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Summary

With the increasing demand for manufacturing sustainable aerospace parts, along with cost-
effectiveness and preciseness. Automated Dry Fibre Placement(ADFP) has emerged as a
promising solution. ADFP combines these goals and enables the production of precise and
cost-effective aerospace components with the potential for reduced defects. Tack, which is
the adhesion between fibre layers during deposition, plays an important role in achieving
high-quality preforms. Tack is essential for securely holding down the plies. Insufficient tack
leads to final part defects like wrinkling contributing to the stability of the final part.

This study investigates the influence of nip point temperature, layup speed, and compaction
force on the tack behaviour of Hexcel HiTape® dry fibre material during the Automated
Dry Fibre Placement (ADFP) process. It also assesses the applicability of an existing tack
model, developed for Solvay TX1100 dry fibre material, to the Hexcel HiTape®, possessing
a different binder distribution and different fibre architecture. Tack was evaluated using 90-
degree peel tests for specimens manufactured using different parameter combinations. Initial
statistical analysis of the main parameter effects and interactions used a 2-level factorial
design of experiments. To investigate the non-linear behaviour of the parameters, this design
was extended to a 3-level face-centred central composite design of experiments.

The results show that temperature is the most dominant factor affecting tack, with higher
temperatures significantly increasing tack forces due to binder activation and polymer diffu-
sion at the interface. Layup speed also had a notable influence, with higher speeds leading
to increased tack forces, which contrasts with the inverse relationship predicted by the exist-
ing model. This is likely due to the material architecture of Hexcel HiTape ®, where faster
speeds reduce binder seepage through perforations, allowing more binder to remain at the
interface. Compaction force had a minor impact on tack behaviour and the results of this
analysis deemed the effect to be statistically insignificant. Additionally, while interaction
effects between the parameters were analysed, they were not statistically significant at the
95% confidence level. The findings suggest that the independent contributions of temperature
and velocity are key, but deviations from expected behaviour may be due to material-specific
characteristics such as perforations and fibre structure. The behaviour of the material in
relation to the statistically significant parameters shows that there is non-linearity.To test
the generalisability of the model, the existing tack model for Solvay TX1100 dry fibre was
applied to Hexcel HiTape ®. This model did not fit the data of Hexcel HiTape ® material.
The observed positive relationship between speed and tack, contrary to the Solvay TX1100



ix

model’s inverse relationship, shows the need to adapt the model to Hexcel HiTape ® and
indicates limitations in generalising tack models across dry fibre materials. Additionally, fi-
bre fraying of Hexcel HiTape® was also observed during peel tests, marking a finding that
warrants further investigation to help quantify the effect, aiding in understanding the dry
fibre material behaviour.
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Chapter 1

Introduction

Composite materials have become essential in aerospace manufacturing by combining high
strength with low weight, meeting the industry’s demands for both performance and sus-
tainability. As the need for environmentally friendly solutions grows, lightweight composite
construction offers significant potential for reducing pollution through more fuel-efficient air-
craft, without compromising safety or durability. Fibre-reinforced plastic composites (FRPs),
in particular, provide high specific mechanical properties, allowing for substantial weight re-
ductions while maintaining structural integrity. This weight savings is especially valuable in
commercial aviation, where it translates into notable fuel savings and reduced carbon emis-
sions over an aircraft’s lifespan. [20] [21] [22].

Efficient manufacturing of FRP components is important to achieving sustainability benefits.
Liquid Composite Moulding(LCM) techniques are gaining popularity as they are significantly
cheaper owing to the method’s reduced labour cost and energy efficiency due to the possibility
of automation [23]. This process enables the manufacture of large complex-shaped components
in a single cycle. [24].

LCM uses preforms that can be manufactured using AFP (Automated Fibre Placement)
techniques. High-volume production of large-scale Aerospace grade components is possible
with LCM technology. Currently, most parts are manufactured using conventional semi-
finished textile products like non-crimp fabric(NCF) or woven fabrics usually using hand
layup techniques. However, these materials due to their flat, areal shape, can generate high
levels of scrap of -up to 50% [25], making it challenging to achieve load-specific orientations
within the preforms. To overcome these limitations, ADFP can be employed.

Automated Dry fibre Placement (ADFP), which is an advanced fibre placement technology,
allows for the precise deposition of dry fibre tapes in variable directions and positions. This
process creates a near-net-shape preform with a defined fibre orientation in each layer, op-
timising the anisotropic properties of the material to meet specific mechanical requirements
while minimising mass [26]. The final resin infusion and curing processes often include using
an autoclave or LCM process. ADFP reduces the handling of fibres during the preform stage
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and provides more flexibility in manufacturing as compared to traditional fibre placement
methods like hand layup.

ADFP should not be confused with AFP which is Automated fibre placement.AFP typically
uses prepreg materials or fibres pre-impregnated with resin for fibre deposition. In contrast,
ADFP uses bindered dry fibre material that is coated with binder that provides tack during
fibre placement.

An increasing interest in using dry fibre materials for primary structural components in
newer commercial aircraft projects has been observed [27]. This interest is driven by the
advantages of dry fibre material, like the absence of out-time due to the stability of the
binder at room temperature. Out-time refers to the period, a prepreg material can remain at
room temperature before it must be used or returned to storage. Thermoset prepreg materials
need to be refrigerated below their cure initiation temperature and when exposed to room
temperature, the resin matrix begins to react and slowly cure, thus limiting their handling and
storage time outside refrigeration. Therefore, dry fibre materials can help lower production
costs by reducing energy consumption and lower material wastage due to the extended life
span.

In both processes of AFP and ADFP, the fibres are deposited, using a heating source to heat
up the matrix material and the compaction roller on the robotic head presses the incoming
material onto the warm substrate resulting in the melting of the matrix/binder in the case of
thermoplastic and curing(in case of thermoset), resulting in sticking of the two layers of plies
together, creating tack [28].

Tack is essential in ensuring that the individual layers bond securely and stay in place during
the manufacturing process. It is especially critical when depositing the fibre layers on curved
or complex tool surfaces, where the tows can experience stretching and compression forces.
Inconsistent tack can lead to defects, such as wrinkles or dents, which can compromise the
product’s final quality [29].

To mitigate these defects, it is crucial to understand the influence of process conditions on
the tack properties of the dry fibre material.

Tack is influenced by various process parameters [17]. The complex interplay between these
parameters necessitates detailed analysis to optimise the ADFP process for consistent and
defect-free manufacturing. Currently, there is limited knowledge of the tack behaviour of dry
fibre materials during the ADFP process. Most existing models for tack behaviour have been
developed for prepreg materials. These models may not be directly applicable to dry fibre
materials. This research aims to fill this knowledge gap by systematically investigating the
influence of key process on the tack behaviour of dry fibre material in the ADFP process.
This is also done by investigating the validity of a previously proposed model for the Solvay
TX1100 dry fibre material based on a thermoplastic prepreg material model. This research
will assess whether this existing tack model for the Solvay TX1100 dry fibre material can be
used for the Hexcel HiTape ® dry fibre material with a different material architecture and
binder type or if a new model needs to be developed to account for the unique behaviour if
any of this material.

By providing a detailed understanding of how process parameters influence tack in Hexcel
HiTape ® dry fibre material, this research will contribute to the development of a more
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efficient and reliable manufacturing process for dry fibre materials. The insights gained will
not only improve the quality and consistency of FRP components produced using ADFP but
also support the broader sustainability goals and use of the technology in applications ranging
from aerospace to automotive industries.

Chapter 2 kicks off with an in-depth review of the existing literature, establishing the essential
background for the study. Moving forward, Chapter 3 pinpoints the research gaps and sets the
stage by outlining the study’s objectives research questions and hypothesis. Chapter 4 then
explains the methodology of the experiments’ setup, including the procedures for specimen
manufacturing and subsequent testing. In Chapter 5, the results and discussion section, the
focus shifts to presenting and interpreting the results. Chapter 6 concludes the study by
summarizing the findings. while Chapter 7 offers suggestions for further research.

The figure 1.1 illustrates the planning of the project

Figure 1.1: Planning of project



Chapter 2

Literature Review

This chapter provides a comprehensive overview of current research in AFP and ADFP tech-
nologies, beginning with an exploration of these processes and materials used in sections 2.1
and section 2.2 Section 2.3 delves into the concept of tack formation, highlighting its signifi-
cance in ensuring proper adhesion during ADFP. Section 2.4 reviews various methods used to
measure tack, while section 2.5 analyses the key process parameters: nip point temperature,
layup speed, and compaction force, along with their interactions. The insights gained from
this review help to identify gaps in the existing research and establish the foundation for the
formulation of the research objectives and hypotheses.

2.1 Automated fibre Placement

In the last century, commercial production and industrialization of aluminium have been
optimised, to produce large structural aerospace components. While, the development and
industrialisation of pre-impregnated fibres or prepregs have only been in commercial use
for the last 30 years, while dry fibre materials emerged even more recently. Automated
Fibre Placement (AFP) has been developed to automate the placement of fibres in different
directions and positions. This allows for an efficient layer-wise deposition to create high-
quality preforms with defined fibre orientation in each layer.
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Figure 2.1: Developments in AFP technology [1]

Figure 2.1 demonstrates the key technological developments in AFP over the years, demon-
strating how the technology has progressed to its current state. Modern AFP systems are
found to achieve minimal defects during layup. The integration of robotics, real-time moni-
toring and state-of-the-art heating systems ensure that the fibre placement is accurate, and
results in minimal wrinkling or fibre misalignment [5]. Compared to traditional methods like
hand layup. AFP offers higher precision and productivity ensuring reduced defects such as
fibre wrinkling and misalignment. A high level of precision and sufficient tack is essential to
reduce the defects in the preforms that could compromise the final part strength. [30]

AFP technology has been employed to manufacture over 1000 composite structures for space-
craft Ariane V, Antares, Pegasus, Delta II, Atlas V, and Delta IV. [31] The use of the
high precision and part quality of AFP technology has also been seen in the manufacture
of military-grade weapons bay doors for the F-35 Lightning II and wing sections for the
B-2 Spirit bomber. [31]Commercial applications of AFP include its use in the Boeing 787
Dreamliner and Airbus A350 XWB [31] [32].

AFP system Overview
An AFP system typically consists of a robotic gantry or an articulated arm that is attached
to a layup head as seen in Figure 2.2.

This fibre placement head includes multiple components: heating elements, compaction rollers
to press the fibres onto the substrate or tooling surface, and integrated cutting blades inside
the AFP head for precise fibre trimming.

The material used in deposition is of high strength-to-weight ratio material. Unidirectional
tows are bundles of continuous fibres or filaments made of carbon, glass or other high-
performance materials. Each tow is typically 3.175mm to 38.1 mm wide [33], and up to 32 tows
can be deposited simultaneously to optimise production. In most AFP applications,carbon
fibre reinforced polymers (CFRP) are used due to their excellent strength-to-weight ratios.

The unidirectional tows are fed through the tape head. The tows are carried away from the
creel to the tool surface. The heating system preheats both the fibre material and substrate
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Figure 2.2: Overview of the Automated Fibre Placement (AFP) process (left) and a robotic AFP
system (right) with key components highlighted. [2] [3]

while softening the resin matrix above its melting temperature Tm for thermoplastic material
and Tg for thermoset materials. There are a plethora of heating systems employed in AFP,
including LASER, IR lamps, hot gas torches, and Flashlamp heating systems like humm3®
flashlamp that heats up the material using pulsed light. A summary of heating systems used
in AFP is shown in table 2.1
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Heating Ele-
ment

Function Advantages Drawbacks

Hot Gas
Torch

Transfers heat through
forced convection. Used
for preheating and con-
solidation, particularly
when high temperatures
are required for effective
bonding [34].

Low capital cost,
easy integration with
AFP head [35,36].

Low energy efficiency [37],
potential oxidation at high
temperatures unless inert
gas (e.g., nitrogen) is used,
significantly increasing op-
erating costs [36].

Infrared
(IR) Heater

Transfers heat primar-
ily through radiation,
effective for heating the
outer surface of powder-
impregnated fibres, but
requires good thermal
management to avoid
inefficiencies [38].

Inexpensive, easy to
operate, can output
focused heating that
performs better than
a hot gas torch [36].

Delayed heating process
when heat transfer passes
through the outer veil to
the fibres through convec-
tion [38]. Inconsistent
heating due to residual
heat [39].

Laser Provides fast and pre-
cise heating at the nip
point [36], essential for
high-temperature consoli-
dation of advanced com-
posites like carbon/PEEK
[40].

High radiation in-
tensity allows fast,
localized heating;
supports very high
line speeds due to
high power rat-
ings [41]; reduced
oxidation with mod-
ern diode lasers [36].

High cost, complex setup
requiring careful consider-
ation of laser angle, beam
profile, and distance to nip
point; additional process-
ing parameters and safety
measures are needed [42].

Ultrasonic
Welding

High-frequency, low-
amplitude ultrasonic
vibrations generate heat
through surface friction,
leading to polymer melting
and bonding [43].

Short processing
time, localized
heating with low
energy require-
ments, effective for
thermoplastic com-
posites [37,44].

Performance depends
significantly on material
properties (e.g., stiffness,
hardness) [44].

Flashlamp
(humm3®)

Utilizes pulsed light tech-
nology to provide rapid,
controlled heating, allow-
ing for high-speed fibre
placement with precise
thermal management [45].

Very high heat-
ing rate, excellent
temperature con-
trol, comparable
to high-powered
lasers but without
restrictive safety
requirements [46].

Emerging technology with
limited broader application
studies [46].

Table 2.1: Summary of Heating Elements Used in AFP

Compaction rollers then apply pressure to the incoming heated material and press it down,
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ensuring it conforms to the underlying tool surface or previously laid laminate, known as
the substrate. Adhesion between layers is achieved by precisely controlling various process
parameters, such as nip point temperature, speed, and compaction force which are tailored
based on the specific tow material.

The tool is usually placed with a release film for separation of the produced preform from
the tool surface. The separation is also ensured by coating the tool with a release agent if
the tows are being deposited directly on the tool surface. The tool surface is not limited to a
horizontal flat surface, but can also be on a curved tool surface. This can be introduced into
the system both horizontally and vertically.
AFP is advantageous as it can be used to manufacture preforms with complex geometries. For
curved tooling and complex geometry, the fibres have to be steered according to the contours
while being deposited. AFP is most suitable for fibre steering applications, as significantly
narrower tapes are deposited. This is different from Automated Tape placement (ATP), an-
other fibre placement manufacturing technology which deposits wider tapes, usually used for
flat or simpler structures. During fibre steering for certain components that possess com-
plex tooling geometry, the narrower tapes deposited using AFP help reduce the formation
of wrinkles in the material and additionally reduce material waste. The precision of narrow
tows reduces the likelihood of material overhang or excess outside the tool’s contour, a com-
mon issue with the wider tapes used in Automated Tape Placement (ATP) processes. Wider
tapes, while efficient for large flat surfaces, can lead to excess material extending beyond the
intended boundaries, which must then be trimmed. This can be seen in figure 2.3.

Figure 2.3: Comparison of contour fitting and excess material between narrow tows AFP and
wide tapes in ATP [4]

This trimming not only increases material waste but also adds unnecessary weight to the
component if not entirely removed. By using narrow tapes, manufacturers can minimise
waste and achieve closer-to-net-shape layups, enhancing the component’s performance by
maintaining a good contour accuracy without the additional weight from excess material.
2.1.1 Materials used in AFP manufacturing
In AFP, the choice of materials is critical to achieving the desired structural properties,
manufacturing efficiency, and cost-effectiveness. The primary materials used in AFP are
thermoset prepreg, thermoplastic prepreg, and dry fibre. Each material type has distinct
characteristics that influence its suitability for specific AFP applications [4].

Figure 2.4: Characteristics of different materials used in Automated fibre placement [1]
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Thermoset prepreg material

Thermoset prepregs, composed of fibres pre-impregnated with thermoset resin, have been a
foundational material in AFP since the process was developed. The low gel point of thermoset
resins allows these materials to be laid up at room temperature with minimal heating require-
ments [47]. Once the resin reaches its gel point, a chemical cross-linking reaction initiates,
ultimately creating a rigid, durable structure after curing. This ease of handling at lower
temperatures makes thermoset prepregs suitable for applications requiring high strength and
stability. However, the low curing threshold also necessitates careful storage in refrigerated
conditions to prevent unintended curing reactions. Thermoset prepregs have a limited shelf
life, requiring strict inventory control and adding logistical complexity. Additionally, full
curing typically requires high-pressure autoclaves or ovens to achieve maximum mechanical
properties, which increases both processing time and manufacturing costs [48].

Thermoplastic prepreg material

Thermoplastic prepregs consist of fibres impregnated with high-viscosity thermoplastic resins,
which offer advantages in terms of recyclability and durability. Unlike thermosets, thermoplas-
tic resins do not cure chemically; instead, they melt upon heating and solidify upon cooling.
This property enables thermoplastic composites to be reshaped, facilitating recycling and
repair. Thermoplastic prepregs are therefore well-suited for applications that require high-
temperature resistance and reprocessability. [49] Processing thermoplastic prepregs requires
high temperatures and pressures, often exceeding several hundred degrees Celsius, to achieve
full consolidation. Specialised equipment, such as autoclaves or heated presses, is needed, in-
creasing manufacturing costs. However, thermoplastic prepregs allow for in-situ consolidation
in AFP, which can streamline the production process by forming parts directly during layup.
Additionally, thermoplastic prepregs are stable at room temperature, eliminating the need for
refrigerated storage and providing a longer shelf life compared to thermoset materials. How-
ever, these materials are typically more expensive and require higher processing requirements
like high temperature and high-pressure equipment, which leads to increased energy costs.

2.1.2 Dry fibre materials
Dry fibre materials are non-impregnated unidirectional carbon fibre tows coated with binder
and may contain a mesh veil that is typically thermoplastic glass fibre or carbon fibre [29].
Unlike prepreg materials, which come impregnated with a resin matrix in the material, dry
fibres have a binder system. The binder particles can be applied powdered/sprayed on the
fibres. This can cause the binder to be unevenly distributed, leading to localised bonding
during consolidation as certain areas are binder-rich and certain regions where the binder is
not present at all. Another method is coating the fibres with a veil of binder, the thickness of
the veil applied can differ across the fibre resulting in binder-rich and binder-poor regions.

One key advantage of dry fibre material is its extended shelf life. The binder remains in-
activated at room temperature, reducing the need for cold storage. This improved storabil-
ity makes dry fibre material easier to handle logistically and more cost-effective compared
to prepregs, which require refrigeration and must be processed within a particular time
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frame after thawing to prevent the resin from curing immaturely, causing potential mate-
rial wastage. [50] Moreover, dry fibres allow for a longer processing window, as the binder is
activated through heating during the layup process. This flexibility contrasts with that of
thermoset prepregs, where processing must occur within a limited window after thawing. [1]

Another advantage of dry fibre is its ability to be steered easily without tow bending or
shearing because there is no resin matrix confining the fibres [51], making it less stiffer.
The absence of a resin system within the material reduces the chances of resin build-up in
regions of the material, which can result in variability in the mechanical properties of the final
part [27]. However, this absence of a resin system can cause fibre fluff Dry fibre tows can be
manufactured through different processing each affecting the final tow characteristics. One
common method is the slitting process, where the binder-stabilized material sheet is slit into
tapes. Although this minimizes tape width variability, it often results in loose fibres along
the edges. These loose fibres can leave residues on the surface of the tape. Another process
of manufacturing dry fibre material is the tow-based process where the raw carbon tow is
converted to a tape that is further stabilised with the help of a binder material [52]. The
different commercially available dry fibre tows are shown in Figure 2.5.

(a) Types of commercially available dry fibre material [52]

(b) Sketches of the material architecture of commercially available dry fibre material
[53]

Figure 2.5: Overview of commercially available dry fibre materials and their surface topographies.
(a) Types of commercially available dry fibre materials. (b) Sketches of the material architecture
of these dry fibre materials.

From the investigations done by Veldenz et al [52], different commercially available dry fibre
tapes were studied. The surface topographies of these dry fibre tapes are illustrated in Figure
2.5.

The dry fibre materials follow a similar architecture, with binder material on the surface of
the tows. Material A has a carbon fibre mesh with a binder on one side and only epoxy binder
particles on the other side. The carbon veil/mesh is present to improve the tack between the
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Material Material
Composition TOP Architecture BOTTOM

Architecture
A-Solvay TX1100

IMS65
CF veil + Epoxy

powder
Carbon fibre Mesh +

Epoxy Binder Epoxy Binder particles

B-TENAX-E
HTS40 X030 Epoxy Binder Epoxy binder Epoxy binder

C-Porcher TP
Bindered yarn

(126 gsm)
Thermoplastic binder Thermoplastic binder Thermoplastic binder

D-Hexcel
HiTape®

Thermoplastic veil +
perforations

throughout fibre

Thermoplastic veil +
perforations

throughout fibre

Thermoplastic veil +
perforations

throughout fibre
E-Porcher TP
bindered Yarn

(261 gsm)
Thermoplastic Binder Thermoplastic binder Thermoplastic binder

Table 2.2: Material Compositions and Architectures

plies during layup by increasing the surface area and as a method of interlaminar toughening
as the veil will ensure uniform uptake of the resin and the binder acting as a flow channel.

