r University of
Nottingham

Y e
UK [ CHINA | MALAYSIA

ThermomechanicalForming
Simulation for Fibre Reinforced
Thermoplastic Laminates

By
George Edward Street
MEng (Hons.)

Thesis submitted tthe
University of Nottingham

for the degree of

Doctor of Philosophy






Abstract

The use of fibre reinforced composite (FRC) materials has grown exponentially in
recent years, due mainly to the attractive properties that they exhibit compared with
conventional isotropic materials. While they pose an attractive proposition, challenges
to the composite industry stem from long manufacturing time, poor recyclability and
difficult joinability. Fibre reinforced thermoplastic (FRTP) composites aim to meet the
challenges posed by thermoset FRCs. The increase in demand for FRTP components
has driven the need for improvedntinuous sheet forming processtl®owing for

viable productiorof high-performanc&omponentsat a range ahanufacturingcales.

This includes improved process modelling, with the objective to reduce the reliance
on costly and timeonsuming trialand-error methods and optimise process control.

The aim of this work was to produce a functional FRTP thermomechanical forming
simulation for the attractive doubtBaphragm forming (DDF) process, identified as a
gap in literature where current FRTP models are limited to just the matabled
processedt was envisaged that the model would allow for accurate defect prediction
at a range of forming conditions, subsequently allowing for optimisation of the FRTP

DDF process. To achieve this aim, the thesis was broken down into four key areas:
() FRTP DDF Experimental Study

A FRTP DDF rigwas producedo conduct forming at aange of conditions. The
objective was to identify the parameters for successful forming, such as materials and
forming conditionsandalso provide validation for the subsequent numerical model.
Successful isothermal forming was conducted witigleply carbon fibre (CF) /
Polyamide 6 (PA6) organosheets, utilising silicone diaphragover a doublelome

tool geometry. For this purpogeheang of the diaphragm® 200°C was necessary

to mitigate issues resulting from the significant thermal expansion of silicone. It was
shown that both reducing the laminate temperature and/or increasing the forming rate
results inincreasedlefect formation in theormedcomponent. For exampleridging
(tool-laminate conformity) and wrinkldengths increased by110% and 490%

respectivelywith forming at 200°C compared to that at 25C. High-rate forming




resulted ina 58% increase in wrinkle amplitudé was found that using an infrared
(IR) lamp resukdin significant inplane thermal distributions op to 18°C, and that
the solid organosheetdhot permit airflow, thus inhibiting vacuum propagation at the
start of the forming proces® maximum diaphragm strain of 80% was noted,
highlighting that both laminate and diaphragm deformagicacritical to the success
of the DDF process.

Experimental repeatability was analysed and found to be high at higher temperatures,
with variations in bridging and shear generally limited8&. This repeatability
degraded at lower temperaturespecially concerning wrinkle propagatidmth
between repeats and intiest between two sides of a symmetrical tool. This
highlighted the instability of wrinkles and the variability that can occur owing to errors

with specimen alignment and heating.
(i) Material Behaviour Characterisation

It was necessary to characterise the significant deformation mechanisms, associated
with both the laminate and diaphragmehich allowed mould conformity to be
achieved in the experiment&8lDF routine The significant laminate deformation
mechanisms that were analysed were deconsolidation;piytrshear, oubf-plane
bending (intraply mechanisms) and finally the interaction between the laminate and
the silicone diaphragms. Deconsolidation was fooraktlimited to 9% upon heating,
owing to the singlgly laminates utilised in this work. A critical reconsolidation
pressure of 0.4 bar was also identified, therefore indicatinguhatconsolidation is
achieved in the DDF process. Inpply shear characterisation was conducted
predominately utilising the bias extension tdske to the poor repeatabilif@#5%
variations)of the picture frame test. This was caused by poor specimen alignment
(nonorthogonality in the organosheets) and localised effects from the clamping
arrangement. Shear forces were shown to increaapprpximately 44% and240%

with a temperature reductidrom 270°C to 210°C and 25x forming-rate increase,
resgectively. This behaviour waparameterisedising an overstredaw and a
Arrheniustype relation respectivelyA similar parameterisation process wadsised

