along the centreline of the tow spreader to
position the tow and prevent it from straying lateralliowever,the rollers of the thread
positioning piece have a small gaptween them whichdoesallow for fibre tow to stray in the
spreading unit laterallppy a small amountvhich is undesirable for image capturing and may
inhibit the tow from spreading to its full potential. To resolve thig piece idixed in the centre
at an angle such that the tow irrespective of its pasitof unwinding along the length of the spool
comes in contact with both the rollers and no gap is present for any lateral moEmor(
Reference source not founl. This makes sure that the tow always exits from the same point
from the thread positioning pieces.

Thread|pesitioning piece

||

Fibre spool

<

Direction of moving tow through the spreader

FigureB.2: Schematic of tow interactiowith thread positioning piece

0 Tension sensor calibration tedn order to check for the accuracy of the tension meters, dead
weights of 1001g and 2409 g were used for 2000 cN sensor &@dcb0sensor respectively. These
values were roughly half of the maximum limit of each sensor. The figures below show the values
of tension observed in the sensors for each of their test dead weights and the corresponding errors
in observed values. Accondj to the specifications of the product handbook, the errors were
found to lie within the expected error limit.

Tension sensor test
1001g mass for 2000cN sensor [l 2409g mass for 5000cN sensor

3.00E+03

2.00E+03

1.50E+03

sensor (cN)

1.00E+03

Recorded tension in the

5.00E+02

0.00E+00
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Corresponding error chart

Error for 1001 g ( 2000cN sensor) [l Error for 2409 g (5000cN sensor)

1.00E+01
5 8.00E+00 o
a 6.00E+00
S & 4.00E+00
£ E 2.00E+00
© S 0.00E+00
¢ 5 -2.00E+00
@ £ -4.00E+00
£ £ -6.00E+00
e -8.00E+00
a -1.00E+01
-1.20E401

FigureB.3: Tension meter(s) accuracy check

o Cleaning fibre residue from spreader baDaring initial test runs of the spreader, it was noticed
that the tow during spreading left slight fibre residue over the spreader bars due to damage. The
bars are thus cleaned with the bar cleaning solution befevery run to avoid any undesirable
influence of small damaged fibres on spreading behaviour.

o Adding additional thread positioning pied@espite fixing the tow trajectory at the entry of the
spreading unit by turning the thread positioning piece at 4&ther fibre straying was observed
at the exit of the spreading unit due to random wrapping position over the winding spool.
Therefore, another thread positioning piece is placed at the exit of the spreading unit before it
winds onto the empty spool.

o Camera vs laser sensdihe initial goal for the data acquisition unit was to use a‘agolution
laser line scanner (Microepsilon 2950) to capture the spreading width. However, since the dry
fibre tow is not a smooth surface and porous due to very sspking between fibres, a large
amount of noise was observed from the signal received by the scanner. The sensor was placed
over the tow on the spreader bar and the towthme air but the results did not seem to be any
different and noise existed in botlsignals. The noisy signal was manipulatedotigh
autoexposure, interpolation and averaging which muted the noise but in the process, it also made
the edges of the tow harder to determine (highlighted yellow box area in the figure below). This
made the pr@essed signal less reliable and as a consequémetgser line scanner was replaced
by a camera.

. Original raw signal
A A » foa T O™ a L Nate
Pt LI, i T WA N Y e AT WY o om
My R - ¥ “-\-‘. ~ ol W, U Py,
¢ o e——rnn
Signal with autoexposure
......._......v—-'-"‘.".""‘.f-\-u-—-d— B e e e T S e SR e

Interpolated and averaged signal

N e e e e e et

FigureB.4: Signal output fronthe laser sensor
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Increasingvindingtorque: Nemaz23 is the stepper motor used for winding and moving the tow
through the spreader. However, at high tension in the tow, the motor would get stuck as the
tension in the tow would exceed the maximum torque of the motor. Therefore, a gear sysiem
installedbetween the shafts of the winding spool and stepper motor to increase the torque of the
winding spool by reducing the speed of rotation. The gear with 20 wwesattached to the motor

and 60 teeth geawasattached to the winding spool shaft. The equation for gear ratio is given
below:

MOl wo Qe o

The stepper mtor has a maximum torque of 3Nm and by reducing the speed by a factor of three,
the torque increases up to 9Nm. This prevents the motor from getting stuck when the tension in
the system is very high and ensures that the tow is running in the spreader siyoot

Checking dimensions before each experimdifie dimensions of the spreading unit frame and

the position of the spreader bars are checked before eachin order to ensure that the relative
position of each bar remains as desired and does not change due to slip that may occur because
of high forces and vibrations in the running system.
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C. RSQUARED VALUES OF INDIVIDUAL PARAMETER!

This @pendix presentsthe R squarevaluesof each input parmeter with spreadig width as the
dependentin the linear regression modgresented in sectior8.6. On comparmg the individual r
square values fothe paraneters,the contribution of each of tkse parameterdo the amount of

spreadcan bevisualizedlt is followed by the raw input dataf @5 and 18 data sets usetb build the
regresson model.

Independent Dependent R square coefficient
variable variable (25 and 125 data sets)
Model Summary
Adjusted R Std. Error of
. . Model R R Square Square the Estimate
Pretension Spread width 1 055 003 040 16093

a. Predictors: (Constant), Pretension

Model Summary

Adjusted R Std. Error of
Model R R Square Square the Estimate

1 0397 00 -.007 A7210

a. Predictors; (Constant), Pretension

Model Summary
Adjusted R Std. Error of
. ode R R Square Square the Estimate
Number of heated |  Spread width Moae S ik =me
1 7637 .582 564 10417
bars

a. Predictors: (Constant), Number of heated bars

Model Summary
Adjusted R Std. Error of
Model R R Square Square the Estimate
1 .709° 503 499 12147

a. Predictors: (Constant), Number of heated bars
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Model Summary

Temperature of Adjusted R Std. Error of
. Model R R Square Square the Estimate
heated bars Spread width .
1 750 562 543 10670
a. Predictors: (Constant), Temperature
Model Summary
Adjusted R Std. Error of
Model R R Square Square the Estimate
1 6977 486 482 12343
a. Predictors; (Constant), Temperature
Model Summary
Adjusted R Std. Error of
q Model R R Square Square the Estimate
Wrap angle Spread width -
1 5083 258 226 13881
a. Predictors: (Constant), wrap angle
Model Summary
Adjusted R Std. Error of
Model R R Square Square the Estimate
1 458° 210 .203 15312
a. Predictors: (Constant), wrap angle
Model Summary
Adjusted R Std. Error of
. Model R R Square Square the Estimate
Length between Spread width -
1 128® 016 -.026 15885
bars
a. Predictors: (Constant), Length between spreader bars
Model Summary
Adjusted R Std. Error of
Model R R Square Square the Estimate
1 105° 011 003 17128
a. Predictors: (Constant), Length between spreader bars
Model Summary
Adjusted R Std. Error of
PRT . fodel R R Square Square the Estimate
Winding speed Spread width Mods !
1 038? 001 -.042 16106

a. Predictors: (Constant), Speed
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Model Summary

Adjusted R Std. Error of
Model R R Square Square the Estimate
1 0447 002 -.006 A7206

a. Predictors: (Constant), Speed

TablelO: R square values of individual parameters
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REGRESSION ANALYSIS RAW D;

Number of Length between
Spread width | Pretension | heated bars | Temperature | Wrap angle spreader bars Speed

14.44 218 0 22 9.9148 150 50
14.48 236 0 22 9.9148 150 50
13.9 265 0 22 9.9148 150 50
15.1 297 0 22 9.9148 150 50
15.21 318 0 22 9.9148 150 50
14.07 218 0 22 9.9148 150 50
15.61 218 1 100 9.9148 150 50
15.95 218 2 100 9.9148 150 50
18.07 218 3 100 9.9148 150 50
17.84 218 5 100 9.9148 150 50
14.05 218 0 22 9.9148 150 50
15.98 218 3 50 9.9148 150 50
17.55 218 3 75 9.9148 150 50
17.85 218 3 100 9.9148 150 50
18.33 218 3 125 9.9148 150 50
9.428 218 0 22 4.40128 150 50
13.68 218 0 22 9.9148 150 50
14.35 218 0 22 12.791 150 50
14.8 218 0 22 9.9148 60 50
14.26 218 0 22 9.9148 150 50
13.37 218 0 22 9.9148 200 50
14.34 218 0 22 9.9148 150 60
14.99 218 0 22 9.9148 150 120