Materials B, C and E have the binder system on both sides of the tapes. Material B shows a
lower density of binder than materials C and E. Material D contains a thermoplastic-based
binder veil on both sides. There are perforations on the tapes that are manufactured to
enhance the permeability of the tapes through the thickness direction during resin infusion
and to increase the strength of adhesion through the thickness. B and C ,which are the
materials with the lowest areal weight) exhibited a high amount of defects, the reason for this
was that the thin tapes were not as stiff as the other materials and was prone to folding and
twisting. Tapes manufactured using the slit tow process show the least variability in width,
however, some edges had loose fibres that caused an increase in fibre residue on the substrate.
The effect of these topographies on tack properties of the materials, to ultimately decrease
the fault count of the final preform are yet to be investigated Dry fibre materials with a
thermoplastic binder system have a shorter temperature range than thermoplastic prepreg
material.

2.2 Automated Dry fibre Placement (ADFP)

ADFP or Automated Dry fibre Placement is fundamentally similar to AFP in terms of de-
position hardware, but differs primarily in the material used. ADFP utilises bindered dry
fibre materials rather than prepreg tapes. The melting of the binder of dry fibre material
using the heating element on the ADFP head helps achieve the tackiness required during
fibre deposition. Achieving tack requires carefully controlled heating to melt the binder at
the point where the fibre meets the substrate, known as the nip point. Both the substrate
and incoming tow must be heated at the nip point to create sufficient tack between the layers,
allowing for effective layer-wise adhesion and creating a stable preform.
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Compared to ADP, ADFP offers cost reduction due to its reliance on lower-cost raw materials,
liquid resin and the post-processing of the preforms using Out of Autoclave process (0oA).
Ooa processes like Resin Transfer Moulding(RTM), Vacuum Assisted Resin transfer moulding
(VARTM), Vacuum Bag only (VBO) methods counter the high costs related to when using
autoclave equipment and high energy consumption. Using vacuum pressure and moderate
heating instead of the high temperatures and pressures cut operational costs significantly.
Additionally, dry fibres and liquid resins contribute to lower logistical costs as well. Large
aerospace-grade parts that wouldn’t fit into autoclaves or need custom autoclave can be
manufactured using ADFP followed by OoA processes.

Laminates that are manufactured using ADFP with vacuum resin infusion demonstrate im-
provements over the manual layup method with vacuum infusion, including a 9% increase in
fibre volume fraction from 47.80% to 56.30%. [54].Liu et.al [50] demonstrate that using the
AFP-processed preform lowers porosity from 2.00% to 0.6% and reduces the coefficient of
thickness variation from 8.11% to 3.75% [50]

Dry fibres used in ADFP also bring notable improvement in resin flow during the infusion
step after the production of preforms. As the dry fibre is devoid of pre-impregnated resin,
it reduces the chances of resin pooling and void formation, leading to higher part uniformity
and fewer defects in the final composite part. This allows manufacturers to tailor resin
distribution precisely, resulting in more permeable structures and enhancing consistency in
mechanical properties. This is important as these parts must perform consistently under
stress conditions.

A summary of the AFP and ADFP processes is tabulated in table 2.3

Category Thermoset AFP Thermoplastic AFP ADFP

Heating Requirement Low temperature: typ-
ically under 70°C
[55], [56]

High temperature:
around 400°C for
PEEK
[57]

Moderate tempera-
ture: around 200°C for
Solvay TX1100 tapes
[50], [52]

Pressure Range Low pressure: usually
below 0.3 MPa
[55], [58]

0.3 to 0.9 MPa
[57]

Approximately 0.25 to
0.87 MPa
[54], [52]

Post-Processing Autoclave curing for
optimal quality

Autoclave consolida-
tion for best results

Resin infusion followed
by OoA curing

Primary Advantage Well-established; re-
quires low heat and
pressure

Environmentally sus-
tainable; potential for
in-situ consolidation

Cost-effective with
OoA curing, reducing
equipment and opera-
tional costs

Disadvantages Long autoclave curing
times increase produc-
tion costs and limit
flexibility

High processing tem-
perature and pressure
increase energy de-
mands

Requires resin infu-
sion, adding complex-
ity to the process;
lower interlayer bond-
ing strength compared
to autoclave processes

Table 2.3: Summary of AFP and ADFP Processes
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In the Aerospace industry, the goals of AFP and ADFP processes are not only to reduce
defects but also to meet strict quality standards defined by individual manufacturers for their
components. By developing a reliable process that achieves consistent tack and precise fibre
placement, ADFP can minimize the need for rework and achieve high quality aerospace grade
parts [1].

2.3 Tack and its influence

Tack, is the ability of a material, to adhere to itself or other materials when processed [17]
or the property possessed by a material that helps it to form a bond immediately on contact
with another surface, which can be a layer of adhesive [6].

Why understand tack?

During the deposition of the tapes on tools with complex geometry or during fibre steering, the
material is stretched and compressed in different ways. The fibre is very stiff (no longitudinal
extension) along the length, which suggests a significant amount of stress build-up in the
material with longitudinal extension. This stress state can lead to a loss of stability in
the finished part as the preform is imbalanced and has insufficient transverse and normal
support, causing internal stresses. These internal stresses are relieved through deformations
in the material. For example, when fibres have to be laid up on a concave tool, there exists a
longitudinal tensile force that exists long the fibre direction that can cause the tape to unravel
perpendicular to the fibre direction. When this longitudinal force exceeds the tack strength,
it can cause the fibres to partially lift, creating a shear failure known as bridging .Bridging
shear compromises the intended placement, leading to partial detachment of the fibre from
the tool surface, as can be seen in figure 2.6.

The fibres that are deposited have an amount of tack between the plies, with the tack force
being the force holding the different plies together. In the case of a convex tool, insufficient
tack can cause the fibre to lift off the tool which can also be exaggerated with the bending
stiffness of the fibre is high causing a force to act normally to the end of the tape causing
fibre pull-up that can be seen in figure 2.6.



14 Literature Review

Figure 2.6: Examples of Material damage mechanisms influenced by tack strength of material
post AFP deposition

During fibre steering, the fibres experience compressive force on the inner side along the
fibre direction (Longitudinal compressive force) which causes bumps and fibre creasing. A

Figure 2.7: Stress distribution of resulting fibre wrinkling [5]
sufficiently high tack strength between the plies is necessary to avoid the formation of these
types of damages because the tack counteracts the internal stresses. Obtaining high enough
tacks requires an understanding of the effect of process parameters like layup speed, nip point
temperature and compaction pressure. [59] [60].

Formation of tack and tack models

In the analytical studies initially conducted by Matveev et al. [29], the tack model was derived
from an experimental analysis using thermoplastic prepregs [29].

In the development of the tack model for the Solvay TX1100 dry fibre material, Saar [4] used
this thermoplastic prepreg model as a baseline for modelling the tack behaviour of the Solvay
TX1100 dry fibre material. The Solvay TX1100 dry fibre epoxy binder was formulated to have
thermoplastic properties and behave similarly to thermoplastic binder material. Therefore
the model proposed by Saar [4] was based on the assumption that this material would behave
similarly to thermoplastic prepreg material. The most important difference between these
two materials is that in the process modelling of thermoplastic prepreg material, the material
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has a resin matrix impregnated homogeneously resulting in complete consolidation across the
entire material. However for dry fibre material, the binder is applied as a veil or sprayed on
binder particles. From the figure 2.8, the difference in the matrix distribution of the prepreg
and dry fibre material can be observed.

Figure 2.8: Prepreg vs dry fibre architecture [6]

Figure 2.8 shows the resin matrix in prepreg material is seen to be distributed throughout
the thickness of the material, whereas in dry fibre material, the binder particles are coated
on the surface of the material.

In the contact surface between the two thermoplastic interfaces, the bond is mainly formed
through fusion bonding [7]. In addition to fusion bonding (binder to binder), interfacial bonds
exist as well between the binder and the sizing of the fibres. Therefore, the following processes
can occur during the bonding of dry fibre thermoplastic material:

• binder to binder specific cohesion (chemical, thermodynamic, fusion bonding) [4]

• Mechanical adhesion between binder and fibre (mechanical interlocking) [61]

Fusion bonding model

The typical manufacturing cycle for composites involves heating the material above the poly-
mer’s melting temperature, applying a specified pressure for a set duration to ensure proper
consolidation, and cooling the material while maintaining that pressure. The consolidation
phase is particularly crucial, as it influences the final material properties and the effectiveness
of the bond formed between layers. This cycle is common across different heating methods,
including infrared, hot air, thermal conduction, laser, electromagnetic radiation, microwave,
radio frequency, and friction [7].Fusion bonding is the common physical model used to ex-
plain the cohesion between the plies. The fundamental mechanisms in fusion bonding process
include: Heating, Intimate contact development, Polymer Chain Diffusion(Autohesion), Con-
solidation and cooling.
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Figure 2.9: Fusion bonding mechanism [7]

Heating: Heating of the incoming material and sub is important as it determines the quality
of the bond between the ply interface. The temperature at the nip point must exceed the Tm

of the thermoplastic binder which ensures better intimate contact and prevents the formation
of voids that cause part defects. There are a plethora of heating systems employed in ADFP,
including LASER, IR lamps, hot gas torches, and Flashlamp heating systems like humm3®
flashlamp that heats up the material using pulsed light. A summary of heating systems used
in AFP is shown in table 2.1.

Intimate Contact Development: As the material is heated up, the binder becomes soft
and pliable. Heating up the material causes the binder molecules to gain kinetic energy that
overcomes the intermolecular forces. These weakened interactions reduce the resistance to
flow, further lowering the viscosity [62].
Pressure is applied simultaneously using the compaction roller to bring the plies in intimate
contact. Initially, the surfaces of the plies may be rough and not fully in contact. There are
gaps between the layers owing to the surface roughness as can be seen in figure 2.10. The
heat and the pressure work together to flatten these rough surfaces, allowing them to come
into intimate contact, this step ensures the stage for a strong bond. At the micro level, bond

formation occurs only in areas of intimate contact [63].

Figure 2.10: Gaps between the two plies due to surface roughness in prepreg material [8]
The effective surface contact depends on the surface roughness of the surfaces to be joined.
In the intimate contact model proposed by Dara and Loos [64] to study the influence of
process parameters of contact time, temperature, and compaction pressure, Dic(Degree of
Intimate contact) is used to describe the effective contact area. The Dicis the ratio of the
area in contact to the total interface area. The viscoelastic behaviour of the thermoplastic is
modelled as the flow of a homogeneous fluid being pressed between two plates.

Dic = Area in contact
Total area of the interface (2.1)
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[4] When Dic=1,complete intimate contact is achieved. The degree of bonding DB between

the surfaces can be explained as a coupling of Degree of Intimate Contact(Dic) and Degree
of healing (Dh) [4]

DB = Dic · Dh (2.2)

Figure 2.11: Fusion bonding mechanism

Polymer Chain Diffusion(Autohesion): Once intimate contact is achieved, the bonding
process begins at the contact points. The polymer chains in the thermoplastic material start
to diffuse across the interface between the layers. This process is called autohesion. As the
chains are mobile and inter diffuse, they effectively “heal” the bond between the two surfaces.

Autohesion starts when the temperature applied exceeds the Tg(glass transition temperature)
of the matrix material. The longer the surfaces are held in contact at the right temperature,
the more and more chains get to move and diffuse, leading to a stronger bond.

The thermal movement of the long linear ,entangled macromolecules can be explained by De
Gennes’ reptation theory [65], According to this theory, the dense entanglement of polymers
restricts their motion to a confined “tube” formed by neighbouring chains. Within this tube-
like region, the chains can only move forward and backward in a manner resembling the
slithering of a snake within a narrow corridor—a process referred to as reptation.At larger
time scales, the polymer chains elongate, and the ends of the chains can extend beyond the
confines of the tube, forming minor chains. Eventually, the polymer chain relocates to a
new position outside the initial tube. The time required for a polymer to reach this new
configuration is known as the reptation time (tr) [65].

Based on this theory Yang and Pitchumani proposed a model to describe autohesion un-
der non-isothermal conditions [66]. In their model, the bonding process at the interface is
influenced by the critical entanglement molecular weight (MC), which is dependent on sev-
eral factors, including the number of monomers, polymer chain length, monomer weight, the
number of C-C bonds per monomer and bond length [67]. For thermoplastic polymers where
the molecular weight M exceeds eight times the critical molecular weight (M>8MC), the
maximum bond strength is typically reached at the welding time (tw), with tw<tr. This re-
lationship is valid for most engineering thermoplastic polymers. The degree of healing Dh(t)
is given by equation 2.3
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Dh(t) =
[∫ t

0

1
tw(ϑ) dt

] 1
4

(2.3)

[66]

where tw is weld time, ϑ is process temperature,

For polymers with a molecular weight less than 8 times the critical entanglement molecular
weight (M<8MC), the welding time equals the reptation time (tw=tr).This shows that the
welding time tw is temperature-dependent following an Arrhenius relationship. As the tem-
perature increases, the polymer chains are able to diffuse more easily, resulting in a shorter
tw. According to Saar [4], the arrhenius relationship that describes welding time with the
process parameters of temperature, pressure, and speed is as follows:

Dh(t) =

 t

A exp
[

Ea
R

(
1
ϑ − 1

ϑref

)]
 1

4

(2.4)

• Dh(t): Degree of autohesion with time t

• t: Time of the process

• A: Pre-exponential factor (constant based on material and process)

• Ea: Activation energy (material-specific energy required for tack behaviour to initiate)

• R: Universal gas constant (8.314 J/mol·K)

• ϑ: Process temperature (in Kelvin)

• ϑref: Melting temperature (Tm)(in Kelvin)

equation 2.4 models the evolution of tack behaviour, factoring in time, temperature, and
activation energy. Tack increases with time, but higher process speeds (inversely proportional
to time) reduce tack formation. The Arrhenius relation shows that higher temperatures
enhance tack by reducing the activation energy barrier, enabling more molecules to reach the
necessary activation energy.

Consolidation: After the polymer chains have diffused and the bond is formed, the material
needs to be consolidated. This step happens as the material cools down. Pressure is main-
tained during cooling to ensure that the bond remains strong and that no gaps or voids form
between the layers. Proper consolidation prevents defects like delamination (where layers
separate) or porosity (where air pockets form), which can weaken the composite material.

Cooling:In the final step, the material is allowed to cool below the glass transition or melting
temperature as the compaction roller is passed over the material.As it cools, the polymer
chains become less mobile, and the material regains its stiffness. The bond that was formed
during the previous steps is now locked in place, resulting in a solid bond.
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2.3.1 Physical model Proposed for tack prediction

To quantify the effects of the parameters,a physical model based on the fusion bonding model
and equation 2.4 was developed by Saar in his investigation of tack behaviour of the Solvay
TX1100 dry fibre material. This model, predicts tack force as a function of temperature,
force and velocity. The general form of the physical equation is :

fP (T, F, v) = cF 0.2

a exp
(

b
5T

)
v0.5

[4]

• fp represents the predicted tack force

• T is the nip point temperature (in degrees Celsius)

• F is the compaction force

• v is the layup velocity (in m/s)

• a,b and c are the empirical parameters that capture the material-specific effects

The equation incorporates both temperature dependence, with the exponential term and
mechanical force effects(as a power function of F). This approach is designed to capture the
non-linear interactions between the parameters, which are essential in predicting the tack
behaviour in different operational settings.

2.4 Measurement of Tack

Historically in the realm of AFP processing, tack is often used to refer to prepreg adhesion
and the literature present to date has significant studies on prepreg tack. However, there is
research yet to be done on dry fibre material to quantify the tack properties. Usually, the
manufacturers of materials used for AFP processes give very little information on the precise
tack properties of the prepreg material/binder material on the dry fibre. Datasheets are
usually limited to general data such as ’low’, ’medium’ or ’high’ tack, and for prepregs [17],
Practically, the quality of part is dependent on experience working with the material and
the AFP process all the while running the risk of using unusable material or disposing of
expensive material after the tack life expiry (only in the case of prepregs). This lack of
knowledge can cause defects like fibre bridging or fibre buckling as seen in figure 2.6. This
calls for an understanding of the interaction of the tack behaviour of the material and the
process parameters. Measurement of tack is thought to be a straightforward property, however
it depends on multiple factors and their interactions.
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Probe tack testing

The most common method in literature to quantify tack, typically for prepregs, is the probe
tack test. In this method, the sample is introduced between two plates and compacted using
the lower punch plate moving upwards for a defined time under a specific pressure. After
compaction, the sample is unloaded at a controlled speed in the normal direction to the
surface. During this unloading, the axial displacement and detachment force are simultane-
ously tracked. The tack is calculated in the form of tensile force as a function of strain [13].
However, Wohl et al. [68], used a rheometer to find out prepreg tack by probe tack testing.
The advantage of probe tack testing is that it is a quick and relatively simple method of
testing tack. There is precision in the control of the parameters used and in assessing the
reproducibility of the results [69].

However, the probe test only provides the value for the initial tackiness and not the long-
term adhesive properties of the material. The matrix in the joint zone is reduced between
the stamp plate and the sample when the thermoplastic matrix begins to flow owing to its
lower viscosity at a higher temperature and pressure. Therefore, lower tack is observed at
high temperatures [70].The debonding rates tested are relatively low compared to those seen
in a real AFP process [71]. This is explained by Crossley [72], who states that the measured
values of the probe test do not align with the tack during the AFP process as failure can
occur here in which the fibres of the relatively short sample are torn out. This failure is a
rare sight in AFP laid-up samples with long continuous fibre-reinforced tapes.

Figure 2.12: Probe tack test setup [9]

Peel testing

Peel tests are another method employed in tack testing of materials and is the standard
method for characterizing tack of prepreg material as described in ASTM D8336-21 [73].A
sample of the material is deposited using AFP or hand layup onto a plate.Next, this sample
is detached from the plate by peeling it off with an applied force as shown in Figure 2.13. The
angle of peel has to be consistent throughout the peel test. One end of the sample is attached
to the tensile machine with different peel angles depending on the type of peel testing used.
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Figure 2.13: 90 degree Peel test setup [10]

Peel testing is found to be more accurate than the probe tack testing. This is because it
accounts for a larger length of the sample, while the probe test accounts for only a small area
of the specimen. The contact area for probe testing is very small, just a few millimetres in
diameter, where the probe contacts the surface to measure the tack force [74].

Peel testing has been used in various configurations based on the angle of the peel. Common
configurations of peel testing include the 90° peel test, the floating roller peel test, and the
T-peel test.This is illustrated in figure 2.14.

Figure 2.14: Types of peel tests a) 90 ◦peel test b) 180 ◦peel test c)Floating roller peel test d)
T-peel test [11]

Readings from peel tests typically include the peel force F and in some cases the work of
adhesion Wadh [13]. To ensure comparability, the results from the peel tests are usually nor-
malized over the width of the specimen. The described peel tests are based on the standards
of pressure-sensitive adhesive(PSA) but are sensitive to factors such as the specimen appli-
cation method and specimen stiffness, which is considerably higher in the case of dry fibre.

Crossley et al. [12] introduced a prototype peel testing system to test for compliance and
determine the tack behaviour of prepreg material. This experimental setup as seen in figure
2.15 allowed the simultaneous measurement of the peel force at the moment of deposition,
providing insight into the influence of layup parameters like compaction force.
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Figure 2.15: single stage peel test adapted from Crossley [12] [13]

The experiment investigated the normal and shear forces experienced by the prepreg under-
going detachment from the sample plate. The results found from this peel test were found to
be very consistent showing a 16% standard deviation. He conducted tack testing using the
probe tack method as well. However, the results revealed major inconsistencies.

Wedge peel test

Wedge peel testing is used to test the interlaminar strength of fibre-reinforced composites. In
this test, a wedge is inserted between the layers of a laminate to induce delamination by driving
the wedge along the length of the sample, typically under Mode I (opening) loading conditions.
The test is straightforward and can be performed relatively quickly, providing insights into the
bond strength between layers. The force required to propagate the delamination is recorded,
and the wedge peel strength is calculated based on the force normalized over the width of the
specimen [75].

Figure 2.16: Wedge Peel test setup [14]

Although the wedge test offers quick results and is often used for initial assessments, it is not
standardized and suffers from several limitations. For example, the wedge peel test is highly
sensitive to frictional effects between the wedge and the material, which can lead to variability
in results. Additionally, the test induces multiple failure mechanisms such as fibre breakage
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and inter-fibre breakage, making it challenging to isolate the effects of the interfacial forces
alone. [75].

Comparatively, the 90-degree peel test is standardized under the ASTM standard ASTM
D8336-21 [73] and is particularly advantageous to AFP laid tow force measurement as it can
provide a more consistent and repeatable measurement of the peel force required to separate
the plies. The design of the test ensures that it is less influenced by extraneous factors like
friction or complex stress states, making it more reliable to characterize the tack behaviour.

Some other tests for tack measurement

In addition to probe, peel and wedge tack tests, there are other measurement techniques that
have been developed to assess the tack of prepreg materials. Nguyen and Krombholtz [76]
manufactured single lap shear specimens using AFP and evaluated them on a custom-built
test bench. Subsequently, Nguyen and Delisle [77] designed a tack measuring system that
measures the shear force required to pull the AFP-manufactured specimen from the substrate
providing insights into the adhesion between laid-up prepreg tow and substrate.

Böckl et al. [78] proposed a tack test based on friction, where the material is passed through
a pair of rollers under load, and the resulting transverse frictional force was used to indicate
tack. As this is a continuous measurement technique, it holds potential for integration into
the material feed of an AFP unit, allowing the real-time monitoring and measurement of tack
during AFP manufacturing.