for outof-plane bending, with experimental testsnducted withthe cantilever
bendingtest It was found howeverthatthe influence obendingrate could not be

analysed with this technique. The diaphral@minate friction was characterised with




the pulithrough method, an@arameteriseavith a Stribeck analysjsshowing the
friction condition to lie within the hydrodynamic regimieRegarding the diaphrats
hyperelastic behaviour was characterised with the uniaxial, biaxial anesipeae
methods. Silicone was found to not exhibit significant directionality or- rate
dependencéwithin 6%), but did exhibit temperatu@ependence and was influenced
by the loading history. To remove the influence of loading history, a novel technique
was uilised where the samples were fw@mpressed before testing. This also resulted

in an approximately25% reduction in material stiffnes
(i) FRTP DDF Thermomechanical Simulation

Following the successful characterisation thfe material behaviourjt was
implemented within a DDF numerical routine. The model itself was based on a
continuous hypoelastic formulation withateipled membrane and bending behaviour.
Initially, each deformation mechanism was validaisoshgAbaqus/Explicit to ensure

that it was captured accurately. Inply shear viscoelasticity was well captured,
although a gradually increasing error of 20%100% was present due to the
normalisation procedure adopted. Diaphrggsn friction behaviour was aptured
within 16% of the experimental puthroughforces andncluded a novel method for
incorporating the initial d6éstaticé frict
input could not be validated due to buckling that was identified on the experimental
samples, however a sensitivity study showed it wastured sufficiently within
defined bounds for accurate wrinkle prediction. Finally, the Ogden hyperelastic
material model for the silicone diaphragm was shown to accuratgjurethe
elastomeric behaviour withih0% of the experimental force§heisothermalDDF
model was subsequently proddde replicate the experimental forming process

at the different process conditions adomad then validatedgainsdid, nonetheless,
predictthe experimental formgAt higher temperatures @ °C ), the model was
able to capture bridging within 0.5 mm, wrinldmplitudeswithin 20% andmaximum
shearangleswithin 1°. The accuracy of the model was also shown to not degrade with
an alternative-45/45 fibre orientation. At a higher forming rate, wrinkling was still
well predicted, although a sligf@.9 mm) overestimation of bridging wadentified

The modelnonethelespredided the occurrence of secondary wrinkling in the high

shear regions at thraite, and also predicted this behaviour well for the lowest tested




temperature of 200C. Bridging was significantly underestimated at this temperature,
however, caused by the inhomogeneouplame thermal profile in the experimental
tests. This profile was subsequenthycorporated resulting in a44% and 62%

improvement in bridging and shear predictiespectivelyat lower temperatures
(iv) FRTP DDF Optimisation

Having produced a functional FRTP DDF simulation thatild predict forming
behaviour with a good degree of accuracy, the madaslsubsequently adapted to
allow for optimisation of the process conditiolmtially, the heat transfer mechanisms

of conduction, radiation and convection were obtained through numerical,
experimental and analytical methods respectively. Each of these methods was
subsequently validated within an Abaqus/Explicit numerical modih laminate
cooling captured withif3% accuracyThis was coupled in parallel with modelling of
laminate crystallinity, identified in the initial numerical model as an important
consideration for loviemperature forming. This was twinned with crystallisation
dependent specific heat capacity, such thattstallisation exotherm was captured

in the model. The influence of crystallisation was implemented utilisinglea of
mixtures approach between the molten and solid material states-isdtirermal
simulations were run at differerfiorming rates, and it was found that including
transient effects results in a sligitdgingreduction (0.3 mm) at higher forming rates,
as opposeto the increasé0.1 mm)noted in the isothemal study. Wrinkleamplitudes
werealso more aligned (withid%) between the two neisothermal forming rates,
compared to the isothermal equivalért% differential) This was followed by a tool
temperature optiisation process where the tool temperature was minimised for the
lowest demoulding time, yet still forming within acceptable defect limits. A minimum
tool temperature of 200C was identified, resulting in bridging of less than 5 mm and
reducedwrinkling behaviour, with a demoulding time of 38 seconds. Finally, a novel
0 z 0 n e dh&ating stategwwas implemented, allowing for equivalent forming

guality butresulting ina 42% reduction in the demoulding time.