15 218 0 22 9.9148 150 180
15.74 218 0 22 9.9148 150 240

Tablell: Input data for regression analysigh 25 data sets
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Width Pretension Number of Temperature | Wrap angle | Length between Speed
heated bars spreader bars
14.59 218 0 22 9.9148 150 50
14.25 218 0 22 9.9148 150 50
14.14 218 0 22 9.9148 150 50
14.16 218 0 22 9.9148 150 50
15.07 218 0 22 9.9148 150 50
15.27 236 0 22 9.9148 150 50
14.57 236 0 22 9.9148 150 50
15.25 236 0 22 9.9148 150 50
12.57 236 0 22 9.9148 150 50
14.76 236 0 22 9.9148 150 50
14.29 265 0 22 9.9148 150 50
13.85 265 0 22 9.9148 150 50
14.89 265 0 22 9.9148 150 50
13.75 265 0 22 9.9148 150 50
12.73 265 0 22 9.9148 150 50
15.04 297 0 22 9.9148 150 50
15.33 297 0 22 9.9148 150 50
15 297 0 22 9.9148 150 50
13.74 297 0 22 9.9148 150 50
16.45 297 0 22 9.9148 150 50
16.12 318 0 22 9.9148 150 50
14.75 318 0 22 9.9148 150 50
15.99 318 0 22 9.9148 150 50
13.83 318 0 22 9.9148 150 50
15.34 318 0 22 9.9148 150 50
14.11 218 0 22 9.9148 150 50
14.23 218 0 22 9.9148 150 50
15.03 218 0 22 9.9148 150 50
13.25 218 0 22 9.9148 150 50
13.73 218 0 22 9.9148 150 50
17.19 218 1 100 9.9148 150 50
15.81 218 1 100 9.9148 150 50
14.3 218 1 100 9.9148 150 50
15.32 218 1 100 9.9148 150 50
15.45 218 1 100 9.9148 150 50
14.82 218 2 100 9.9148 150 50
16.24 218 2 100 9.9148 150 50
15.41 218 2 100 9.9148 150 50
16.73 218 2 100 9.9148 150 50
16.58 218 2 100 9.9148 150 50
17.31 218 3 100 9.9148 150 50
19.04 218 3 100 9.9148 150 50
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17.95 218 3 100 9.9148 150 50
17.47 218 3 100 9.9148 150 50
18.59 218 3 100 9.9148 150 50
18.66 218 5 100 9.9148 150 50

17 218 5 100 9.9148 150 50
18.07 218 5 100 9.9148 150 50
17.46 218 5 100 9.9148 150 50
18.03 218 5 100 9.9148 150 50
14.96 218 0 22 9.9148 150 50
13.24 218 0 22 9.9148 150 50
13.95 218 0 22 9.9148 150 50
13.54 218 0 22 9.9148 150 50
14.54 218 0 22 9.9148 150 50
15.31 218 3 50 9.9148 150 50
14.48 218 3 50 9.9148 150 50
15.86 218 3 50 9.9148 150 50
17.69 218 3 50 9.9148 150 50
16.56 218 3 50 9.9148 150 50
16.95 218 3 75 9.9148 150 50
18.58 218 3 75 9.9148 150 50
18.52 218 3 75 9.9148 150 50
17.14 218 3 75 9.9148 150 50
16.58 218 3 75 9.9148 150 50
18.52 218 3 100 9.9148 150 50
18.59 218 3 100 9.9148 150 50
18.88 218 3 100 9.9148 150 50
16.73 218 3 100 9.9148 150 50
16.55 218 3 100 9.9148 150 50
18.54 218 3 125 9.9148 150 50
18.04 218 3 125 9.9148 150 50
18.01 218 3 125 9.9148 150 50
18.17 218 3 125 9.9148 150 50
18.91 218 3 125 9.9148 150 50
8.67 218 0 22 4.40128 150 50
9.58 218 0 22 4.40128 150 50
9.19 218 0 22 4.40128 150 50
10.67 218 0 22 4.40128 150 50
9.01 218 0 22 4.40128 150 50
12.64 218 0 22 9.9148 150 50
13.27 218 0 22 9.9148 150 50
12.8 218 0 22 9.9148 150 50
15.77 218 0 22 9.9148 150 50
13.92 218 0 22 9.9148 150 50
14.55 218 0 22 12.791 150 50
15.36 218 0 22 12.791 150 50
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13.64 218 0 22 12.791 150 50
14.2 218 0 22 12.791 150 50