2.5 Parameters and Tack Dependence

The effect of process parameters on the tack behaviour of prepregs has been extensively stud-
ied as shown in the following subsections. According to [60]and [59] the three most important
parameters to investigate the tack behaviour for prepreg materials are processing tempera-
ture, compaction force and Lay up speed. The tack behaviour of dry fibre materials can also
modelled by understanding the interactions and influence of these parameters. Following the
peel test prototype developed by Crossley et al. [12], Endruweit et al. [79] highlighted the
need to investigate a range of test parameters to explore the complex tack properties.

2.5.1 Nip Point Temperature

Through the control of nip point temperature, the AFP processes can be tailored for different
prepreg materials. According to Bakshi et al [15], with increased values of temperature, the
tack values reach a maximum peak and then decrease, as seen in Figure 2.17. Heating up
any resin system results in the bonding of the material with the substrate, this bonding is
the result of heating the binder in incoming tows up to it’s glass transition Tg temperature.
Thermoplastics have a higher Tg , around 200 °C, even reaching up to 600 °C, resulting in
higher processing temperatures [80] For resin systems such as the ones present in prepregs,
the temperatures affect the viscosity of the resin. With higher temperatures, there is lower
viscosity of the resin giving it the ability to efficiently wet the surface of the fibres, leading to
better intimate contact between the bonding surfaces [15].
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Figure 2.17: schematic representation of the evolution of tack energy of separation with varying
temperature [15]

The findings of Saar [4] while investigating the tack behaviour of the Solvay TX1100 dry fibre
material found that the tows consolidated at higher nip point temperatures showed larger peel
force values implicating higher tack strength, which could be because the increased wetting
ability of the binder at higher temperatures, resulting in a higher intimate contact between
the ply interface resulting in strong cohesive bonding after consolidation of the material.

Bakshi et al. [15], view the dependence of nip point temperature on tack as a tradeoff be-
tween having sufficient adhesive interactions at the interface of the material and substrate
and the cohesive strength. He also states that maximum tack performance is obtained at the
transition region from cohesive to adhesive failure. Lower temperatures result in adhesive
failures, while cohesive failures occur at higher temperatures, due to the failure of the resin
itself. Crossley et al. [72] observed the same type of failure in their samples, and Budelmann
et al. [17] observed the same behaviour in their study. It can be observed that nip point tem-
perature is a significant parameter in the layup process, and it is also highly dependent on the
material used. The trends of thermoplastic and thermoset prepregs at varying temperatures
can be seen in Figure 2.18. However, the processing temperatures for dry fibre materials vary
with the manufacturer’s specification.The trends of dry fibre materials for different ranges of
temperatures have yet to be studied.

Figure 2.18: Trends in the effects of temperature on thermoset and thermoplastic prepreg
materials [16]

As can be seen in figure 2.18, processing temperatures higher than the specifications mentioned
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by the manufacturer results in degradation of the resin matrix in the case of prepreg. This
can be translated to binder in the case of dry fibre material.

2.5.2 Layup Speed
Obtaining a deposition rate that ensures the quality and consistency of the final parts of the
final laminate is a challenge. The deposition rate determines the window of exposure of the
fibres to the heat source, thereby dictating the amount of heat absorbed by the tows during
the layup process, affecting the nip point temperature.

In the experiments conducted by Francesco et al. [47], the nip point temperature as a function
of deposition rate was investigated for PEEK thermoplastic composite and dry fibre material.
The deposition rates of the dry fibre were 6,12,24 and 48 m/min and the thermoplastic
material had an incremental speed of 2.88 m/min. The temperature at the nip point of
the layup as a function of heater power at different deposition rates were recorded. The
experiments showed that increasing the deposition rate, resulted in the need for a higher
heater power to obtain the same temperature for both materials.

Budelmann et al. [17] investigated the influence of varying debonding speeds represented
by changing the rate of displacement during measurement of results.The higher the rate of
debonding, the weaker the tack force.It is stated that the rate of debonding will be very low
magnitude than for a case in which the prepreg is debonded right after layup.

It can be seen in figure 2.19 that the maximum tack stress σmax is seen to increase steadily
as a function of the rate of displacement Vd.

Figure 2.19: Prepreg tack σmax and Wadh measured for varying rates of displacement and
temperature [17]

At lower debonding rates, σmax experiences a notable increase. This behaviour is best de-
scribed logarithmically across the different temperatures investigated. With an increasing
debonding rate, the rate of increase in σmax slows down. Previous work done by Dubois et
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al. [70] also observed a steady increase in σmax with the displacement rate. However, he did
not account for different temperatures in his study.

The effect of temperature was accounted for in the work of Budelmann et al [17], that showed
increasing temperature, decreases tack performance after a certain threshold. Wadh which is
“work of adhesion,” which is a measure of the energy required to separate the two plies as seen
in Figure 2.19, for the temperatures of 40 °C and 60 °C showed maxima. Increasing tempera-
ture led to a decrease in the extent of Wadh maxima and a shift towards higher temperatures,
suggesting that maximum Wadh at 80 °C may exist beyond the range of investigated rates of
displacement. At lower displacement rates, there is enough time for the stress relaxation of
the matrix, resulting in lower stress over the displacement and consequently lower values of
Wadh.

Conversely, high stress within limited displacement, at high displacement rates leads to lower
Wadh values. However, the experiments were done using probe testing, and probe testing
samples are smaller in size, also the method in which the force and heating are applied on
the sample is much different than the typical AFP process, therefore these results have to be
verified using AFP samples and peel testing.

Endruweit et al. [79] found out that higher adhesive strength in the unidirectional prepreg tape
is seen with reducing layup speed, since the formation of stronger bonds occurs by increasing
the dwell time (time of compaction). Cohesive strength increases with increasing layup speed
(determined by peel rate). The same findings obtained by Saar [4] in his investigation of tack
behaviour in Solvay TX1100 dry fibre material.

2.5.3 Compaction Force
Compaction force is an important parameter in the AFP process. The tows laid up are
compacted using compaction rollers, as the tapes are deposited onto the surface of the tool.
Sufficient force has to be applied to compact the material and ensure that the layers are prop-
erly adhered together after the layup process. Compaction force helps increase the contact
area between the layers of plies, which enables a larger number of bonds to form(increase
intimate contact), leading to higher tack. According to Endruweit et al. [79], at a high com-
paction pressure, the true contact area remains the same as complete contact of the substrate
is made, and increasing the pressure does not change the area of intimate contact any further.
The tack force converges to a value of Ft∞, which is dependent on the resin system/binder
used. Budelmann et al. [17] found out that increasing compaction force with increasing tem-
perature up to the maximum processing temperature of the binder increased the overall tack
behaviour as seen in Figure 2.19.

Bakshi et al. [56], found out that the type of compaction roller used affects the final quality
of the product. They used 5 different types of compaction rollers. They were made of
different hardness and structures. It was found that solid compaction rollers were better than
perforated rollers as perforated rollers were found to cause force fluctuations of up to 50%.

2.5.4 Interaction of Parameters
From the above subsections, the single parameter influence on the tack properties were dis-
cussed, however, to be able to completely understand the tack behaviour of the material, the
interactions between these parameters have to be studied, these parameters are dependent on
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Figure 2.20: Tack σmax as a function of compaction force and prepreg temperature
[17]

each other and each parameter will contribute to the tack behaviour that will affect the final
layup quality, ultimately affecting the final part produced. Wohl et al. [81] used Design of
Experiments to investigate the influence of the different parameters and used probe tests to
test the tack levels. It was found that a decrease in compaction force and temperature, along
with the increase in relative humidity resulted in an increase in tackiness. This contradicts
the previous findings that predicted that a higher compaction force and a higher temperature
results in higher tack properties.

Rao et al. [18] used the OOA(Out of Autoclave) thermoset towpreg CYCOM® 5320-1 material
to conduct peel tests to test for the tack behaviour of the AFP deposited material. The design
of experiments accounted for the three parameters of Compaction load L, lay-up speed S, and
Processing temperature T. The main factor effects were plotted on each side of the global
average to investigate the contribution of each parameter to the tack properties of the material
as seen in Figure 2.21

Figure 2.21: Interaction factors influencing peel force L-Compaction load, S-Lay-up Speed,
T-Processing Temperature, LS-interaction between Compaction load and Lay-up speed, LT- In-
teraction between compaction load and Processing temperature, ST-Interaction between Layup
speed and Processing Temperature, LST-Interaction between Compaction load, Layup speed and
Processing temperature [18]

In figure 2.21, it can be seen that the parameter that affects the peel force the most is
the processing temperature. Aized and Shimzadeh [60]tried to identify the parameters that
influenced the final quality of the layup by using response surfaces and it showed that nip
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point temperature was the most important factor as well. This is followed by the interaction
between compaction load and temperature. Interaction plots were made to determine whether
the processing parameters influenced each other or not. If plotted lines are parallel to each
other, it shows that there is no interaction between the two parameters being accounted for,
meaning that the change in response from one level to another is not influenced by the other
factor. The higher the deviation from being parallel, the higher the interaction between the
two parameters. These are the interaction plots found by S.Rao et al. [18]

Figure 2.22: LS in-
teraction effect plot
L2 = 1 kN, L1 = 0.5
kN, S1 = 20 mm/min,
S2 = 120 mm/min

Figure 2.23: LT in-
teraction effect plot
L2 = 1 kN, L1 = 0.5
kN, T1 = 25◦C, T2 =
65◦C

Figure 2.24: ST in-
teraction effect plot
S1 = 20 mm/min,
S2 = 120 mm/min,
T1 = 25◦C, T2 =
65◦C

Figure 2.25: Interaction plots of LT, LS, and ST interactions. [18]

LS interaction effect: Figure 2.22 shows the LS interaction plot, the plot shows a negative
interaction between the compaction force and the Layup speed. At the higher layup speed,
the increase in compaction forces from 0.5 kN to 1 kN has little to no effect on the peel
force, however at a lower layup speed, higher compaction load yields higher peel force values.
This interaction produced a negative effect of 8 N/m on the peel force when the levels were
changed from L1S1 to L2S2

LT interaction effect: Figure 2.23 shows the intersection of the two interaction plots,
showing significant interaction between the compaction load and temperature.A higher nip
point temperature results in larger peel force values, regardless of the compaction force (0.5
kN or 1 kN). However, If a lower temperature layup is required, a lower compaction load (L1)
favours a higher peel force. The temperatures when rising from T1 to T2, an increment of
0.5 k N causes a significant increase in peel forces. This can be because the viscosity of the
resin is lower at high temperatures, and the wetting of the fibres is achieved better at higher
compaction forces. There is a 30 N/m increase in the peel force when the compaction load
and nip point temperature are taken from L1S1 to L2S2.

ST interaction effect: Figure 2.24 shows the ST interaction effect. It can be seen that
there is a positive effect with peel force with increasing the temperature from T1 to T2. This
indicates that,for a high layup speed , the nip point temperature has to be increased. The
interaction between S and T is not as strong as the interaction between L and T and this
interaction causes a 13N/m increase in the peel force when taken from a lower level to a
higher level. From this data, a half normal plot representing the importance of each factor
was plotted as shown in Figure 2.26
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Figure 2.26: Half-normal plot showing the importance of all the factors. [18]

It can be seen in Figure 2.26 that the most influencing factor for high peel force is temperature.
This is followed by the ST and the LS interaction factors. The three-way interactions and the
load and speed that is clustering around the 11 normally do not have a significant contribution
to the peel force. However, for the prediction of peel force, the layup speed S has to be taken
into account because it is present in the contributing interaction effects of ST and LS. however,
this study was done for prepreg material.

Saar [4] investigated the effect of interactions on the Solvay TX1100 dry fibre material in the
prediction of the tack model of dry fibre material.

Figure 2.27: Effects and interaction effects on tack behaviour T-nip point temperature, F-
Compaction Force, v-Layup Speed [4]

Figure 2.27 depicts the interaction between the Exposure time, nip point temperature, and
compaction force influencing tack behaviour. The exposure time is taken with direct reference
to the dry fibre placement process from the reciprocal value of the feed speed of the tape
deposition head. It is found that the strongest effect on tack is obtained by changing the
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layup speed of the head. An increase from 0.04 m/s to 0.2 m/s decreases tack by an average
of 0.61 N /6.15 mm material width. Therefore, increasing the exposure time (decreasing
the deposition speed) from 5 s/m to 25 s/m during deposition is shown to increase tack
by 0.61 N/6.15 mm material width. The second-strongest effect is shown to be increase of
temperature in the contact zone from 160 °C to 200 °C. This is shown to increase tack by
0.45 N/6.15 mm material width. The least effect is shown by the compaction force, when
compaction force was changed from 300 N to 500 N, tack increased by 0.26 N/6.15 mm
material width. The strongest interaction between two parameters is between exposure time
(layup speed) and nip point temperature, similar to the findings by Rao et al. [18]. The tack
was increased by 0.33 N/6.15 mm. The other interaction effects of Layup speed-compaction
force, Compaction force-Layup speed, and nip point temperature-Compaction force-Layup
speed are weaker interactions



Chapter 3

Research Definition

3.1 Research gap

The literature review reveals a substantial body of research addressing the material be-
haviour of prepreg and dry fibre material. While the behaviour of prepreg materials is well-
documented, understanding the tack behaviour of dry fibre materials remains underexplored
due to their relatively recent introduction into high-volume manufacturing and comprehensive
characterization studies are needed as it directly influence defect concentration and, conse-
quently, final part quality.

Tack is a critical property that directly affects the quality and integrity of the final compos-
ite part [81]. Insufficient tack can lead to defects such as delamination, fibre bridging, or
wrinkles, especially when complex geometries are involved [79]. The unique challenge posed
by dry fibre materials is that their binder is applied in discrete regions, varying in the type
of dry fibre material leading to localised binder-to-binder bonds in some areas and binder-
to-fibre bonding in other areas resulting in more complex tack behaviour compared to fully
impregnated prepreg materials, that have the resin matrix homogeneous throughout the fibre.

The numerical model developed by Saar [4] was pivotal in understanding the tack behaviour
of Solvay TX1100 dry fibre material, representing an attempt to quantify dry fibre tack
behaviour. However, validation is required to ascertain its applicability to other dry fibre
materials possessing different material architectures and whether similar material behaviour
can be observed. To address this, it is important to understand the tack formation of the
selected Hexcel HiTape® dry fibre material, which would allow characterising its material
behaviour and provide the base for understanding the tack behaviour of dry fibre materials
as a whole.
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3.2 Research Objectives

• To systematically investigate the influence of nip point temperature, compaction force,
and layup speed on the tack behaviour of Hexcel HiTape® dry fibre material

• To compare the tack behaviour of Hexcel HiTape® with Solvay TX1100, a dry fibre
material previously studied by Saar (2021), to assess whether similar material behaviour
can be generalised across different dry fibre architectures.

• To evaluate whether the current tack model for Solvay TX1100, can be adapted for
Hexcel HiTape® or if new models must be developed to account for unique binder
distribution and fibre architecture.

3.3 Research questions and Hypotheses

Building on the identified research gap and objectives, this section outlines the primary re-
search question, sub-questions and hypotheses, focusing on understanding the tack behaviour
of the Hexcel HiTape® dry fibre material during layup.

Research question 1: What is the influence of nip point temperature, compaction force,
and layup speed on the tack behaviour of Hexcel HiTape® dry fibre material in the Automated
Dry fibre Placement process?

Sub question 1.1:How does the variation in nip point temperature affect the tack behaviour
of Hexcel HiTape® dry fibre Material?

Hypothesis: Increasing nip point temperature will increase the tack behaviour of Hexcel
HiTape® dry fibre material. This is due to the reduction of the binder viscosity at higher
temperatures. This behaviour enables better flow of the binder and improves wetting of the
fibre surface. As the temperature rises, the polymer chains within the thermoplastic binder
gain mobility, lowering the viscosity and allowing the binder to spread across the surface,
strengthening the bonding between the plies. As seen in section 2.3, according to De Gennes’
reptation theory, polymer chains interdiffuse across the interface while sufficiently mobile, as
glass transition temperature is exceeded. The increased mobility facilitates stronger adhesion
between the plies due to better intimate contact and fusion bonding. The reduced viscosity
at higher temperatures plays a role in improving the bond surface area as well.

However, exceeding a critical temperature or the operating temperature range threshold can
cause binder degradation. Exceeding the temperature causes the polymer chains to break
down, weakening the tack strength [17]. Wohl et. al [81] also highlighted the risk of ther-
mal damage of the matrix system at excessive temperatures, causing adhesive properties to
weaken.

For Hexcel HiTape ®, which features a perforated structure and localised binder distribution,
controlling the viscosity of the binder through optimization of temperature is crucial. As the
manufacturer of the material has not specified the activation temperature of the binder,it
is important to find the operating range for future investigations as well. The operating
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temperature must be high enough to melt the binder without degradation. Therefore nip
point temperature is expected to be the most dominant factor influencing tack behaviour.

Sub question 2 : How does the layup speed influence the tack behaviour of the Hexcel
HiTape® dry fibre material?

Hypothesis: It is hypothesized that decreasing the layup speed will improve tack behaviour,
as slower speeds allow more time for the binder to melt and spread across the fibre surface,
thereby increasing the strength of adhesive bonds between layers.

In Hexcel HiTape ® dry fibre material, the continuous thermoplastic veil ensures that the
binder is distributed over the fibres.Lower speeds would allow the binder to melt uniformly,
increasing the surface area for adhesion.

Conversely, at higher layup speeds, the reduced dwell time or the heat exposure time results in
insufficient heating of the thermoplastic veil, limiting its ability to soften and spread efficiently.
This would lead to incomplete bonding between the interface of the plies, reducing tack
strength. Endruweit et. al [79] support this and state that higher speeds limit thermal
exposure, leading to weaker adhesion between the layers. For Hexcel HiTape ®, maintaining
adequate heat exposure is crucial for good tack performance. Saar [4] has also found out
that slower speeds improved tack strength for the Solvay TX1100 dry fibre material. The
perforations in the Hexcel HiTape ® material would also contribute to the tack strength, where
the binder veil needs to be able to melt and fill the perforations, enhancing the mechanical
interlocking between the plies, thereby increasing the tack force.

Sub question 3:How does the compaction pressure influence the tack behaviour of the Hexcel
HiTape® dry fibre material?

Hypothesis: It is hypothesized that increasing compaction force will improve tack behaviour
by increasing the contact area between the fibre layers, but only up to an optimal point. As
compaction force increases, it forces the binder to flow and creates more intimate contact
between the fibres. However, beyond this optimal pressure, further increases may cause
binder thinning, excessive binder flow, or fibre distortion, which could weaken the adhesive
bond [15]. Endruweit et. al [79] demonstrated that higher compaction pressures lead to an
increased contact area between the fibre layers, facilitating more extensive bonding between
the binder and the fibre. For Hexcel HiTape ®, possessing a thermoplastic binder veil, and a
perforated fibre architecture, compaction pressure plays a dual role.

Firstly, it ensures that there is sufficient fibre to binder contact. Secondly, it helps fill the
perforations, enhancing, the mechanical locking between the plies.

Sub question 4: Does the interaction between the parameters show significance in under-
standing the tack behaviour of Hexcel HiTape ® dry fibre material?

Hypothesis: It is hypothesized that the interaction between nip point temperature, com-
paction force, and layup speed significantly affects the tack behaviour of Hexcel HiTape® dry
fibre material, with tack performance being highly dependent on achieving a balance between
these parameters. Due to the thermoplastic veil and perforated structure of Hexcel HiTape®,
the parameters interact in unique ways that influence both adhesive bonding and mechanical
interlocking.
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nip point temperature plays a critical role in reducing the viscosity of the thermoplastic binder.
At higher temperatures, the binder flows more easily, improving wetting of the fibres and
increasing intimate contact between the fibre layers. This is especially important for Hexcel
HiTape®, where the binder must flow into the perforations to form mechanical interlocking.
However, Endruweit et al. [79] noted that when high temperatures are combined with excessive
compaction force, the binder may thin out excessively or even squeeze out of the material,
leading to reduced bonding strength due to binder depletion or fibre distortion. This effect is
to be kept in mind for Hexcel HiTape® due to the risk of binder flow through the perforations,
reducing the adhesive surface area. At lower temperatures, the binder remains more viscous,
requiring higher compaction pressures to ensure sufficient tack. Once the fibre layers achieve
full intimate contact, further pressure increases do not improve tack strength and may lead
to material deformation or excessive binder flow.

Layup speed also closely interacts with temperature and compaction force. Higher layup
speeds reduce the time the material spends under the heating element, potentially leading
to incomplete melting of the binder, as noted by Francesco et al. [47]. In the case of Hexcel
HiTape®, this can result in poor binder flow into the perforations, reducing both adhesive
bonding and mechanical interlocking between layers. To compensate for higher speeds, higher
temperatures are necessary to ensure proper binder flow, but this requires balancing com-
paction pressure to avoid over-thinning the binder. Conversely, at slower speeds, the material
has more time to melt and flow, allowing better penetration of the binder into the perfora-
tions. However, if the speed is too fast, even increased compaction force may not compensate
for the lack of heat transfer, leading to inconsistent bonding and weaker tack.

Reasearch Question 2: Will the perforations in the Hexcel HiTape® dry fibre material
show differences to the results of the Solvay TX1100 dry fibre material possessing a completely
different binder type and material architecture?

Hypothesis: The tack behaviour between the Hexcel HiTape® and Solvay TX1100 dry fibre
material will be different as difference owing to their distinct binder distribution and material
architecture as can be seen in table 2.2.