14 218 0 22 12.791 150 50
13.12 218 0 22 9.9148 60 50
15.84 218 0 22 9.9148 60 50
14.3 218 0 22 9.9148 60 50
12.38 218 0 22 9.9148 60 50
15.02 218 0 22 9.9148 60 50
13.53 218 0 22 9.9148 150 50
13.27 218 0 22 9.9148 150 50
12.74 218 0 22 9.9148 150 50
15.77 218 0 22 9.9148 150 50
13.92 218 0 22 9.9148 150 50
14.56 218 0 22 9.9148 265 50
13.24 218 0 22 9.9148 265 50
13.8 218 0 22 9.9148 265 50
11.18 218 0 22 9.9148 265 50
12.08 218 0 22 9.9148 265 50
13.61 218 0 22 9.9148 150 60
14.94 218 0 22 9.9148 150 60
14.78 218 0 22 9.9148 150 60
14.27 218 0 22 9.9148 150 60
14.13 218 0 22 9.9148 150 60
15.01 218 0 22 9.9148 150 120
14.8 218 0 22 9.9148 150 120
15.02 218 0 22 9.9148 150 120
15.36 218 0 22 9.9148 150 120
14.78 218 0 22 9.9148 150 120
15.28 218 0 22 9.9148 150 180
15.12 218 0 22 9.9148 150 180
14.54 218 0 22 9.9148 150 180
14.91 218 0 22 9.9148 150 180
15.15 218 0 22 9.9148 150 180
15.76 218 0 22 9.9148 150 240
15.66 218 0 22 9.9148 150 240
15.26 218 0 22 9.9148 150 240
15.88 218 0 22 9.9148 150 240
16.17 218 0 22 9.9148 150 240

Tablel2: Input data for regression analysis with 125 data sets
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D. ABRE DISTRIBUTION PLOTS FOR EACH SAMPL]

Thisappendixpresents amicrostructural invesgation of all the samplegenerated. Each ampe of
spread towwas capturecbetween two spreader bars in the spreaj unit to visalise the evolution
of fibre orientation/dstributionin tow asits width increases

Figures D.1o D.5 show the microstructe investigation of eachample.In each figure, the firsmage
displayed {op) is the original imageaptured from the confocal microscope. It is followed by the
threshold image where the fibres and matexe represerted by green and purple spectivey. The
fibre distribution plotthat ispresented belav the threshold imageshows theapproximate shapef

the tow. The fourth image from the top is the heatmap displaying the fibre volume fraction in the tow
across the widthThe &st image ighe arresponding histogram of the la¢map which display the
frequency obccurrenceof the fibre volume fractiorin the tow.

Given beloware the pecifications of the amples for which the microscopic images were taken
figures D.1 to D.5:

0 Figure D1: Unspread tow/ Tow from thespoolwith awidth of 8mm.

0 Figure D.2:Spread towwith awidth of 10 mm captured between1® and 2 spreader bar

o Figure D.3Spread towwith awidth of 12.5mm captured between2"® and 3" spreader bar
o Figure D.4:Spread towwith awidth of 13.5mm captured between3™ and4" spreader bar
o Figure D.5Spread towwith awidth of 14.2 mm captured betweerd™ and5" spreader bar
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