The Solvay TX1100 has binder particles distributed across the dry fibre. In contrast, the
Hexcel HiTape® features a thermoplastic binder veil and also perforations throughout the
material. This could mean that the TX1100 material which could lead to tack behaviour due
to less binder-to-binder and more binder-to-fibre interactions. Conversely, due to the presence
of a thermoplastic veil, there would exist more binder-to-binder interaction than binder-
to-fibre interactions, resulting in higher tack. Endruweit et al. emphasized that material
architecture (specifically matrix distribution) plays a critical role in determining the interfacial
adhesion properties of prepreg materials [79], which could be translated to dry fibre materials
and the presence of perforations and the thermoplastic binder veil in Hexcel HiTape® is likely
to enhance bonding. The fusion bonding process in both materials will not be different.

Research Question 3: Will the dry fibre tack model for the Solvay TX1100 material fit the
tack behaviour of the Hexcel HiTape ® material?

Hypothesis: The tack model developed for Solvay TX1100 will also fit the tack behaviour
of Hexcel HiTape® due to their similarities as dry fibre materials with thermoplastic binder
systems. Although Solvay TX1100 uses a modified epoxy binder present as binder spots across
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the material. The modified epoxy binder system performs like a thermoplastic material and
Hexcel HiTape® employs a thermoplastic veil, both materials rely on binder flow under heat
and pressure to achieve tack. The Solvay TX1100 model accounts for temperature, layup
speed and compaction force, key factors influencing binder softening, wetting, and adhesion,
which are equally important for Hexcel HiTape®. The fusion bonding mechanism should
be the same for the Solvay TX1100 and Hexcel HiTape material. The main difference is
Hexcel HiTape®’s perforated structure, which may enhance mechanical interlocking, but this
is not expected to significantly deviate from the overall tack behaviour captured by the Solvay
TX1100 model. Therefore, the same tack model should apply to Hexcel HiTape®, with any
minor differences in performance resulting from binder distribution and perforation effects.



Chapter 4

Methodology

This chapter presents the methodology followed to carry out the investigation into the influ-
ence of process parameters on tack behaviour during the ADFP process. Section 4.1 outlines
the design of the experiments chosen. Section 4.2 describes the experimental setup, detailing
the ADFP system, dry fibre materials, and the parameter settings. Section 4.3 discusses
the preliminary tests conducted for calibration and setup validation. The manufacturing of
specimens is covered in Section 4.4 while Section 4.5 explains the peel testing procedure.
Finally, Section 4.6 focuses on data acquisition from the peel test and section 4.7 explains the
evaluation of the data obtained.

4.1 Design of Experiments

The design of Experiments is a critical part of any scientific investigation as it provides
a structured and systematic approach to obtain as much information as possible from the
experiments while minimizing the number of experimental combinations. The DOE for this
project sought to capture both linear and non-linear relationships between the key influencing
parameters :

• nip point temperature of the bonding zone T

• Speed of the compaction roller v

• Compaction Force of the compaction roller F

as mentioned in section.2.5.The process parameters of the ADFP robot are adjustable. The
experimental design is based on a design cube. In this setup, multiple factors are adjusted
simultaneously relative to the centre point of the experimental design in the second stage
enabling the reuse of experimental outcomes. DOE is conducted in two phases as follows:

• 2k Full factorial design -To understand the main interactions of each factor on tack and
to understand the pairwise interactions between the factors.
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• Face Centred central composite Design- To identify potential nonlinear relationships
between the variables as well as assess linearity

4.1.1 2k factorial Design

The 2k factorial experimental design captures the main effects and interactions between the
process parameters. corresponding to a coordinate system with three factors, they are tested
at two levels: A high (+1)level and a low (-1)level. In figure 4.1, each green dot represents a
factor-level combination

Figure 4.1: Visual representation of the factor level combinations of the 2k experimental design

The objective is to identify how temperature, speed, and force parameters individually and
collectively influence tack behaviour. The number of experiments(N) in a 2k factorial design
is :

N = 2k (4.1)

[82] where N is the total number of combinations of parameters of the experiments, k is the
number of factors (process parameters in our case) for this experiment k=3 ,yielding:

N = 23 = 8 (4.2)

There are 8 possible factor level combinations, where the result of each factor level is a value
for the tack force. The factor combinations are shown in table 4.1
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Table 4.1: Factor level combinations of the 2kfactorial,experimental design

No. Processing
Tempera-
ture(T)

Compaction
Force F

Speed v Tack Mea-
surement

1 − − − y1
2 + − − y2
3 − + − y3
4 + + − y4
5 − − + y5
6 + − + y6
7 − + + y7
8 + + + y8

The effect of a factor explains the effect of a factor level increase in the tack, the difference
between the two mean values of tack level for the mean values at the high level(+1) and the
mean values at the low level(-1) gives the effect. Using temperature as an example, the mean
values of the high and low-level combinations are calculated as follows :

ȲT + = Y2 + Y4 + Y6 + Y8
4 (4.3)

ȲT − = Y1 + Y3 + Y5 + Y7
4 (4.4)

[83]

Effect of temperature on Tack is calculated from equations 4.3 and 4.4

Effect T = ȲT + − ȲT − = Y2 + Y4 + Y6 + Y8
4 − Y1 + Y3 + Y5 + Y7

4 (4.5)

[83] Analogous to this method, the effects for F and V can be found. An interaction effect
exists between two factors when the effect of one factor depends on the setting of the other
factor. Here, the effect of one factor can be strengthened or weakened, if this factor is increased
in the level at the same time as the other factor.

Effect TF + = ȲT +F + − ȲT −F +
2 = Y4 + Y8 − Y3 − Y7

2 (4.6)

[4]

Effect TF − = ȲT +F − − ȲT −F −
2 = Y2 + Y6 − Y1 − Y5

2 (4.7)

Effect(TF ) =
Effect (TF+) − Effect (TF−)

2 = Y1 + Y4 + Y5 + Y8 − Y2 − Y3 − Y6 − Y7
4

(4.8)
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Similarly, the effects VF and TV can be found. Due to the orthogonality of the experimental
design according to [83]. An interaction between all 3 effects are found out using the following
equation.

TFV = Y2 + Y3 + Y5 + Y8 − Y1 − Y4 − Y6 − Y7
4 (4.9)

Other possible effects influencing tack, which are not investigated have to be kept at a constant
so that the effects of the three factors are reliable. The experiments of each factor level are
carried out 3 times to obtain statistically significant results. By comparing the 3 repetitions,
the variations can be identified. In addition, the experiments are conducted in a randomized
order of parameter combinations to avoid unrecognized changes in the experimental conditions
that would cause a trend that can falsify the resultant effects. However, the tests of replicates
of each combination would be carried out one after the other.
To capture any non-linear behaviour, the two-level factorial experimental design is extended
to a three-level factorial design.

4.1.2 Face Centred central composite design
The face-centred composite design expands on the full factorial design, where additional
centre points (midpoints of the factor levels) result in 3-factor levels added to account for any
non-linearity. This is shown in figure 4.2

Figure 4.2: Visual representation of the factor level combinations of the face centred central
composite experimental design

The total number of experimental runs in the Face centred composite design is:

N = 2k + 2k + 1 = 23 + 2 ∗ 3 + 1 = 15 (4.10)

[82] The total configuration includes:

• 8 factorial points from the inital two-level design of experiment



40 Methodology

• 6 axial points,which is the midpoint of the factor levels

• 1 centre point,the mid level of all the factors(T0F0V0)

Each combination will be replicated three times, resulting in a total of 45 experimental runs.
This approach allows for better statistical significance of the results. The combination of
these 15-factor levels can be seen in Appendix A table A.1.

The additional factor level combinations are the midpoints of the high and the low settings.
The midpoint(T0 F0 V0) is the midpoint of all the factors. The experimental effort only
increases moderately with the addition of these extra points as only one factor is changed
at a time enabling the assessment of the nonlinear behaviour of the parameters. The face-
entered central composite design is chosen as the values selected stay within the cube, unlike
the central composite design of experiments that possess values outside the cube. Depending
on boundary conditions, it may be necessary for factor-level combinations to deviate from
the initial experimental design. It is often challenging to set these factors precisely in real-
world conditions due to technical or environmental constraints. However, such deviations are
accepted in the context of a three-level experimental design. This flexibility is permissible
because the experiment’s goal is to observe and describe any nonlinear correlations between
variables, which do not require exact, fixed changes in influencing factors to obtain meaningful
results. The nonlinear behaviour can still be captured effectively, even with minor variations
in the experimental setup [4].

4.2 Experimental Setup

The experimental investigation is limited to the dry fibre material Hexcel HiTape® with a
thermoplastic binder from one manufacturer. An industrial-scale Coriolis C1 ADFP layup
unit is used as the deposition unit, enabling industrial characterization, and a custom-made
state-of-the-art post-layup peel test rig both provided by the DLR was used to perform the
peel tests.

4.2.1 Dry fibre Analysis
In order to understand the visual differences and have a closer look at the dry fibre material,
the Hexcel HiTape® and the Solvay TX1100 were studied under the Keyence VHX-5000
digital microscope to understand the binder distribution and difference in fibre architecture
of both the dry fibre materials.

Hexcel HiTape ®

• The Hexcel HiTape® is a proprietary dry fibre material from Hexcel. It is manufactured
using the tow-based method.

• Binder distribution: Both sides of the dry fibre possess the thermoplastic binder veil.

• Binder composition:It has a thermoplastic binder system. The exact composition of
the binder system is not known.
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• Material architecture: There are characteristic perforations to aid in the through-
thickness permeability during the resin infusion stage following the manufacturing of
the preform.

The material can be seen in figure 4.3.

Figure 4.3: Hexcel HiTape® binder and perforations under microscope

Solvay TX1100: This is a commercially available dry fibre material from Solvay.It has a
tow width of 6.35mm 2.5. It is manufactured using the slit-based method as mentioned in
section 2.1.2. This material is seen in figure 4.4.

• Binder distribution: One side of dry fibre contains binder particles only and the other
side contains a carbon fibre mesh, this is to add in the resin flow during the post-preform
resin infusion process.

• binder composition: It has a modified epoxy binder system, engineered to behave
like a thermoplastic binder system with an operating temperature range of 160 ◦C to
200 ◦C [4]

• Material architecture: Does not have perforations like Hexcel HiTape®.
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Figure 4.4: Solvay TX1100 top and bottom side microscopy

Key Observations

The binder is present in the form of binder particles at the surface of the Solvay TX1100
fibre, whereas in the HiTape® material, the binder is more spread out along the entirety of
the fibre on both sides as a veil. It can be seen that there is an accumulation of binder around
the perforations in the Hexcel HiTape® material. The distribution of the binder in both the
materials is different with the Hexcel HiTape® having more of the binder across the surface
of the material. Additionally, the perforations can be a source of mechanical interlocking
between the plies along with the binder accumulation around the perforations. The question
is, will this significantly affect the fibre tack behaviour while in use during the ADFP process?

4.2.2 ADFP setup

The manufacturing of the specimens for the experiment is done using the Coriolis C1 fibre
deposition robot from Coriolis composite, this machine complies with all the aerospace stan-
dards. Up to 16 tapes of 6.35 mm can be simultaneously deposited using this layup unit. The
tapes are deposited with no gaps. The maximum feed rate of the layup head is 1 m/s and
the maximum compaction pressure exerted by the compaction roller is 1KN. [84]. During
the fibre deposition, the fibres are fed through an environmentally controlled creel system
through individual channels to the layup head. [47] as shown in figure 4.5.At the start of fibre
deposition using the AFP unit, the dry fibre material is conveyed through the deposition head
onto the sample plate. As the AFP head accelerates towards the table, the approach height
of the head is carefully adjusted to prevent the compaction roller from colliding with the table
surface. Once the head reaches the designated starting position, the material is deposited at
a constant speed. At the end of the deposition, the material is cut using blades located inside
the AFP head, and the robot is slowed down.
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Figure 4.5: Creel system of the Coriolis C1 ADFP unit

The incoming dry fibre tape is heated using 3 independent IR heating lamps of power 1430
W each. The setup is shown in figure 4.7. The compaction roller is covered with a Teflon
heat-protective layer to prevent the compaction roller from overheating and to prevent the
Hexcel material from sticking to the compaction roller during deposition due to the presence
of binder on both sides. It should be noted that the use of the Teflon protective layer on the
compaction roller was retrofitted for this experimental testing and is typically not used in the
real manufacturing process.

Figure 4.6: left-Coriolis ADFP unit, right-ADP Deposition head

The highest feed speed for a specific process temperature at the nip point is dependent on
the heating power output of the lamps. The factors that influence the resultant nip point
temperature are: the power output of the lamps, inclination of the lamps, air pressure of the
compaction roller cooling system, and lamp cooling system [4].
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Figure 4.7: Coriolis ADFP robot with sketch of the deposition head

Before manufacturing the sample, a custom CAM file was created specifically for this exper-
iment to ensure precise deposition. This CAM file was designed to instruct the layup unit
on the exact spatial points within the manufacturing plant’s global coordinate system where
material should be deposited.

The first step involved referencing the table on which the specimen would be manufactured.
This was achieved using the 4-point referencing method with a probe attached to the Au-
tomated Fiber Placement (AFP) head. By probing four reference points on the table, the
coordinates of the table in relation to the manufacturing plant’s coordinate system were de-
termined. This step established a clear alignment between the physical table and the digital
model.

Next, a CAD model of the table, including the specimen plates, was created and imported
into the Coriolis C1 unit’s CAM software (offline programming software). This CAM file
outlined the deposition areas, tool contours, and measurement points required for accurate
positioning on the table. When this file was uploaded into the system, the software calculated
the relative position of each deposition area and tool(specimen plates and table) measurement
points with respect to the global coordinate system.

Additionally, It had to be ensured that the sample plates were positioned accurately on the
table. This was done because, after each production cycle of one parameter group of specimen
plates, the plates had to be removed to manufacture the next set of 3 replicate plates for the
next group. A reference plate was attached to the left edge of the table to ensure that the
specimen plates were accurately positioned to the calibrated positions. This plate, fixed
securely to the table, provided a consistent point of reference for plate alignment. Magnetic
holders for sphere reflectors were also positioned on the four reference points to assist with
the calibration process as seen in figure 4.8.

Finally, the gathered measurement data was processed through Coriolis Composites software
to develop a precise deposition program for the robot.

Additionally, the referencing of the layup unit is crucial for ensuring the precise alignment
of the compaction roller with the specimen plates, ensuring that the roller’s midpoint aligns
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with the plate’s midpoint. Misalignment can lead to uneven tack across the substrate, with
some material deposited outside the intended area or near the edges, adversely affecting peel
test results due to edge effects. When a portion of the ply extends off the substrate, the tack
values differ, leading to inconsistent performance.

Additionally, proper referencing ensures that the approach of the Automated fibre Placement
(AFP) head aligns accurately with the specimen plate and substrate. Faulty alignment of
the compaction roller during deposition can cause variations in compaction force, as different
sections of the roller may be at varying heights relative to the substrate.

Figure 4.8: Probe measuring system

4.2.3 Parameter Settings

For most prepreg materials, the process parameters are documented, however, the references
for dry fibre materials like the Hexcel HiTape ® are scarce. Additionally, these parameters
vary on the specific AFP machine used. The process parameters selected for the tests are
provided in the table 4.2.

Temperature(°C) 64 95 125
Feed Speed (m/s) 0.04 0.12 0.2
Force (N) 300 400 500

Table 4.2: Parameters used for the experiment

The lack of a datasheet of the material necessitated a trial and error and discussion with the
engineers at the DLR who worked with similar materials to identify the effective machine
settings of the process parameters. The range of operating temperatures were estimated.
The operating temperature range of 160-200 ◦C of the Solvay TX1100 material was used
as an assumed baseline for the activating temperature of Hexcel HiTape ® material. These
temperatures proved to be too high for the Hexcel HiTape ® material as there was the presence
of smoke during temperature trials at around 200 ◦C which indicated the burning of the binder
of the Hexcel HiTape ®.

From the experience of the trials and the insights from the engineers who worked with similar
material as well, the initial target temperatures for the Automated fibre Placement (AFP)
process were set at 100 °C, 140 °C, and 180 °C. Through heating trials that will be seen in
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section 4.3, the activation temperature of the binder had to be determined. The nip point
temperatures for the deposition process were obtained by modifying the power outputs on the
3 lamps. However, in the table 4.2, the temperatures 65 ◦C,5 ◦C and 125 ◦C were selected.
The reasons for this will be seen in subsection 4.3.3. Deposition speeds of 0.04 m/s, 0.12
m/s, and 0.2 m/s were selected for the experiments. Since the nip point temperature depends
on the power output of the lamps, higher power outputs were necessary to achieve higher
temperatures at higher deposition speeds. At the maximum power setting for all three lamps,
a nip point temperature of 180°C was reached at a deposition speed of 0.2 m/s. The speeds
of 0.12 m/s and 0.04 m/s were used as progressively lower settings. The compaction forces of
300 N,400 N and 500 N were chosen based on discussions with engineers with experience in
similar materials.

4.3 Preliminary testing

From the design of experiments, the factor value stages were determined, and a selection of
high, medium, and low values for the nip point temperature, Layup speed, and compaction
force were selected in section 4.2.3.

4.3.1 Preliminary Heating trials
As mentioned in subsection 4.2.2, the power outputs of the IR lamps have to be individually
set to obtain the required nip point temperatures. This is influenced by the layup speed,
as higher layup speeds result in lower dwell times, meaning the lamps have to be set to a
higher power output, and, at lower speeds, the power output can be reduced accordingly.
Compaction force is not affected by the other 2 factors and is controlled independently by
input of required value to the AFP unit. The temperature between the interface of the 2 plies
of Hexcel HiTape® material is measured using 4 type K thermocouples of 0.25 mm diameter
attached at 4 points along the length of the first deposited ply as shown in figure 4.9.

Figure 4.9: thermocouple placement for temperature setting

The thermocouples are attached by extension to the channels of the Graphtec Midi Datalogger
GL840. The resolution is set at 200 ms or 5Hz. First, the temperature was measured by
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running the deposition head along the length of the plate with the compaction roller turning
on lamps and not laying up any material to observe the power curve. The data obtained
for the Solvay TX1100 material [4] was used as a baseline for the power settings of the AFP
robot for the Hexcel HiTape® Material. These tests are done to observe how consistent the
temperatures are along the ply during deposition.

4.3.2 Obtaining the power curves
Each of the three independently adjustable IR Lamp 1, Lamp 2, and Lamp 3 are used in
parameter setting to obtain a constant temperature at the nip point. The parameter setting
was done in 2 stages:

1. Without material deposition

2. With material deposition

First Stage: First, the experiments were carried out with lamp 2 only, to observe how the
temperature fluctuated under varying power outputs. As the thermocouples are at 4 different
locations along the length of the material, This step also provided a baseline temperature
curve. The graph obtained is shown in figure 4.10 The resulting temperature log exhibits

Figure 4.10: Temperature profiles obtained with lamp 2 activated

a parabolic and asymmetric shape. After a steep rise, the maximum temperature (peak) is
reached, followed by a more gradual decline. The temperature falls sharply as the compaction
roller passes over the thermocouple. The heat capacities and thermal conductivities of the
specimen setup like the aluminium plate, the peel ply, the compaction roller, and the dry fibre
material also influence this behaviour. It can be seen that the temperature increases towards
the end of the length of the material, this could suggest that lamp 2 is not heated enough
and requires a preheating step to ensure consistent power output. For the following trials,
Lamps 2 and 3 were set at 75% of maximum power output (1072.5 W) and a preheating of
10 runs across the sample plate was carried out without any material deposition. This step
was done to ensure that the heat radiation of the lamps did not vary across the runs. Lamp 1
was not activated in the preheating trials as the power output at 75% could risk the melting
of the compaction roller After establishing the baseline temperature profile, the next phase
of the experiment involved activating all three lamps to observe their combined influence on
the temperature profile during material deposition. As seen in figure 4.11, lamp 3 is first to
pass over the material, followed by lamps 2 and 1.
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Figure 4.11: left-Lamp and compaction roller setup. Right- Temperature profiles obtained with
all lamps activated for a speed of 0.04 m/s CH1, CH2, CH3 and CH4 are thermocouples 1, 2, 3
and 4 respectively

The functions of 3 lamps are as follows according to the trend shown in the figure 4.11.

Lamp 3: During the deposition process, Lamp 3 is the first to pass over the material.
This lamp is responsible for preheating the substrate, gradually increasing the material’s
temperature to prevent thermal shock when it encounters the more intense heating of Lamp
2. Preheating also helps to slightly activate the binder.

Lamp 2: Following Lamp 3, Lamp 2 creates a sharp peak in temperature. This lamp also
helps heat up the substrate further. It provides the primary heat at the nip point, which
is critical for the fusion bonding process. Lamp 2 is the most significant of the three, as it
ensures the material reaches the required processing temperature of the material to facilitate
bonding.

Lamp 1: Lamp 1 heats up the incoming tow .It is necessary to have the incoming tow and
the substrate obtain the same temperature at the nip point. This is of importance in the case
of thicker preforms where more heat is required to obtain the target temperature than the
thin incoming tape. Therefore the power settings have to be adjusted in a way that lamp 1
does not cause the incoming to tow to overheat. This lamp also helps to reduce the abrupt
temperature drop caused by the compaction roller by sustaining the temperature reached
by Lamp 2, thus increasing the dwell time. This stabilization allows the binder to activate
uniformly and supports polymer diffusion. The flattened region AB in figure 4.11 shows this
sustained temperature, where point A represents the rear limit of Lamp 2’s radiation and
point B is the nip point. However, the power of Lamp 1 must be carefully controlled to
avoid material degradation or damage to the compaction roller. If the power output is too
high, the binder risks burning, which could lead to smoke formation. The effect of Lamp 1 is
particularly pronounced at lower speeds, due to the extended dwell time.

Following the initial trials, the nip point temperatures were calibrated with material deposi-
tion. The nip point was assumed to be the peak of the parabolic graph obtained. It can be
seen that the 4 peaks across the deposition show variation. It should be noted that at 0.04
m/s, the data was logged every 8 mm, and at a higher speed of 0.2 m/s, every 40 mm. Given
the importance of the nip point in heat transfer, the resolution may have caused some temper-
ature measurements to miss this critical area, especially during high-speed placement. The
actual nip point could also occur before the thermocouple reading as well.The temperature
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values were calculated by averaging the peak readings from the four thermocouples attached
to the system. To ensure consistency and reliability, the calibration tests were replicated
three times. Initially, after each temperature calibration run, the setup required changing
the plates. This process caused the heating lamps to cool down between runs, affecting the
stability of the nip point temperatures.

A more efficient method was employed to mitigate this issue. Instead of changing the plates
after each run, three plates were laid up sequentially, each equipped with four thermocouples
that can be seen in figure 4.12. This approach not only saved time but also prevented the
lamps from cooling down, ensuring consistent heating throughout the tests. Importantly,
Lamp 1 was not used during the preheating rounds, as its proximity to the compaction roller
posed a risk of overheating and potentially melting the roller. It can be noted that, at high

Figure 4.12: use of 3 plates for temperature calibration

speeds like 0.2m/s, a clear distinction between points A and B like in figure 4.11 is no longer
possible as the temperature curve only has one extreme point shown in Figure 4.13 due to the
increased speed and the constant measurement frequency. It can be assumed that the peak is
the point in the order of magnitude of the maximum nip point temperature. The individual
heating power settings of all three lamps for the respective temperature and feed speed are
summarised in Appendix A table A.4.

Figure 4.13: Temperature vs time graph for speed 0.2 m/s for 100 ◦temperature setting
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4.3.3 Evaluation of thermocouple readings during temperature setting of the
lamps

The thermocouple temperature measurements of the nip point temperatures were measured
again after setting the power outputs for the parameter settings of the lamps as some tem-
perature data was missing during the parameter settings, which was found out after the
manufacturing of the specimens with the set power outputs for each parameter. The retest-
ing of the parameters showed lower nip point temperatures than the original values. By
the time this change was identified, the specimens had already been manufactured using the
power settings calibrated for 100 °C, 140 °C, and 180°C, the same settings that resulted in
the lower temperatures. Re-manufacturing the specimens with higher power settings for the
lamps to reach the initially planned temperatures would have required more time, which was
not feasible within the window available for the experiments at the facility. Therefore, the
recorded temperatures of 64 °C, 95°C, and 125°C were deemed reliable representations of the
actual conditions during AFP and were used in the study. The lamp power settings were
obtained from these measurements of the nip point temperatures as determined in subsec-
tion 4.3.1. The resulting nip point temperatures for all the combinations after retesting are
shown in figure 4.14 Figure 4.14 represents the mean, minimum and maximum temperatures

Figure 4.14: Nip point temperature values and obtained nip point temperature from thermo-
couple testing for power output settings of lamp

recorded for each of the 15 experimental sets across the three temperature blocks of 64◦C
(Block 1), 95◦C (Block 2) and 125 ◦C (Block 3).

Block 1 (groups 1-5) has an average nip point temperature of 64◦C, the mean temperatures
for these sets are tightly clustered around this temperature ranging from 59 ◦C to 66 ◦C, and
all sets in the block stay clearly below 70 ◦C.
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Block 2 (groups 6-10) has a mean nip point temperature of 95◦C and the temperatures of the
sets range from 89 ◦to 103 ◦C. The sets in block 2 are distinctly above the temperature range
of block 1. However, there is a slight elevation in temperature for group 9.

Block 3 (groups 11-15) has a mean temperature of 125◦C and the temperatures recorded
range from 116 ◦C to 94 ◦C. This block shows the most variation in temperature measured
from all the other block

The bar chart indicates that the temperature distributions for the blocks 1 and 3 are non-
overlapping. The maxima of set 9 overlaps with the minima of group 11 and group 12.
This does not affect the study of main interactions as the statistical analysis of the main
effects is done using groups 1 to 4 and groups 11 to 14 belonging to the 64 ◦C and 125 ◦C
block respectively. The maximum temperatures of block 1 (66 ◦C) do not cross over into the
minimum temperatures of block 2 (89 ◦C). This clear separation of temperatures across the
2 blocks demonstrates the intended temperature control of the experiments was successful
with the intended significant temperature differences in the blocks owed to the heating of the
lamps.

Observations during the parameter settings

During the temperature setting, for higher temperatures, fraying of the fibre was observed,
as seen in figure 4.15. This fraying was exacerbated by the presence of binder on both sides
of the Hexcel dry fibre material, making it more sensitive to heat during the AFP process.
To address this, a Teflon protective sheet was initially applied to the compaction roller to
prevent binder adhesion, but this was not sufficient to mitigate the issue. The fraying was
ultimately reduced by using pressurised air to locally cool the compaction roller at the point
of deposition of the fibres, preventing the fibres from sticking to the roller and fraying.

While recalibrating the parameters, it was observed that during the layup runs, if the com-
paction roller gets heated to more than approximately 80 ◦C, the fibre sticks to the roller
causing fraying of the substrate and the material laid up. The heating of the compaction
roller was measured using a handheld FLIR TG167 thermal camera.

Figure 4.15: (a) fibre fraying (b)Temperature measurement of compaction roller (c)fibres stick-
ing to the compaction roller
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The thermocouple data was logged using a 200 ms resolution, which introduced potential in-
accuracies in capturing the nip point temperature, particularly at higher speeds. At 0.04 m/s,
the data was logged every 8 mm, and at a higher speed of 0.2 m/s, every 40 mm. Given the
importance of the nip point in heat transfer, the resolution may have caused some temperature
measurements to miss this critical area, especially during high-speed placement. Although
the readings were consistent, the actual recorded average temperatures were approximately
64 °C, 95C, and 125°C, which were lower than the originally planned values.

It is also observed that a difference in the diameter of the k-type thermocouple used also
contributes to differences in the readings of temperature. A thermocouple with a smaller
diameter of 0.20 mm was shown to be more sensitive and give a higher reading of temperature.
K-type thermocouples of 0.25 mm diameter were used for nip point temperature measurement
that showed realistic values of the temperature calculated. It should be noted that the
thermocouples used for parameter setting were of the same diameter.

It is to be noted that the measured temperature may not be the exact temperature experi-
enced by the material and is subject to the sensitivities of the thermocouples and the testing
resolution.

4.4 Manufacturing of Specimen

4.4.1 Preparation of sample plate
The 45 specimens are to be manufactured on aluminium plates. Due to the availability of
only 16 plates, each temperature set of 15 samples was manufactured at a time for each
temperature set and then peel-tested. The plate used for the preheating runs were covered
with a layer of release film material secured using AIRTECH double-sided Tape.

The specimen plates are first cleaned using ethanol and are covered with peel-ply material in
the area of deposition for the first ply. The peel ply is secured with AIRTECH double-sided
tape. 3 layers of Marbocote release agent are applied in the area of no tack as seen in figure
4.16 to ensure no tack in that region during the peel testing. Peel ply is applied to the area
of the tack. This reduces the heat dissipation of the aluminium plate.

Figure 4.16: Prepared Sample plated for peel testing

Following this, the first and the second ply are deposited using the ADFP Coriolis unit and
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the end of the first ply and the loose ends of the second ply are secured with tape.The first
ply becomes the substrate and the second ply is peeled off.

4.5 Peel testing

To characterize the tack behaviour of the Hexcel HiTape® dry fibre material and the influence
of the varying parameters and also verify its applicability to the previously proposed model,
an experimental investigation is required. Based on the findings mentioned in the literature
review in subsection 2.4, a 90-degree peel test was selected as a primary method for evaluating
the tack behaviour of the Hexcel material after ADFP layup.

4.5.1 Peel test
The advantages of the modified peel test include:

• It offers a broad assessment of the tack behaviour over a large surface, as opposed to
more localized tests like the probe tack test.

• This test measures tack along the entire length, accommodating forany variation in
binder distribution that influences tack.

• The 90-degree peel angle is closely aligned with the detachment forces that are present
during the ADFP process, making it an ideal choice for assessing peel strength

• Availability of peel test rig [4]t the DLR Center for lightweight systems for peel testing
ADFP manufactured specimens.

• allows for the measurement of the influence of tack on deposition rate, independent of
the peel rate. [13]

• provides the ability to evaluate tack at various intervals after material deposition, of-
fering greater flexibility in testing

• The procedure is standardized [73], ensuring consistent and reliable results

• The test bench can be positioned next to the placement machine, enabling efficient
preparation and testing of specimens.

The peel test rig used for the peel testing is shown in figure 4.17 and the schematic represen-
tation in figure 4.18

The specimen plate containing the sample deposited using AFP forms two layers one on top
of the other. the top ply is peeled off along its length. As can be seen in figure 4.18, the end
of the top ply of the prepared specimen is attached via a clamp attached to a force sensor.
The clamp is used to pull the sample via a linear axis at a constant speed to ensure uniform
conditions. This vertical upward movement of the clamp pulls the support of the sample
plate in a horizontal direction. The sample table therefore moves in synchronisation with the
vertical movement of the testing apparatus. This synchronised motion prevents the effect of
external forces, such as the rolling resistance of the horizontal sledge, from interfering with



54 Methodology

Figure 4.17: Setup of the peel test
machine

Figure 4.18: Schematic diagram of
peel test setup

the measured peel force. At the same time, the sample is peeled off the sample table via the
deflection roller. The rig has been designed to purely record the peel force.

The initial length of the top ply of the prepared specimen will not be in contact with the
bottom ply to provide length to clamp the specimen in place and to provide a reference point
to where tack starts to aid in data analysis. When the material is pulled off initially, the
bending radius of the fibre changes as it’s being fed through the roller. In line with the
ISO/FDIS 29862 international standard that governs the determination of the peel adhesion
properties of materials, the peel force FS is measured continuously along the length of the
sample.

During the peel test, the detachment point of the fibre from the substrate may change. A
noticeable change in detachment point can cause the cracking of the matrix that produces
inaccurate tack values. Therefore, the detachment point of the specimen during the peel
test should be kept constant. The hold-down roller limits the area in which the detachment
point changes. The distance between the hold-down roller and the ply to be peeled should
be kept at a minimum. However, it should be kept in mind that the ply should not be in
direct contact with the hold-down roller to avoid frictional forces being recorded with the peel
forces. The hold-down roller can be compared to a mandrel test. An important phenomenon
that is observed during mandrel peel tests, especially with fibre materials, is the stick and
slip behaviour [19].

Stick and slip behaviour refers to the alternating phases of temporary sticking (energy stored)
and sudden detachment (energy released) that occur as the fibre interacts with the substrate
during the peeling process. This behaviour results in the fluctuation of peel force. These
fluctuations can be seen in the force-displacement curve, where the forces arise during the
“stick” phase and then drop abruptly during the “slip” phase. The pattern of the force
fluctuations can be seen in figure 4.19.

From figure 4.19 C-A can be seen as the area in which the detachment point changes limited
by the hold-down roller(stick to slip), As the load continues to increase, the ply to be peeled
off is pulled under tension until it reaches a peak force, which is a resultant of the increasing
internal stresses due to the increasing extension. This peak force is high enough to break
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Figure 4.19: Left-Force vs Displacement curve of mandrel peel test Right-Schematic represen-
tation of stick and slip phenomenon [19]

off against the bending stiffness causing the material to rapidly detach from the detachment
point causing a sharp drop in force from point C. After this abrupt drop, the system resets
with the ply under tension, repeating the cycle once again. The detachment point is kept
slightly ahead of the hold-down roller and the addition of foam pieces at the edge of the plates
enables the synchronicity of the plate and hold-down roller while the peel test takes place.
This helps reduce the variation in the detachment point throughout the peel test, preventing
erroneous peel force measurements.

The average peel force is typically calculated over several cycles of the stick and slip events.
The peel force FS includes not just the tack force (reflecting the adhesive bonding between
the plies) but also the bending force of the material, FB as the sample resists being deformed
during the peel process.

To isolate the tack force, the force required to bend the material is subtracted from the
total peel, yielding the actual tack force responsible for ply separation. This is particularly
important, as the bending force can introduce significant resistance, especially for stiff or
thick materials, and could lead to the overestimation of tack strength.

The tack force FT is derived as the difference between the average peel force FS in adhesive
regions (presence of tack) and the average bending force of the material FB (where no tack
is present). This approach follows the methodology outlined by Crossley et al. [12] and
Heller [85] and an example of the resulting peel force measurement is given in figure 4.20

FT = FS − FB (4.11)

Accounting for the peel test unit, the sample plate is set up as seen in figure 4.20
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Figure 4.20: design of specimen plate

The first layer of the tape is to be deposited using ADFP and is attached to the specimen
plate using double-sided tape. This layer is to be applied partially over the length of the
specimen. The second layer is deposited over the entire length using ADFP. The region of no
tack is present to account for the beginning of tack during the peel test and the extra length
ensures that the specimen can be clamped and bent with the bend point at 90 degrees.

The first ply in the Automated fibre Placement (AFP) process consists of 6 tows of Hexcel
HiTape® material, while the second ply consists of 4 tows as seen in figure 4.21. This specific
tow configuration was chosen to ensure that the peel test results are not affected by the edges
of the fibres.

Figure 4.21: representation of the ply placement on the substrate ply

By reducing the number of tows in the second ply, the edges of the fibre are the boundary of
the critical bonding area that is subjected to testing. This reduces potential inconsistencies
caused by edge effects, such as uneven bonding or tension concentrations, which could skew
the peel test results. It should also be noted that the edges of the tow of the first ply should
be aligned with the second ply.

A total of 45 specimens were manufactured and tested to systematically carry out the ex-
periments. The 15 parameter sets were divided into three temperature blocks: Block 1
corresponding to 60 °C, Block 2 to 90 °C, and Block 3 to 120 °C. Each block contained five
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distinct parameter sets based on different combinations of speed (V) and force (F), as outlined
in Appendix A table A.2.

To streamline identification and tracking during testing, a systematic three-digit coding sys-
tem was used for each specimen. The first digit of the code represents the temperature block,
the second digit corresponds to the set number within that block, and the third digit indicates
the replicate number for that set. For example, the code “123” refers to Block 1 (60 °C), Set
2, Replicate 3 as shown in figure 4.22.

Figure 4.22: Specimen Identification number

This approach ensured that the experimental process was carried out in an organised and
traceable manner, with each specimen identified by its unique code and experimental setup.

4.6 Peel test Data Acquisition

As seen in section 4.5.1, the tack is calculated as the difference between the average peel force
and the bending force of the material. The peel test is designed to calculate the tack over
the tack region of the manufactured specimen plate as seen in fig 4.16. The initial no-tack
region has no tack in between the layers and the metallic surface coated with a release agent.
Therefore, purely the bending force of the material is measured in that region. After the
preparation of the plates of one temperature block, the peel tests are carried out. The peel
test rig is shown in figure 4.23.

Figure 4.23: Peel test rig setup

Test Setup and key components of peel rig
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• Force Sensor: The KD40s S-shaped force sensors of maximum load capacity of 10 N
and 20 N and an accuracy class of 0.1% were used to capture the peel force throughout
the test. The 10 N force sensor was used for the lower temperature block and the 20 N
sensor was used for the higher temperature blocks. The sensor is connected directly to
the clamp holding the tape-clad end of the second ply of the manufactured specimen,
measuring the exact force required to peel the tape from the substrate. Before starting
the tests, the system was calibrated using standardized calibration weights (10g, 100g
and 200g) to ensure the accuracy of the force sensor. During the peel tests, the measured
force sensor values were recorded and processed by the GSVmulti measurement software.

• Measuring Amplifier: The sensor is paired to the GSV-2TSD-DI measuring amplifier,
which gives a resolution of 24 bits and an accuracy class of 0.05%. The amplifier converts
the force sensor’s analog signals into digital data, which is processed by the connected
data acquisition system that generates real-time data of the bending force of the material
and the peel forces of the tack region.

• Coupling rope: The SK78 Dyneema® coupling rope is used to maintain the synchro-
nized motion of the specimen plate with the linear axis. It has a working elongation
of less than 1% which is important as the rope should not stretch during the peel test.
This rope is under constant tension using a spring system of two steel springs, this
prevents the rope from going slack which could result in the specimen plate shifting or
getting misaligned. By maintaining the tension, it is ensured that the force required to
move the plate is transferred consistently, without interference with the rope elasticity.

• Hold down roller: The hold-down roller which is made of PTFE (polytetrafluoroethy-
lene) serves a dual function during the peel test. Firstly, it prevents the variation of the
detachment point of the ply that is peeled off. Secondly, it minimises friction between
the fibre and the roller by keeping a small distance between the ply to be peeled and the
hold-down roller, all the while guiding the ply, ensuring that the peeling occurs without
excessive resistance that could distort the force readings. The ply is positioned slightly
ahead of the clamp but not directly underneath it, which ensures there is no continuous
contact between the tape and the roller. This is seen in figure 4.24. This setup is essen-
tial to prevent the roller from introducing additional forces (such as friction or tension)
that could interfere with the peel force measurement.

Positioning of the clamped second ply and control of the bending radius

To ensure the accuracy of the peel test, it is essential to position the second ply to the clamp
precisely. The clamping length is set at 50 mm The detachment point of the second ply must
be positioned directly below the line of clamping. This alignment ensures that the peel occurs
without a large bend radius (large variation in detachment point) which can be seen in figure
4.24.
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Figure 4.24: left-Optimal hold down point Right-Large bend radius

If the detachment point is far away from the clamping line, the bend radius becomes larger
and can lead to crack propagation in the matrix. This can cause the premature failure of
the specimen compromising the accuracy of the force measurements. Cracking of the matrix
would result in force readings that would reflect the material failure rather than the peel tack,
distorting the results.

4.6.1 Execution of the peel Test

Once the specimen plate is properly mounted and the clamping and bending points are
aligned, the peel test is executed. It has to be made sure that the clamped end is positioned
in the centre of the clamp to have an even force distribution to prevent uneven peel forces.
This also ensures that the material does not twist, and the bending radius remains consistent.
The evaluation areas of the specimen are assigned as follows:

Figure 4.25: Evaluation areas of the specimen plate

The clamped region corresponds to the clamped part of the tow which is secured with tape.
The whole width of the taped section is clamped, which is 50mm. Following this region is a 100
mm no-tack region, used for measuring the material’s bending force. The tack measurement
region begins 50 mm from the end of the no-tack region. Due to the tape securing the first
ply at the end of the no-tack region, its tackiness can contribute to the overall tack value.
Therefore, the tack measurement region starts immediately beyond the 50mm length of the
securing tape and extends for 470 mm.

Referencing of the specimen plate is done to ensure the tension of the coupling rope and the
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spring system. The test rig is now initialised, and the electric axis is programmed to maintain
a constant peel speed of 0.5 mm/s for a travel distance of 470 mm. The analogue output of the
force sensor can be set to zero before the measurement to calibrate it for the measurement.

The linear axis moves vertically upwards while the sample plate moves horizontally to the
left over a total distance of 470 mm, with the real-time peel force recorded in the software at
200 ms resolution. The initial 150 mm of travel measures the bending force of the material,
capturing the mechanical resistance without contributing to the adhesive (tack) evaluation.
The actual peel force assessment begins at 200 mm, as the region between 150 mm and 200
mm contains force contributions from peeling off the tape placed on the first ply. This tape
does not represent the material’s tack behaviour and causes a force spike in the graph that
is unrelated to the adhesive properties being tested. Therefore, the 50 mm section (between
150 mm and 200 mm) is excluded from the final peel force evaluation. The peel forces are
calculated from 200 mm to 470 mm to ensure that only the true adhesive properties are
measured. The last 160 mm of the sample is not evaluated, as the total test length is limited
to 470 mm.

4.7 Evaluation of results

The force-time data was extracted from the GSV multi-software and exported to Excel for
initial processing. For more detailed analysis and graph generation, a custom MATLAB script
was created. This script facilitated the identification of key time intervals, including the start
and end points of the no-tack and tack regions, as shown in Figure 4.26.

Figure 4.26: Force time measurement diagram of the peel test for specimen 351(group 15,first
replicate) with the marked measuring areas

During the peel test, the second dry fibre ply forms a bent shape in the no-tack region until
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the ply is taut, the average of these forces represents the fibre bending force. The region of
50mm (100s) from the end no tack region represents the tack formed due to the tape used
to attach the first ply. This area is not considered in the tack evaluation. The actual tack
measured in the tack evaluation region is seen in figure 4.25.

According to Crossley and Heller [86], [85] that the peel test setup is based on mentions
that the pure measurement of bending forces due to the bending stiffness is presumably not
completely accurate in the measurement region, this is because the frictional forces on the
hold down roller and the increasing self-weight of the tapes are measured. But in our case, it
is made sure that the development of frictional forces is avoided by preventing contact of ply
with hold down roller and synchronising the movement of the roller with the linear motion of
the plate. In addition, lateral forces also may be present if the tape is not clamped parallel
to the clamp.

In the tack region, the Tack forces FS are calculated which includes the bending forces.
Following the assumption of Crossley et al. and Heller et al., it is assumed that the fibre
bending forces and the pull-off forces and force distortions from both regions are reliable.

The stick and slip behaviour of the tape can be seen in figure 4.26, the increase in the force
value to the peak represents the temporary adhesion(stick) behaviour and the abrupt drop in
force value represents the slip behaviour.

Accounting for fibre Fraying The peel region of the plies accounts for the second ply
coming clean off of the first ply. This can be seen in figure 4.27 where the white spots on the
ply are the activated binder particles

Figure 4.27: Activated binder spots

During the peel tests, it was observed that, for the higher temperature sets(95◦C and 125◦C)
fraying of the fibre took place, it is observable in the figure 4.26 as the abrupt increase in the
slope of the graph.
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Figure 4.28: fibre fraying observed during peel test

To mitigate the impact of fibre fraying, an alternative test method—the wedge peel test—was
considered. This method was designed to address the instability caused by fibre fraying by
introducing a wedge to peel the material at a controlled angle. However, this approach
presented new challenges, as the forces recorded were too low to be analysed accurately.
Additionally, the frictional forces of the wedge interfered with the peel force measurement,
compromising the reliability of the results. Due to these limitations, the wedge peel test was
deemed unsuitable for accurate tack force evaluation.

To extract meaningful peel force data from the peel force versus time graphs, the graphs were
segmented into regions based on the presence or absence of fibre fraying. Specifically, the
graphs were divided into non-frayed and frayed regions, as illustrated in Figure 4.29. The
frayed region begins at the abrupt increase in the slope of the peel force vs time graph. the
transition between the non-frayed and frayed regions was not consistent across the different
sample groups, with some groups with earlier onset of fraying and some sets with the onset
of fraying towards the end of the peel test.

The frayed region introduces irregularities due to the unstable detachment of fibres, which
often results in fluctuating force readings that are not representative of the adhesive bond.
Fraying can cause sudden force drops or peaks, as the detachment process transitions from
a cohesive peel (dominated by adhesion) to a more chaotic fibre sliding or breakage. By
isolating the non-frayed region, the analysis could focus on the segment of the peel force
vs. time graph where the detachment process was uniform and repeatable. This approach
allows for more reliable comparisons between samples, as it eliminates the variability caused
by fraying.
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Figure 4.29: Non-frayed region used for tack and bending force calculation

Ultimately, the portion of the non-frayed tack region was used in the final analysis of the peel
force. This was done to prevent the variation of peel forces due to the fraying. The statistical
evaluation for this work is based on Design of experiments as mentioned in 4.1.

4.7.1 Statistical evaluation of Data

Following the extraction of the peel force, according to the three-level face-centred central
composite design with the combination of sets in table A.1. An example of the graphs of a
set obtained is as follows:

Figure 4.30: Peel force vs time graph obtained for the Group 15
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The peel force and the bending force data were averaged across the three replicates for each
of the 15 parameter sets. Rather than averaging the means of each replicate individually,
the entire dataset for each test was averaged together. This averaging method ensured the
accurate representation of the overall variability in the data and provided a reliable standard
deviation of the results.

The averages of the FS(Peel force) was found using the following formula:

FS = 1
N

N∑
i=1

FSi (4.12)

where N is the size of the experiment.

Similarly, the averages of the bend forces FB were calculated. Using equation 4.11 the tack
forces were calculated. The averages of the tack forces for each of the 15 parameter sets FT

were calculated.

The statistical evaluation for the main effects is based on the 2k experimental design where
all the (23) or 8 possible combinations of factors are examined. According to the figure 4.31,
the green points on the cube represent the 8 factors considered. This is done to study the
main effect of the described factors.

Figure 4.31: Face-centered central composite design cube representing the 15 combinations of
parameters

From the table A.3, the mean of the variance S2 was calculated to account for the variance in
the 8 sets. The standard deviation of the data sets chosen was calculated from this variance
using the formula found in the literature:

Sd =
√

4
N

S2

[4]

• Sd is the standard deviation,
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• N is the size of the experiment

N= n*m where n is the number of replicates and m is the number of factor level
combinations tested for. In this study, n is 3 and m is 8, therefore N is 24

• S2 is the calculated variance

The calculated standard deviation and mean of variances for FB and FT can be found in
A,table A.7.

Before conducting the statistical evaluation, the distribution of the measured average tack
values was assessed to ensure the validity of the statistical analysis of the main effects. The
analysis of the significance for parametric studies assumes that the data is to be normally
distributed. [87] The face-centred central composite design of experiments was employed to
verify the data. Q-Q plots allow for the straightforward visual assessment of normality.
Deviations from the normality can lead to inaccurate p-values and misleading confidence
intervals, that would affect the reliability of the assessed main effects and interactions.P-
values are a measure that helps decide if the results we see are meaningful or just due to
random chance. A p-value less than 0.05 usually means that the results are statistically
significant. A Q-Q plot was constructed, where the measured values were plotted against the
quantiles of a normal distribution.

The quantiles were calculated using the following formula:

Q = i − 0.5
N

× 100% (4.13)

[88] where,

• Q is the quantile

• i is the order of the measured value

• N is the total number of observations

with a normal distribution, the measured values should lie approximately on a straight line.
If the lowest or highest values lie far away from the straight line, they are probably outliers
due to a measurement error. If all values lay on a curved line, they may not originate
from a normally distributed population and should be transformed (logarithmised). [88] The
estimation of the significance of the effects of interactions is obtained by the comparison with
two-sided confidence intervals. In our case, the t-distribution is used because of the limited
sample size n and the unknown variance is calculated via the 15 samples. The empirical
variance s2 is estimated first from the number of replicates n, the individual yi and the mean
ȳ of the factor level combination is measured using the following formula:

s2
i = 1

n − 1

n∑
i=1

(yi − ȳ)2

The standard deviation of the 8 combinations for interaction of effects is calculated using the
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experimental sample size N and the mean value s2 of the individual variants of the m factor
level combinations

N = n ∗ m

s2 = 1
m

m∑
i=1

s2
i

sd̄ =
√

4
N

s2

Following the quantile test, the interaction effects between the three parameters were analysed
to assess how these factors jointly affect the tack. The 2k factorial design allowed the investi-
gation of the individual effects as well as the interaction effects. The effects V, T, F, VF, TF
and VT were calculated using the formulas 4.3, 4.1.1, 4.5, 4.6, 4.8 based on the independent
factor t-test. To confirm that the result was statistically significant, thereby rejecting the null
hypothesis (that the parameters don’t have any effect on tack force) requires the assessment
of the significance of each factor’s effect on the tack force.

The t-test is part of the analysis of variance (ANOVA) framework and provides a t-value that
indicates whether the observed differences between the groups are statistically significant.
t-test is used in this case as the size of the experiment is 24. The t-value is calculated from
the student’s t-distribution table which can be found in Appendix A table A.17.

To determine the t-values of a probability, the number of degrees of freedom f is calculated
as follows:

f = N − m (4.14)

where N is 24 and m is 8, therefore f=16, this According to the p-value table as seen in
Appendix. Figure A.17, the confidence intervals are calculated using the f value and converted
into the p values for the confidence intervals of 95%,99% and 99.9% corresponding to 0.05,0.01
and 0.001 columns in p distribution table for two-sided confidence interval respectively. the
formula:

Confidence Interval = ±t × sd̄

where sd is the standard deviation calculated.



Chapter 5

Results and Discussion

This chapter presents and analyzes the results of this study, focusing on how temperature,
layup speed, and compaction force impact the tack behavior of Hexcel HiTape® in Automated
Dry Fibre Placement (ADFP). Section5.1 details the peel test results, outlining tack force
trends across various parameter settings. Section 4.3.3 examines the temperature stability
of the IR lamps during parameter and its implications for tack performance. Statistical
insights into data distribution and parameter effects are provided in Section 5.2. The non-
linear behaviour of the parameters on tack force is analysed in Section 5.3. Section 5.4
compares observed data with the Solvay TX1100 tack model, assessing its applicability to
Hexcel HiTape®. This is followed by the discussion in Section 5.5 that analyses the results. A
summary of the findings is provided in Section 6.1. Section 5.6 highlights attempts to quantify
material-specific behaviours, such as binder seepage, while Section 5.7 addresses fibre fraying.
Finally, Section 5.8 addresses the limitations of the study.

5.1 Evaluation of peel test results

The raw data of peel force vs time measurements were collected from the 15 parameter sets
of 45 peel tests. The combinations of the nip point temperature, layup speed and compaction
parameters used is shown in table 5.1



68 Results and Discussion

Group T (°C) V (m/s) F (N)
Group 1 64 0.04 500
Group 2 64 0.2 500
Group 3 64 0.04 300
Group 4 64 0.2 300
Group 5 64 0.12 400
Group 6 95 0.12 400
Group 7 95 0.12 500
Group 8 95 0.12 300
Group 9 95 0.2 400
Group 10 95 0.04 400
Group 11 125 0.04 500
Group 12 125 0.04 300
Group 13 125 0.2 500
Group 14 125 0.2 300
Group 15 125 0.12 400

Table 5.1: Parameter Combinations for Each Group

The data was filtered from the force vs time graphs and the section representing the non-
frayed section of material was used in the calculation of tack behaviour. An example of the
area taken for calculation is shown in figure 4.29
The final tack force and bending force values with their standard deviations and variances are
shown in A, tableA.3. This data is converted into a bar chart. The bar chart displays the tack
and the bending force measured across the 15 groups of the chosen parameter combinations.

Figure 5.1: Mean values and standard deviation for the tack forces and bend forces

The blue bar represents the tack force measured during the peel test and the orange bar
represents the fibre bend force.
Tack force FT : The tack forces for groups 1 to 5 belonging to the 65 ◦C exhibit relatively
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low values compared to all the other sets. The values can be seen ranging between 0.022
N in group 3 to 2.79 N in group 4. Where the lowest value is seen for the low-speed and
low-compaction force combination and the maximum tack is seen for groups 2 and 4 with
high speeds. Groups 2, 4 and 5 show some tack, while groups 1 and 3 have almost no tack.

The tack forces for groups 6-10 of temperature 95 ◦C show a significantly higher tack ranging
from 3.96 N for group 10 to Groups 8 and 9 showing an average tack force of 10.93 N and 10.96
N respectively. These values of tack forces obtained are the highest of all the 15 combinations.
The lowest tack is again exhibited by the group with the lower speed setting. The higher
average tack force is seen for the material with the higher speed settings.

Groups 11-15 of temperature block 125◦C show tack forces that do not have drastic differences
in tack values as seen in the other two sets. The tack values range from 3.46 N for group 10
to 10.06 N for group 14. With higher tack is shown for the higher layup speed of 0.2 m/s and
the lower tack for the lower layup speed of 0.04 m/s.

Fibre bend force FB: As seen in figure 5.1 and table A.3, the fibre bend force across all
15 sets exhibits minor variations, suggesting that the metric remains fairly the same despite
changes in parameter combinations. Across the experimental sets, the mean fibre bend force
values range from 0.1666 N in group 15 to 0.2731 N in group 4, with most sets averaging
between 0.2 and 0.26 N. Overall, the fibre bend forces show a uniform trend across the
different sets, with only minor fluctuations in mean values and variability.

5.2 Statistical Analysis

This section shows the statistical analysis of the results obtained from the peel tests. This
analysis ensures the reliability of the data and the validity of the experimental procedure.

5.2.1 Q-Q plot to assess normal distribution of measured data
To check if the average tack force values obtained from the peel test data follow a normal
distribution, a Q-Q plot was generated for the average tack and the corresponding 15 param-
eter combinations as outlined in section 4.7.1. The tack force were divided into quantiles, as
detailed in Appendix A, tables A.5 and A.6. The resulting distributions of the mean values
of tack force for the 15 combinations are plotted in figure 5.2.

The Q-Q plot shows that while most data points follow a linear trend, there are slight de-
viations for the points at higher values. The numbers shown indicate the respective group
IDs.Groups 12, 13, 11 and 15 of the parameter combinations according to table A.2 show slight
deviation from the line of normality. These deviations mean that while these groups have
tack force values that are somewhat higher than expected under perfect normality, the overall
trend remains close enough to the line that we can reasonably assume a normal distribution
for most of the data.

For the study of the interaction effects, the extreme points of the design cube are crucial.
These points correspond to groups 1, 2, 3, 4, 11, 12, 13, and 14, as shown in Table A.2.
They are represented in the Q-Q plots and play a significant role in capturing the boundary
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Figure 5.2: Q-Q plot to check for normal distribution of tack force

conditions of the 2k factorial experimental design. This design was implemented to study the
main effects of nip point temperature, layup speed, and compaction force on tack behaviour.
It can be seen that the values of these groups exhibit an increase in mean tack force when
moving through the quantiles. Group 1 has a mean tack force of 0.228 N while group 14
quantile has a tack force of 10.96 N. This means that there is no need for transformation of
the obtained data making this dataset reliable for statistical analysis. Although group 12 in
the combination of parameters shows noticeable skewness, it does not invalidate its use in
interaction analysis.

5.2.2 Main effects and Interaction effects
Following the verification of normality for the tack forces, the main interaction effects be-
tween nip point temperature, layup speed and compaction forces are analysed using the 8
combinations of the 2k factorial design using the extreme points of the experimental design
. The main effects and interaction effects for tack forces and bend forces were calculated for
the following :

• nip point temperature (T)

• Layup speed (v)

• Compaction force (F)

• interaction between Layup speed and nip point temperature(VT)

• interaction between Layup speed and compaction force (VF)
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• interaction between nip point temperature and compaction force (TF)

The values of the main effects and interaction effects are calculated from the equations 4.3,
4.1.1, 4.5, 4.6, 4.7 and 4.8 and is shown in figure 5.2. Following this, the confidence intervals

Effect Tack
V 1.87
T 7.63
F 0.13

VT -0.53
VF -0.30
TF -0.24

Table 5.2: Main and interaction effects of Velocity (V), Temperature (T), and Force (F) on Tack
Forces.

were chosen based on the student t-distribution table in Appendix A, table A.17 for the degree
of freedom for the confidences of 95%, 99% and 99.9% as seen in section 4.7.1. The values
chosen are then multiplied with the standard deviation calculated for the dataset shown in
table 5.3.

Confidence Interval 95.0% 99.0% 99.9%
±t ∗ Sā 0.748 1.031 1.417

Table 5.3: Confidence intervals for the tack force at 95%, 99%, and 99.9% levels.

These confidence intervals were used to determine the significance of each factor and interac-
tion. If an interaction’s effect exceeded the 99.9% confidence interval, it was considered highly
significant; if it fell below the 95% interval, it was deemed insignificant. If it falls between 95%
and 99%, it is indifferent meaning that more trials need to be done. The interaction effects
along with the confidence intervals were plotted to identify the significance of the individual
factors and interaction effects for the tack forces.

Effect of Temperature

It can be observed in figure 5.3 that nip point temperature exhibits the largest effect on
the tack force with an effective magnitude of 7.63 N. This means that for an increase in
temperature from 64 ◦C to 125 ◦C there will be an increase of 7.63 N in tack force. This is
further illustrated in figure 5.4, where the effect of nip point temperature on tack force is seen
to go from 1.32 N for the T- (64 ◦C) level to 8.96 N for the T+ (125 ◦C) level. It is significantly
higher than any of the other factors or interactions calculated. The calculations of the main
effects and standard deviations are tabulated in Appendix A, table A.8 and A.9.The effect of
nip point temperature exceeds the 99.9% confidence interval, indicating that the influence of
temperature on the tack behaviour of Hexcel HiTape® dry fibre material is highly statistically
significant.

Velocity

Velocity has a positive effect on tack with a value of 1.87 N. This shows that with an increase
in layup speed from 0.04 m/s to 0/2 m/s, there will be an effective 1.87 N increase in tack
force. The effect of this parameter is further illustrated in figure 5.4. The effect of layup
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Figure 5.3: Chart capturing significance of the tack
forces for different parameters and their combinations

Figure 5.4: Line graph of the main effects of the pa-
rameters:nip point temperature (T), layup speed (V),
and compaction force (F)

speed is seen to increase from 4.06 N at the V- (0.04 m/s) level to 7.05 N at the V+ (0.2
m/s) level. The calculations of the effects and standard deviations are tabulated in Appendix
A, table A.8 and A.9 The interaction computed exceeds 99.9% confidence intervals indicating
high statistical significance.

Compaction force

Compaction force has the lowest contribution to tack behaviour with a minor positive effect
contribution of 0.13 N. However, it can be observed that the value for the compaction force
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effect lies below the range for the confidence intervals of 95%. This indicates that, while the
changes in compaction forces may influence the tack behaviour, the effect observed is not
strong enough or consistent enough to be statistically accurate within the realm of this study.

Interaction Effects between Temperature and Velocity(VT)

The interaction between the velocity and temperature on the tack behaviour shows a negative
effect of -0.53. This is indicative of an inverse behaviour of nip point temperature and layup
speed. With a reduction in tack of 0.53 N with increasing temperatures and increasing speeds
or reduced dwell times. The effect does not cross the 95% confidence range, suggesting that
the effect is not statistically significant

Interaction between Layup speed and compaction force(VF)

The interaction between the layup speed and the compaction force shows a negative effect of
-0.3 N on the tack force, however, this effect is not statistically significant as it does not cross
the 95% confidence range. This could suggest that the interaction between compaction force
and layup speed does not have a meaningful effect on the tack force.

Interaction between nip point temperature and compaction force (TF)

The interaction between the nip point temperature and the tack force exhibits a negative
effect of - 0.24 N on the tack force. However, this effect also lies below the range of the 95%
confidence interval.This suggests that the interaction is not statistically significant.

The above observations show that temperature has the highest effect on the tack force as
it surpasses all three confidence intervals, followed by the effect of increasing velocity. The
interaction effect of TV lies below 95% statistical significance, suggesting that the effect of
temperature on tack is not independent of the velocity and vice versa.

The effect of compaction force and interaction of VF and TF, show limited or no significance,
suggesting that these interactions do not influence tack force.

5.3 Check for Non-linearity

The face-centred central composite design of experiments was employed to analyse if there
exists non-linear behaviour of the main parameters. The interaction effects were calculated
for 15 groups that account for the high, low and mid-level of the parameters. The calculated
effects are tabulated in Appendix A, table A.8. An interaction line graph is plotted as follows:

The graph 5.5 illustrates how the tack force varies with temperature, force and velocity at
three levels: low(-), medium (0) and high (+) levels. The difference in tack between the levels
gives the effect of the parameter.

• Temperature: Temperature shows a steep increase in tack force from the low level(T-)
to medium level(T0), where the tack force jumps from approximately 1.72 N to 8.52 N.
This sharp increase may suggest that the binder is insufficiently activated at the lower
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Figure 5.5: Main effects of parameters plot to check non-linearity

temperature (T-) level, leading to low adhesion. At this stage, the binder probably has
a higher viscosity, due to incomplete melting which hinders proper bonding.

However, as the temperature reaches the medium (T0) level, the binder becomes com-
pletely activated, transitioning into a more adhesive state that significantly enhances
the tack force. This activation continues as the temperature increases to a high level
(T+,125 ◦C), where the tack force reaches 8.96 N.Notably this change in tack force
between medium (T0) and high(T+) levels is much lesser than the low to medium
transition.

• Force: Force shows very low variation in tack force across the three levels. Tack force
ranges only slightly from 6.25 N at low (F-) to 6.51 N at mid-level (F0) and decreases to
5.97 N at high (F+) level. This flat trend confirms that the force has negligible impact
on the tack force within the tested range. The low variation in tack force across force
levels aligns with the statistical findings that the force is not a significant factor that
meaningfully influences the tack force.

• Velocity: Velocity shows a non-linear relationship, directly proportional to the tack
force. At the low velocity(V-), tack force is approximately 4.06N . Moving to the medium
level (V0), tack force increases sharply to 7.61 N, suggesting that the velocity influences
the tack force positively. It can be seen that between the medium velocity level(V0) and
high-velocity level(V+), the tack force is seen to decrease from 7.61 N to 7.05 N. The
standard deviations calculated may indicate that the observed value from V0 to V+
are not significantly different and may overlap. This overlap implies that the decrease
could be linked to the normal variation than the actual reduction in tack force at higher
velocities.

This non-linearity effect of the parameters should be accounted for while estimating the tack
model.
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5.4 Evaluation of the Fit between the experimental values and
proposed Physical model equation

The physical equation derived by Saar from the thermoplastic prepreg model to model the
tack behaviour of Solvay TX1100 dry fibre material as seen in chapter 2, section 2.3.1, the
equation is as follows:

fP (T, F, v) = cF 0.2

a exp
(

b
5T

)
v0.5

This equation incorporates three parameters a, b and c which are estimated to best fit the
experimental data obtained from the peel tests of the Hexcel HiTape ® dry fibre material.
Owing to the differences in binder type and fibre architecture, this fit check is performed to
see if this model applies to this material as well.

To determine the best fit for the parameters a, b and c, a non-linear regression analysis was
conducted. Non-linear regression is chosen, as the model equation has 3 different parameters
and exponential and power functions within the formula that suggest non-linearity as can be
seen in the section 5.3. The regression process iteratively adjusts the parameters to minimise
the residuals, which are the differences between the predicted values of tack force and the
observed values of tack force.

The following metrics were used to evaluate the goodness of fit

• R-squared (R2- This statistical value indicates the proportion of variance in the data
explained by the model. An R2 value close to 1 suggests a good fit of the model equation,
while values near or below 0 indicate that the model does not explain the data. It is
calculated as :

R2 = 1 − SSE
SST

[89]

where:

– SSE is the Sum of Squared Errors, calculated as the sum of squared residuals,
– SST is the Total Sum of Squares, representing the total variance in the observed

data.

• Mean Absolute Error (MAE):This value measures the average absolute difference
between the observed and predicted values. This reflects the accuracy of the model
predictions

MAE = 1
n

n∑
i=1

|yi − ŷi|

where:

– yi are the observed values,



76 Results and Discussion

– ŷi are the predicted values,
– n is the number of data points.

• Root Mean Squared Error (RMSE): It is similar to the MAE but gives more weight
to larger errors, calculated as:

RMSE =

√√√√ 1
n

n∑
i=1

(yi − ŷi)2

RMSE provides insight, on average, into the predictions that deviate from the observed
data, it penalizes the higher errors, as the squares for the errors are calculated. The
averages for higher differences between observed and predicted values will result in a
higher RMSE compared to the MAE.

Model fit check using MATLAB

To perform the non-linear regression and fit the model to the experimental data, a MATLAB
script was developed, as detailed in Appendix B B.1. The model works by defining a function
tackmodel, that represents the physical equation 2.3.1 taking T, F and V as inputs, along
with the initial parameter guesses. The function then computes the predicted tack force for
given values of nip point temperature, compaction force and Velocity based on the initial
parameter estimate. The parameter estimate was set to 0.3, 1488, and 0.24 as a baseline for
a,b and c respectively as these were estimated for the Solvay TX1100 material.

The initial estimates serve as starting parameters for the optimisation process. The lsqcurvefit
function in MATLAB then iteratively adjusts a, b and c to minimise the sum of squared
residuals between observed and predicted values. The model returns the optimised parameters
for the closest fit to the model and returns the optimised values along with the residuals. The
goodness of fit is also calculated using the R-squared, MAE and RMSE values.

The regression analysis yielded the following parameter estimates and statistical values
Parameter/Metric Value

Parameter a 0.4845
Parameter b 1672.9874
Parameter c 5.4685

Residual Norm (SSE) 284.2725
R-squared (R2) -0.2464

Mean Absolute Error (MAE) 3.5831
Root Mean Squared Error

(RMSE) 4.3533

Table 5.4: Summary of Updated Model Fit Results

The table 5.4 shows an R2 value that is negative. This shows that the model does not perform
well with the data and this equation cannot capture the data pattern and has to be modified.
The parameters a,b and c estimated are the values that result in the least difference between
the predicted and the observed values of tack force. The RMSE value is also on the high
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side showing the spread of errors and suggesting that, on average, the predictions are about
4 units away from the observed values.

The mean absolute error (MAE) of 3.5331 suggests that, on average, the model’s predictions
deviate from the actual tack values by about 3.5 N. This error is relatively high in the given
range of tack values, indicating that the prediction of the model is not close to the observed
values.

The plot for the predicted values of tack force after regression and the actual values are
plotted below

Figure 5.6: observed vs predicted values from regression analysis

The plot 5.6 shows the predicted values of the regression analysis to the observed values of
tack from the peel tests. For a good fit of the model, the actual tack measurement(blue
points) would closely follow the predicted tack (red points) for each data point, indicating
that the model’s predictions are in alignment with the actual tack values. In this plot,
there are several areas where significant discrepancies occur: For data points 1 and 3, the
observed values fluctuate close to zero, but the predicted values are higher, indicating an
overestimation by the model. However, for groups 2 and 4, the predicted values are lower,
indicating an underestimation of the model.

Between points 6 and 10, there is a sharp increase in observed tack values, reaching up to
around 10–12 N. The model, however, fails to capture this rise accurately and produces lower
predictions, particularly around data points 8 and 9.

At data points 11 and 12, the model overestimates the tack significantly, while the observed
values show a decrease.
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Towards the end, at point 15, although the observed and predicted values align somewhat
better, in points 13 and 14 discrepancies remain.

This lack of alignment between observed and predicted values further illustrates that the
model does not adequately represent the relationship between process parameters (temper-
ature, force, and velocity) and tack for Hexcel HiTape ® material. The overpredictions and
underpredictions in different regions suggest that the model needs to be adapted for the
HiTape ® material. As the physical equation assumes that tack forces are inversely propor-
tionate to the velocity, the model accounts for high tack forces at lower velocities. However,
for the Hexcel material, high velocities show increased tack. Groups 1, 3,10,11 and 12 pos-
sessing the lower velocity of 0.04 m/s are estimated to have a higher tack according to the
predicted model as the Solvay TX1100 dry fibre material showed this response. However, the
largest difference in predicted tack versus the actual tack are seen in point 9 which denotes
tack force at a velocity of 0.2 m/s. The difference is around 7N. The predicted tack force is
much lower as compared to the observed tack.

This indicates that adjustments are needed to improve the model’s accuracy for the Hexcel
HiTape ® material.

Recommended model Adjustments

• Temperature threshold term: Adding a term that captures the sharp increase in
tack once the material reaches its binder activation temperature would help the model
account for the rapid rise in tack as seen in groups 6-10. This term would differ for
different dry fibre materials based on their binder type. However, the sharp increase in
tack values may be due to the temperature of 64 ◦C chosen for the material being too
low to completely activate the binder.

• Revised speed term: Shifting the velocity term to the numerator of the equation
would align the model with the Hexcel HiTape ® observed behaviour where higher
speeds show increased tack values.

5.5 Discussion

In this section, the key findings from the peel tests and statistical analysis are critically
examined. The section is structured to discuss the peel test results, the interaction effects
and the relationship between the process parameters of nip point temperature, layup speed
and compaction forces on the tack behaviour of the Hexcel HiTape® dry fibre material. This
section also addresses the limitations of the investigation.

The primary objective of this study was to investigate the tack behaviour of the Hexcel
HiTape® dry fibre material at varying nip point temperatures, layup speeds and Compaction
forces and to check whether the proposed tack model for the Solvay TX1100 holds well for
the Hexcel HiTape ® dry fibre material.
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Figure 5.7: 3D score plot showing the average forces for different parameter combinations of
groups 1-15

Figure 5.8: Average tack force for low tempera-
ture sets 64 °C)

Figure 5.9: Mean temperatures
with min-max range for low tem-
perature block

5.5.1 Role of temperature on tack force

The findings from Chapter 5 subsection 5.1 and from the figure 5.7 of the peel test results
indicate the dominance of temperature on the tack forces. Higher temperature sets show
higher tack forces and vice versa.

Groups 1-5 (64◦C temperature block) of the figure 5.1 show very low tack force values, with
groups 1 and 3 showing almost no tack. This could indicate that the binder of the dry fibre
tape was not completely activated during the ADFP process. The temperatures obtained by
the lamps during the temperature setting of the experiment are shown in figure 4.14. This
figure indicates the temperatures and the range of temperatures that could be reached for each
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set. Looking at figure 5.9, for groups 1-5 where nip point temperature was around the average
(64 ◦C), the temperature settings suggest that the variability in nip point temperatures for
this set is low. This contradicts the observations found from the peel test.

The 64◦C temperature set suggests the start of tack formation, as the binder may not be
completely activated. The score plot in figure 5.7 shows that the threshold for effective tack
occurs above the lower temperature block(64 ◦C). This temperature can be used as a baseline
for the investigation of the actual binder activation temperature for the Hexcel HiTape ®.
To conduct future investigations, a slightly higher temperature should be used as a lower
temperature set while investigating this dry fibre material.

Figure 5.10: Average tack force for high tem-
perature sets 125°C)

Figure 5.11: Mean tempera-
tures with min-max range for
high-temperature block

Higher temperature blocks show higher tack forces compared to the 64 ◦C groups. The
difference between the average tack force of the groups of high (125 ◦C) and low(64 ◦C)
temperature are around 8 N. This may suggest that more binder is activated in the 95 ◦C
settings. The statistical significance of the temperature effect is further confirmed as the
higher temperatures promote softening of the binder. This results in more intimate contact
between the plies. This may suggest that higher temperatures result in a higher degree of
polymer diffusion at 95 ◦C temperature setting, aligning with the proposed hypothesis of
increasing temperatures increasing tack strength.

In figure 5.12, it can be observed that group 10 shows significantly lower tack compared to
groups 5 to 9 of temperature block of 95 ◦C. This deviation could be explained by the figure
5.13 representing the nip point temperatures recorded for each setting. Group 10 (T=95
◦C, V=0.04 m/s, F=400N), has the lowest minima of 84.4 ◦C recorded among the other
temperature blocks. This could suggest that during the manufacturing of the specimen for
the group, the temperature reached around this value causing a lower tack force magnitude.

5.5.2 Role of layup speed on tack force

The layup speed governs the interaction time of the ply interface under heating during the
dry fibre deposition. In the peel test analysis, it is observed that a higher layup speed gives
rise to a larger tack force. This is seen in groups 2,4,9,13 and 14 in the figure 5.7. Group 9
(T-95◦C, V-0.2 m/s, F-400 N) reports the highest tack force out of all the sets of 10.96 N. This
indicates the positive effect of layup speed on tack behaviour. This behaviour contradicts the
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Figure 5.12: Average tack force for medium
temperature sets 95°C)

Figure 5.13: Mean tempera-
tures with min-max range for
medium-temperature block

predicted behaviour of low speed favouring better tack. It can be seen in all the temperature
sets figure 5.7, that higher speeds result in higher tack forces.

The statistical analysis supports this observation revealing a positive increase of 1.87 N in-
crease in tack for an increase in layup speed from 0.04 m/s to 0.2 m/s. This contradicts the
tack behaviour obtained for the Solvay TX1100 material as seen in the chapter 2, section 2.5,
where the speed shows a negative effect on tack force, with increasing speeds, decreasing tack
force by an effective of 0.61 N for an increase in speed from 0.04 m/s to 0.2 m/s. An expla-
nation for the behaviour of Hexcel HiTape ® could be because of the material architecture of
the Hexcel HiTape® dry fibre material. As seen in figure 4.3, the dry fibre material contains
perforations throughout the material. These perforations could be causing the seepage of the
binder through the material after reaching its melting point. The dwell time or the time of
the deposited substrate under heating is directly influenced by layup speed. A lower layup
speed gives rise to a higher dwell time and vice versa. This could mean that a lower dwell
time denoting a higher speed could lead to the binder not having enough time to seep through
the material and consolidate quickly. The binder stays in the interface and polymer diffusion
enhances the tack behaviour. A higher dwell time denoting a lower speed gives enough time
for the binder to melt and seep through the perforations. This would cause the binder to not
stay at the interface, resulting in areas without binder at the interface, causing lower tack
force values.

It could be argued that, with more seepage of the binder across the interface, it may result in
a higher degree of mechanical interlocking causing higher tack. This mechanical interlocking
could be the reason for fibre fraying which shows higher values of tack as seen in figure
4.29. However, this investigation considered only the tack force data in the non-frayed region
while accounting for tack. Further investigations accounting for the frayed regions as well
are required to make a more definitive conclusion on the relationship between temperature,
speed, and binder flow.

It should be noted that the seeping of the binder through the material is influenced not only
by the time under the heating lamps but also by the viscosity of the melted binder. At higher
temperatures, the binder’s viscosity is significantly reduced, which would initially suggest
that binder seepage through the material’s thickness should be more pronounced at elevated
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temperatures.
Looking at the tack measurement results in figure 5.1 and figure 5.7, there is a clear trend
of increased tack at higher temperatures. However, contrary to expectations, the difference
in binder flow rates between different speeds appears less pronounced at higher temperatures
than at lower temperatures. At lower temperatures, the temperature effect is less dominant
and the velocity effect is more pronounced. This effect is illustrated in the score plot in
figure 5.7 where higher speeds yield slightly better tack than lower speeds (eg., Group 2 vs
Group 1). In higher temperature blocks, especially the 125 ◦C block, as illustrated in figure
5.7 the tack force appears less sensitive to changes in layup speed, likely because the binder
is sufficiently activated and adheres well, regardless of the speed. This indicates that, at
elevated temperatures, the influence of layup speed diminishes as the temperature becomes
the dominant factor affecting tack force.

5.5.3 Role of Compaction Force on tack force
From the peel tests, the influence of compaction forces on tack behaviour is found to be
minimal compared to the effects of nip point temperature (T) and layup speed (V). This can
be seen in figure 5.7. At low temperatures, there is an increase in tack force with compaction
force for both low-speed and high-speed settings. For instance, the tack force rises slightly
from 300 N (groups 3 and 4) to 500 N (groups 1 and 2), suggesting that higher compaction
force slightly improves tack in the lowest temperature block (64 ◦C). At this temperature, the
binder remains relatively viscous and does not flow freely. Applying compaction force helps
create better contact between the binder and fibre surfaces which compensates for the limited
flow, resulting in a slightly increased tack.

However, for groups 13 and 14 at high temperature (125 ◦C) and high speed (0.2 m/s) with
different compaction forces(300N and 500 N), it can be observed in figure 5.7 that the tack
force is higher at lower compaction force 300N and decreases as the compaction force increases
to 500N. This could be explained by the low viscosity of the binder at higher temperatures.
When the binder is fully activated and fluid, the high compaction force may push the binder
into the fibre structure or may even cause binder displacement, this effect may be increased
by the presence of perforations in the Hexcel HiTape ® tow surface. This could reduce
the amount of binder available at the interface, resulting in lower tack. In contrast, a lower
compaction force allows the softened binder to stay at the surface, enhancing the tack without
the binder seeping through the tow. However, as mentioned in subsection 5.5.2 the frayed
area was not considered in the analysis. This behaviour may have an effect on tack and has
to be investigated further.

The statistical analysis of the peel test data showed that the compaction force had minimal
effect on tack behaviour, with no statistically significant increase in tack observed with in-
creasing force. This could suggest that once a minimum compaction force is reached, further
increases do not increase tack.

5.6 Addressing the binder seepage hypothesis

Upon observing the trend of higher tack forces at higher layup speeds after conducting the
experiments, there was an effort to investigate if this hypothesis held true to the observed
effect from the peel tests as seen in section 5.5.2.
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The laid up specimen was cut along its thickness and embedded in resin. Following this,
cross-sectional microscopy was conducted to observe the binder distribution after the peel
test.

Figure 5.14: resin cast specimen for cross-section microscopy

Figure 5.15: resin cast specimen for cross-section microscopy

Figures 5.14 and 5.15 show the cross-sectional specimen, and its microscopy to identify binder
seepage. However, the resin likely permeated into the specimen, significantly obscuring the
visibility of the binder material. It could also be because the binder got dissolved by the
resin. This unintended resin infiltration reduced the contrast between the binder and the
surrounding fibres, making it difficult to accurately identify and assess the extent of the
binder seepage.

The act of slicing through the dry fibre across its thickness resulted in an uneven surface
profile. The unevenness created topographical variations, such as protruding fibres and de-
pressions, which introduced difficulties in achieving proper focus under the digital microscope.
This surface irregularity affected the microscope’s ability to maintain consistent focal depth,
leading to issues with image clarity and resolution. As a result, the microscopy images ex-
hibited reduced sharpness, particularly around the fibres, compromising the quality of the
analysis.

To address the issue of binder visibility, a 3D clamping rig was constructed where a section
of the tow from the deposited specimen could be securely clamped and cut. This setup was
expected to enhance the visibility of the binder by reducing fibre misalignment during cutting.
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Figure 5.16: 3D printed clamp for cross-sectional dry fibre specimen

Figure 5.17: microscopy image of cross-sectional dry fibre specimen

However, the surface unevenness persisted and continued to cause focus problems with the
digital microscope. Despite the clamping rig minimising handling errors, the nature of the
fibrous material led to irregularities in the cut surface. These uneven surfaces introduced
multiple focal planes, which prevented the microscope from achieving consistent focus on the
fibres. This is seen in figure 5.17. As a result, the uneven topography remained a limiting
factor, making it difficult to capture clear and focused images of the binder distribution within
the fibre matrix. The extent and pattern of binder seepage remain inconclusive due to the
challenges in achieving the images. The uneven fibre surface and the resin’s interference in
binder visibility suggest that the binder may have moved through the material unevenly,
potentially concentrating in some regions while thinning in others. However, the inability to
clearly discern these areas prevents definitive conclusions about the seepage behaviour.

Future work will require more precise specimen preparation techniques or alternative imaging
methods like Micro CT, that would allow for a more accurate assessment of binder seepage
within the fibre matrix.

5.7 Attempt to quantify fraying behaviour

Fraying was observed in some specimen sets during the peel tests as seen in section 4.7
suggesting an interesting finding of the Hexcel HiTape ® material. To quantify this fraying
behaviour, the frayed specimens were examined under a digital microscope as seen in figure
5.18, to explore potential patterns. Due to the specimen length of 480 mm, the VR series
3D microscope, with a 150 mm scanning bed, was chosen over the higher resolution laser
confocal microscope, which has a smaller 50 mm scanning bed. Cutting the specimens to fit
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the smaller microscope would have damaged the frayed areas, so maintaining the full specimen
was prioritised. Although the VR series 3D microscope has a lower resolution, this trade-off
was necessary to ensure specimen integrity for accurate analysis However, several challenges
were encountered in reliably measuring the extent of fraying.

Figure 5.18: Microscope setup for analysing frayed specimen

Challenges in Quantifying Fraying

• Lack of Consistent Fraying Patterns: Despite the visual inspection through digital
microscopy, no consistent or identifiable fraying pattern could be observed across the
specimens. This irregularity in the frayed regions made it difficult to define specific
criteria for measuring fraying behaviour, limiting the accuracy of direct microscopy-
based quantification.

• Complexity of Greyscale Image Analysis: Greyscale analysis was also explored
as a method for distinguishing frayed regions from intact fibre areas. This is shown in
figures 5.19 and 5.20. The dark region is the fraying seen in figure 5.19. However, the
irregular greyscale values introduced by frayed fibres and fibre perforations of the Hexcel
HiTape ® complicated the analysis as seen in figure 5.20, as these features produced
similar dark regions in the images, leading to inconsistent measurements.

Potential Methods for Future Quantification

While initial attempts at quantification were inconclusive, there are alternative methods that
may offer more accurate measurement of fraying behaviour:
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Figure 5.19: Microscope image of a slightly frayed specimen of group 4

Figure 5.20: grayscale analysis of frayed specimen of group 4 specimen

• Slope Analysis from Peel Force Graphs: The slope in the frayed region of the peel force
graph as seen in figure 4.29 may serve as an indirect measure of fraying. A sharp rise
in the slope of the peel force graph could indicate areas where fraying influences the
material’s resistance. By examining these changes in the slope of the peel force graphs
and correlating it to the area of frayed region to non-frayed region of the material, it
may be possible to estimate a relative magnitude of fraying across specimens. Further
calibration would be needed to validate this approach, but it could be a possible method
to quantify the fibre fraying and account for it in future investigations.

• Microscopic analysis of Frayed vs. Non-frayed Areas: A more refined approach using
microscopy could involve calculating the area ratio of frayed to non-frayed regions. This
method would allow for a relative assessment of the fraying extent by comparing the
affected regions to intact fibre areas. By quantifying these areas, a comparative measure
of fraying could be developed, providing insight into how temperature and processing
conditions affect fibre stability.

5.8 Limitations

• The design of experiments for the 3 factors and 3 levels were limited to 15 combinations
out of the full factorial 27 combinations of parameters. Investigation of all 27 parameters
could prove to give more data points for understanding the non-linear behaviour and
the interactions between the parameters.

• As the datasheet for the Hexcel HiTape ® material was not accessible, a series of heating
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trials had to be conducted to find an approximate activation temperature for the binder.
The process was time-intensive.

• Thermocouples employed for temperature measurement were sensitive and the nip point
temperatures recorded along the length of the ply had differences. Even using a dif-
ferent diameter of the same k-type thermocouple altered the measured values of the
temperatures recorded during the power setting of parameters for the 3 IR lamps on
the AFP unit.

• Fraying during the peel test reduced the number of usable data points for each group.

• Traditional AFP systems, such as the Coriolis C1, typically use open-loop heating con-
trol, which doesn’t include a feedback system to adjust for temperature changes in
real-time. This can cause uneven heating. The setup of IR lamp arrays has a major im-
pact on how heat is distributed across the layup. Without feedback, these systems can’t
respond to sudden temperature shifts in the material, causing temperature gradients
and a complex relationship between heating power, feed speed, and how the material
absorbs heat. This makes it difficult to achieve even temperatures, especially in units
like the Coriolis C1, which uses three IR heaters, adding to the challenge of maintaining
consistent heat.



Chapter 6

Conclusions

The chapter begins by highlighting the findings of the study summarised in section 6.1,
providing insights into how temperature, layup speed, and compaction force influence tack
behaviour. In section 6.2 the research questions formulated in chapter 3 are answered.

6.1 Summary of Findings

This study investigated the influence of process parameters—temperature, velocity, and com-
paction force—on the tack behaviour of Hexcel HiTape® in Automated Dry Fibre Placement
(ADFP). The following findings summarize the key insights from the results and analysis:

Dominant Influence of Temperature on Tack: Temperature was confirmed to be the
most significant factor affecting tack. Higher temperatures consistently produced higher tack
forces. This validates the initial hypothesis of the dominance of nip point temperature on the
tack behaviour. This effect is attributed to reduced binder viscosity at elevated temperatures,
which facilitates binder flow and promotes polymer diffusion at the interface.

Influence of velocity on tack behaviour: Following temperature, velocity emerged as the
next most influential parameter. At lower temperatures, velocity had a stronger impact on
tack, while at higher temperatures, temperature remained the dominant factor. This rela-
tionship suggests that velocity’s effect on tack is somewhat conditional upon the temperature
level. This contradicts the initial hypothesis that proposed a lower speed giving rise to higher
tack force.

Effects of Compaction Force on Tack: From the peel tests, compaction force exhib-
ited a dual influence on tack depending on the levels of temperature and velocity. At low
temperatures and low speeds, increasing compaction force raised tack. Conversely, at high
temperatures and high speeds, reducing compaction force appeared to enhance tack. However,
from the statistical analysis in section 4.7.1, compaction force was shown to be statistically
insignificant. Therefore, the hypothesis that predicted increase of tack forces with increasing
tack is not supported.
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Non-linear behaviour across parameters: The relationship between tack and each pa-
rameter—temperature, velocity, and compaction force—was found to be non-linear. This
non-linearity indicates that the impact of each parameter on tack does not follow a simple,
linear trend, underscoring the need for optimised parameter control within specific ranges to
achieve consistent adhesion.

Limitations of the Solvay TX1100 Model for Hexcel HiTape®: The tack model
originally developed for Solvay TX1100 material was not a good fit for Hexcel HiTape®.
Specifically, the model’s assumption of an inverse relationship between velocity and tack
force did not align with Hexcel HiTape® behaviour, where higher velocities increased tack
force. This divergence highlights the need for a material-specific model to accurately predict
tack behaviour for Hexcel HiTape®. This finding contradicts the initial hypothesis. The tack
model of the Solvay TX1100 material cannot be generalised to the Hexcel HiTape ®.

Hypothesized Influence of Material Structure on Tack: The positive effect of velocity
on tack force is likely linked to Hexcel HiTape® ’s perforated structure. At lower speeds, the
binder may seep through the perforations due to prolonged exposure, resulting in less binder
at the bonding interface. Higher speeds, however, help retain the binder on the surface,
increasing tack. This hypothesis provides a plausible explanation for Hexcel HiTape® ’s
unique response to velocity.

Observations on Temperature Threshold for Binder Activation: At the lowest tested
temperature (64 °C), tack remained very low, likely due to incomplete binder activation. To
ensure full binder activation, a slightly higher temperature should used for future investiga-
tions. This finding offers an initial guideline for the processing range of Hexcel HiTape®,
especially in the absence of data sheet specifications.

6.2 Answers to the research questions

This research focused on investigating the influence of the process parameters—nip point
temperature, compaction force, and layup speed—on the tack behaviour of Hexcel HiTape®
dry fibre material in the Automated Dry fibre Placement (ADFP) process. The study utilized
a 90-degree peel test to quantify tack forces across various parameter combinations. The study
examined how these factors, both independently and in combination, shape tack behaviour of
the Hexcel HiTape ® material. Below are the conclusions drawn from the results, addressing
the primary research question and supporting sub-questions.

Main research Question 1: How do the process parameters influence tack be-
haviour in Hexcel HiTape ®?

Sub-question 1: How does the variation in nip point temperature affect the tack
behaviour of Hexcel HiTape® Dry fibre Material?

Answer: From the peel test data and the statistical analysis, it is seen that nip point
temperature has the most influence on the tack behaviour of the Hexcel HiTape ® ® material.
This validates the initial hypothesis of temperature having a dominant effect over all the other
parameters. The higher tack force is mostly due to the reduced binder viscosity and increased
degree of polymer diffusion across the ply interface that strengthens the tack bond.
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Sub question 2: How does the layup speed influence the tack behaviour of the
Hexcel HiTape ® dry fibre material?

Answer: Contrary to the initial hypothesis, the peel tests and statistical analysis revealed a
positive correlation between layup speed and tack force for AFP-deposited Hexcel HiTape®.
Higher speeds resulted in increased tack forces, likely due to the material’s perforated struc-
ture, which retains binder at the interface at higher speeds, reducing binder seepage. This
finding contradicts the original hypothesis that lower speeds would yield stronger tack and
indicates that Hexcel HiTape® ’s architecture may be the reason for positive speed-related
tack behaviour.

Sub question 3: How does the compaction pressure influence the tack behaviour
of the Hexcel HiTape® dry fibre material?

Answer: The hypothesis that increased compaction force would increase tack is not sup-
ported by the results. From the statistical analysis of the main effect, compaction force is not
statistically significant, falling below the 95% confidence interval.

Sub question 4: Do the interaction between the parameters show significance in
understanding the tack behaviour ?

Answer: Analysis of both peel force and statistical data shows that interactions between
temperature, speed, and compaction force have no statistically significant impact on tack
behaviour. This suggests that each parameter primarily influences tack independently, with
no meaningful interaction effects observed.

Main Research Question 2: Does the unique fibre architecture and binder dis-
tribution of the Hexcel HiTape ® dry fibre material in comparison to the Solvay
TX1100 dry fibre material give rise to different tack behaviour?

Answer: The unique fibre architecture and binder type of Hexcel HiTape® produce dis-
tinct tack behaviour compared to Solvay TX1100. Modelling Hexcel HiTape® data using the
Solvay TX1100 tack model showed poor alignment, especially concerning layup speed effects.
Unlike Solvay TX1100, where lower speeds yield higher tack, Hexcel HiTape® demonstrated
increased tack at higher speeds—likely due to its perforated structure, which may help re-
tain binder at the interface. While this initial observation points to the impact of Hexcel
HiTape® ’s structure on tack, further investigation is needed to confirm this hypothesis. This
finding underscores the importance of material-specific models to accurately represent Hexcel
HiTape® ’s unique response.

Main research Question 3: Can the Solvay TX1100 tack model be applied to
Hexcel HiTape®, or is a new model needed?

Answer: The Solvay TX1100 tack model does not adequately predict tack behavior for Hexcel
HiTape® without modification. Significant discrepancies between predicted and observed
values, particularly concerning layup speed, highlight the model’s limitations. The Solvay
TX1100 model assumes a negative correlation between speed and tack, which does not apply
to Hexcel HiTape®, where speed positively impacts tack. Modifying the model equation to
reflect this relationship is essential for achieving accurate predictions with Hexcel HiTape®.

Conclusion
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This study evaluated the influence of nip point temperature, velocity, and compaction force
on the tack behaviour of Hexcel HiTape® dry fibre material in the Automated Dry Fibre
Placement (ADFP) process. It also assessed the suitability of the existing Solvay TX1100
tack model for this material. Results indicate that nip point temperature is the most dominant
factor influencing tack force, with observed values consistently exceeding the 99.9% confidence
interval. Higher nip point temperatures enhance tack by promoting binder melt and adhesion
between fibre layers. This aligned with the initially proposed hypothesis. However, the Solvay
TX1100 model, which predicted an inverse relationship between velocity and tack force, did
not fit Hexcel HiTape’s behaviour accurately. Instead, a positive relationship was observed,
where increased speeds led to higher tack, suggesting that Hexcel HiTape’s fibre structure
and binder characteristics likely caused the unique interactions.

The results also revealed a nonlinear relationship between increasing levels of temperature
and velocity. Compaction force had a minimal direct impact on tack force. The statistical
analysis further confirmed that tack force in Hexcel HiTape ® is largely independent of spe-
cific parameter combinations and compaction force, underscoring temperature as the primary
driver of tack performance, followed by velocity.
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Future recommendations

• Model Adaptation for Hexcel HiTape ®: In future investigations, the model de-
veloped for the Solvay TX1100 material can be modified to account for the distinct tack
behaviour observed in Hexcel HiTape ® dry fibre. Calibration of the model specific to
Hexcel HiTape ® will allow for the development of a generalised framework that can be
applied to other dry fibre materials as well.

• Quantifying fraying after peel test: Fraying observed during peel tests on Hexcel
HiTape® dry fibre material provides insights into its tack behaviour in Automated
Dry Fibre Placement (ADFP). In this context, fraying is beneficial, indicating strong
bonding within AFP layers, and enhancing structural stability. However, for quality
control during rework, manufacturers need to understand how process parameters affect
fraying when rework has to be done.

To quantify fraying, force-displacement curves from peel tests can be analysed, where the
frayed region can be assigned a relative fraying intensity for each parameter combination.
This can be done by analysing the slope of the force vs time graphs from peel testing
and comparing it with the frayed region to the non-frayed region. Surface roughness
measurements may also offer a quantitative metric for fibre disruption.

• Investigation of the binder seepage hypothesis: To investigate the binder seepage
hypothesis linked to the material’s perforations, additional plies of the fibre could be laid
up, and microscopy could be used to observe the extent of seepage or confirm if it occurs.
Micro-CT analysis could also be applied for a non-destructive, high-resolution view of
internal binder distribution and any voids created by perforations. This combined
approach would provide insights into how binder migration interacts with the fibre
architecture, helping clarify its impact on tack behaviour.

• Setting temperature slightly higher than 64 ◦C as the minimum Tempera-
ture for Future Investigations:: The initial tests at 64°C revealed insufficient tack,
suggesting incomplete binder activation in the HiTape ® material. In the absence of a
datasheet specifying the binder’s activation range, this study indicates that a slightly
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higher temperature should be established as a baseline temperature for future testing.
This threshold would ensure complete activation of the binder, allowing for a more pre-
cise evaluation of tack behaviour and a clearer understanding of the material’s adhesive
performance across varied conditions.
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Appendix A

No. V (Speed) T (Temperature) F (Force) y
1 - - + y1
2 + - + y2
3 - - - y3
4 + - - y4
5 0 - 0 y5
6 0 0 0 y6
7 0 0 + y7
8 0 0 - y8
9 + 0 0 y9
10 - 0 0 y10
11 - + + y11
12 - + - y12
13 + + + y13
14 + + - y14
15 0 + 0 y15

Table A.1: Combinations of Speed (V), Temperature (T), and Force (F) for the face centred
central composite design
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Block Group T (°C) V (m/s) F (N) Cube Group
1 Group 1 64 0.04 500 G1
1 Group 2 64 0.2 500 G10
1 Group 3 64 0.04 300 G3
1 Group 4 64 0.2 300 G4
1 Group 5 64 0.12 400 G11
2 Group 6 95 0.12 400 G6
2 Group 7 95 0.12 500 G7
2 Group 8 95 0.12 300 G8
2 Group 9 95 0.2 400 G15
2 Group 10 95 0.04 400 G5
3 Group 11 125 0.04 500 G2
3 Group 12 125 0.04 300 G9
3 Group 13 125 0.2 500 G13
3 Group 14 125 0.2 300 G14
3 Group 15 125 0.12 400 G12

Table A.2: Group Distribution Based on Temperature (T), Speed (V), Force (F), and Cube
Group with Correct Color Coding

GROUP SPECIMEN MEAN PEEL STD DEVIATION PEEL MEAN fibre BEND VARIANCE BEND STD DEVIATION BEND MEAN TACK VARIANCE TACK STD DEVIATION TACK
1 11 0.485378699 0.249146138 0.257254163 0.000495111 0.022251081 0.228124536 0.062073798 0.249146138
2 12 2.985489469 1.018206236 0.188621856 0.000767616 0.027705879 2.796867613 1.03674394 1.018206236
3 13 0.286119425 0.053439123 0.263569562 0.00370113 0.060836915 0.022549863 0.00285574 0.053439123
4 14 2.524898654 0.80683136 0.273173667 0.000953742 0.030882714 2.251724986 0.650976844 0.80683136
5 15 1.555962318 0.421672217 0.243904757 0.000540269 0.023243695 1.3125.3457562 0.177807458 0.421672217
6 21 8.926505531 0.640220117 0.210532712 0.000905127 0.030085325 8.715972818 0.409881798 0.640220117
7 22 9.239803427 0.718561191 0.23441387 0.000766288 0.027681913 9.005389558 0.516330186 0.718561191
8 23 11.1947829 1.439095874 0.258720295 0.001031022 0.03210953 10.93606261 2.070996935 1.439095874
9 24 11.21756942 1.010763439 0.256946138 0.000991537 0.031488681 10.96062328 1.021642729 1.010763439
10 25 3.688360565 1.41048976 0.228283381 0.001393668 0.037331866 3.460077184 1.989481363 1.41048976
11 31 8.810996967 1.11067716 0.195399922 0.000946971 0.030772894 8.615597045 1.233603754 1.11067716
12 32 8.21556652 1.233500211 0.249394172 0.001577354 0.039715911 7.966172348 1.521522771 1.233500211
13 33 9.392913525 0.043807376 0.20081941 0.001919086 0.043807376 9.192094115 0.448665162 0.669824725
14 34 10.32459852 1.011967774 0.260713008 0.002708531 0.052043552 10.06388551 1.024078775 1.011967774
15 35 8.257518133 0.897966079 0.166608443 0.000436247 0.020886535 8.09090969 0.806343079 0.897966079

Table A.3: Summary of the mean peel force, bending force, and tack force with standard
deviations and variances for each specimen group.

S T F Lamp 1 Lamp 2 Lamp 3
0.04 64 500 10 7 7
0-2 64 500 32 30 30
0-04 64 300 10 7 7
0-2 64 300 32 30 30
0.12 64 400 20 20 20
0.12 95 400 35 36 36
0-12 95 500 35 36 36
0-12 95 300 35 36 36
0.2 95 400 63 55 55
0.04 95 400 8 10 10
0.04 125 500 25 20 20
0-04 125 300 25 20 20
0-2 125 500 86 86 86
0-2 125 300 86 86 86
0.12 125 400 30 50 50

Table A.4: Power outputs of the lamps under various conditions.
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Figure A.1: face centered cube representing the groups chosen for the design of experiments

Figure A.2: Peel force vs time data for group 1
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Figure A.3: Peel force vs time data for group 2

Figure A.4: Peel force vs time data for group 3
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Figure A.5: Peel force vs time data for group 4

Figure A.6: Peel force vs time data for group 5
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Figure A.7: Peel force vs time data for group 6

Figure A.8: Peel force vs time data for group 7
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Figure A.9: Peel force vs time data for group 8

Figure A.10: Peel force vs time data for group 9



110 Appendix A

Figure A.11: Peel force vs time data for group 10

Figure A.12: Peel force vs time data for group 11
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Figure A.13: Peel force vs time data for group 12

Figure A.14: Peel force vs time data for group 13
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Figure A.15: Peel force vs time data for group 14

Figure A.16: Peel force vs time data for group 15
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Group Specimen Mean Tack Force i i−0.5
n × 100%

3 13 0.022549863 1 3.33
1 11 0.228124536 2 10.00
5 15 1.312057562 3 16.67
4 14 2.251724986 4 23.33
2 12 2.796867613 5 30.00
10 25 3.460077184 6 36.67
12 32 7.966172348 7 43.33
13 33 8.09090969 8 50.00
11 31 8.615597045 9 56.67
6 21 8.715972818 10 63.33
7 22 9.005389558 11 70.00
15 35 8.09090969 12 76.67
9 24 10.93606232 13 83.33
14 34 10.06388551 14 90.00
8 23 10.96062328 15 96.67

Table A.5: Quantile distribution sorted in ascending order for the mean tack forces.

Group Specimen Mean Bending Force i i−0.5
n × 100%

15 35 0.166608443 1 3.33
2 12 0.188621856 2 10.00
11 31 0.195399922 3 16.67
13 33 0.20081941 4 23.33
6 21 0.210532712 5 30.00
10 25 0.228283381 6 36.67
8 23 0.23441387 7 43.33
5 15 0.243904757 8 50.00
12 32 0.249394172 9 56.67
9 24 0.256946138 10 63.33
1 11 0.257254163 11 70.00
7 22 0.258720295 12 76.67
3 13 0.263569562 13 83.33
14 34 0.260713008 14 90.00
4 14 0.273173667 15 96.67

Table A.6: Mean Bending Force quantile distribution sorted in ascending order

TACK BEND∑
Var Bend 5.980520785 0.12861199

S2 0.747565098 0.016076499
Sd̄ 0.352979012 0.05176308

Table A.7: Calculation of standard deviation for 2k factorial set.
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Figure A.17: student’s two-sided t-distribution table

Factors Mean - Mean 0 Mean + Effect
Temperature T 1.3248 8.6156 8.9594 7.6346

Force F 6.2481 6.5079 5.9676 -0.2805
Velocity v 4.0585 7.6121 7.0530 2.9945

Table A.8: Mean Effects of Temperature, Force, and Velocity on Tack Force

T+ T0 T- V- V0 V+ F- F0 F+
0.5182 0.5744 0.3209 0.5065 0.4686 0.4723 0.5302 0.4834 0.4194

Table A.9: Standard Deviation of Main Parameters
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B.1 MATLAB Code for Model Fitting

1 T = [64.09 , 64.09 , 64.09 , 64.09 , 64.09 , 95.43 , 95.43 , 95.43 , 95.43 , 95.43 ,
125.34 , 125.34 , 125.34 , 125.34 , 125.34] ’; % Temperature

2 F = [500 , 500, 300, 300, 400, 400, 500, 300, 400, 400, 500, 300, 500, 300,
400] ’; % Applied force

3 Mean_tack = [0.2281 , 2.7969 , 0.0225 , 2.2517 , 1.3121 , 8.7160 , 9.0054 , 10.9361 ,
10.9606 , 3.4601 , 8.6156 , 7.9662 , 9.1921 , 10.0639 , 8.0909] ’; % Observed
tack

4

5 % Define the Model Equation
6 % This function defines the model for tack based on T, F, and V with

parameters a, b, and c
7 tackModel = @(params , T, F, V) ( params (3) * F .^0.2) ./ ...
8 ( params (1) * exp( params (2) ./ (5 * T)) .* V

.^0.5) ;
9

10 % Initial parameter guesses for a, b, and c
11 initialParams = [0.3 , 1488 , 0.24]; % [a, b, c]
12

13 % Perform nonlinear regression to fit the model
14 opts = optimoptions (’lsqcurvefit ’, ’Display ’, ’off ’);
15 [fitParams , resnorm , residuals , exitflag , output ] = lsqcurvefit (@(params , X)

...
16 tackModel (params , X(: ,1) , X(: ,2) , X(: ,3)), initialParams , [T, F, V],

Mean_tack , [], [], opts);
17

18 % Extract estimated parameters
19 a_estimated = fitParams (1);
20 b_estimated = fitParams (2);
21 c_estimated = fitParams (3);
22

23 % Display estimated parameters
24 fprintf (’Estimated parameter a: %.4f\n’, a_estimated );
25 fprintf (’Estimated parameter b: %.4f\n’, b_estimated );
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26 fprintf (’Estimated parameter c: %.4f\n’, c_estimated );
27 fprintf (’Residual norm (SSE): %.4f\n’, resnorm );
28

29 % Calculate Goodness of Fit (R- squared )
30 sse = sum( residuals .^2);
31 sst = sum (( Mean_tack - mean( Mean_tack )).^2);
32 rsquare = 1 - (sse / sst);
33 fprintf (’R- squared : %.4f\n’, rsquare );
34

35 % Calculate error metrics
36 MAE = mean(abs( residuals ));
37 RMSE = sqrt(mean( residuals .^2));
38 fprintf (’Mean Absolute Error (MAE): %.4f\n’, MAE);
39 fprintf (’Root Mean Squared Error (RMSE): %.4f\n’, RMSE);
40

41 % Fit Evaluation Criteria
42 is_good_fit = true;
43

44 if rsquare < 0.5
45 fprintf (’R- squared is low (R^2 = %.4f): Model does not explain much

variability in the data .\n’, rsquare );
46 is_good_fit = false;
47 end
48

49 if MAE > 2 * mean( Mean_tack )
50 fprintf (’High Mean Absolute Error (MAE = %.4f): Predictions deviate

significantly from observed values .\n’, MAE);
51 is_good_fit = false;
52 end
53

54 if RMSE > std( Mean_tack )
55 fprintf (’High RMSE (RMSE = %.4f): Error distribution is larger than

standard deviation of observed values .\n’, RMSE);
56 is_good_fit = false;
57 end
58

59 % Summary of Fit Quality
60 if is_good_fit
61 fprintf (’The model is a GOOD fit for the data based on the criteria .\n’);
62 else
63 fprintf (’The model is NOT a good fit for the data based on the criteria .\n

’);
64 end
65

66 % Calculate predicted tack values using the fitted parameters
67 predicted_tack = tackModel (fitParams , T, F, V);
68

69 % Plot Observed vs. Predicted Tack Values with Points Only
70 figure ;
71 plot (1: length ( Mean_tack ), Mean_tack , ’bo’, ’MarkerSize ’, 8, ’DisplayName ’, ’

Observed Tack ’); % Observed tack as points only
72 hold on;
73 plot (1: length ( predicted_tack ), predicted_tack , ’r*’, ’MarkerSize ’, 8, ’

DisplayName ’, ’Predicted Tack ’); % Predicted tack as points only
74 xlabel (’Data Point ’);
75 ylabel (’Tack ’);
76 title(’Observed vs. Predicted Tack Values ’);
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77 legend (’Observed Tack ’, ’Predicted Tack ’);
78 xticks (1:15) ; % Ensure all 15 points are displayed on the x-axis
79 xticklabels (1:15) ; % Label each x-tick from 1 to 15
80 hold off;
81

82 % Plot Residuals with Zero Reference Line and Custom X-Axis Labels
83 figure ;
84 x_values = 1: length ( residuals );
85 plot(x_values , residuals , ’o’, ’MarkerSize ’, 8, ’DisplayName ’, ’Residuals ’); %

Plot residuals as points only
86 hold on;
87 yline (0, ’--’, ’LineWidth ’, 1.5, ’DisplayName ’, ’Zero Reference Line ’); % Add

reference line at y = 0
88 xlabel (’Data Point ’);
89 ylabel (’Residual ’);
90 title(’Residuals of the Fit ’);
91 xticks (1:15) ; % Ensure all 15 points are displayed on the x-axis
92 xticklabels (1:15) ; % Label each x-tick from 1 to 15
93 legend (’Residuals ’, ’Zero Reference Line ’);
94 hold off;

Listing B.1: MATLAB code for nonlinear model fitting
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