In summary, this work providesefoundations foeccuratd=RTP forming simulation
of alternative manufacturing techniques to conventional mattdw@dnethods, with
the possibilityfor increased process monitoring, control and optimisation.
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Chapter 1 Introduction

1.1 Background and Motivation

The demand for advanced materials in engineering applications has seen an
exponential increase over recent years, driven by the need for lightweight, high
strength, and durable materials across various industries. Composite materials have
been at the forebnt of this development. The uptake of composite materials has been
particularly pronounced in sectors such as aerospace, automotive, marine, and
renewabl e energy. For exampl e, Boeingos
extensive use of carbon fidreinforced composites, accounting for more than 50% of
their structural weighfl, 2]. Moreover, in the automotive industry, companies such

as BMW [3], Jaguar Land Rovef4d] and Toyota[5] have invested heavily in
composites research in recent years. Similarly, wind turbine blades, which require high
stiffness and fatigue resistance, commonly use glassréréorced compositel§].
Furthermoremarine applications benefit from composites in hull construction for their

corrosion resistance and reduced wejght

The global composites industry reached a production volume of approximately 11.8
million tonnes in 20198]. Projections suggest continued growth, with the market
expected to reach 163.97 billion USD by 2030, driven by a compound annual growth
rate (CAGR) of 7.2% from 2023 to 208%]). This growth will be fuelled by significant
contributions from key sectors such as aerospace, renewable energy, and automotive
applications. In the UK alone, the 2035 zgahicleemissions targdil0] has led ta

surge in electric vehicle salegich are expected to approach 600,000 units annually

in 2025, representing 24% of new car sldg.

While much of the early focus in composites hastredon thermosetting matrices,

the shift toward thermoplastic composites has been gaining momentum due to several
key advantaged hisincludesenhanced recyclabilifyl 2], faster processing timgk3],
improved impact resistan¢g4], superior fire, smoke and toxicity (FST) performance

[15] and easier storage and shelf [f6]. These advantages have led to thermoplastic
composites being adopted in a wide range of applications. In the aerospace sector, for
example, the Airbus A380 incorporates thermoplastic composites for a range of
leading edgsestructures due to the enhancegaut performance, with glass fibre (GF)

reinforced polyphenylensulphide(PPS) utilised for components like th@dse[17].

787
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More recently, the Boeing 787 6Dreamld.
thermoplastic composites for structural components such as the elevators and tailplane,
as oppose to just body panel§l8]. Figure 1.1 shows how the utilisation of fibre
reinforced thermoplastic (FRTP) composites has evolved in the aerospace and defence
industry, from simple flat rib sections through to primary structures with high
performancgolyetheretherketon®EEK) matrice$19, 20] Between 2024nd2030,

the aerospace and defence industry is projected to generateutative demand of

approximatelyl2,000 tonnefor thermoplastic composites alof&o].
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Figurel.1: Utilisation of fibre reinforced thermoplastics within the aerospace s@tipr

It is not just the aerospace industry that has benefitted from the advancements in FRTP
technology. The automotive industry integrates them in structural andtnotural
components to achieve high production rates and reduced assemblj2tiindhis

has included brake pedals (Bentley Continental GT, Porsche Panamefa2NF)
seatback structures (GAC ENO.146 concef@3], engine undertrays (Bentley
Bentayga, Audi Q7)[24] and floor modules[25]. Additionally, thermoplastic
composites are utilised in sports and recreation for lightweight anepkigbrmance
equipment such as bicycle frani@6] and high performance footwel@7], owing to

their superior strengtto-weight ratio and durability. Consumer electronics benefit
from thermoplastics with protective casings and internal components, such as with the
HP Spectre 13 Ultrabook, the woidthinnest laptop, comprising of a chassis made
from a polycarbonate (PC) and acrylonitrile butadiene sty{®B&) blend reinforced

with CF [28]. In these applications, impact resistance, heat dissipation and FST

3
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requirements are critical, making FRTPs an ideal selection. FRTPs are increasingly
utilised in medical devices, including prosthetics and surgical instruments, due to their
biocompatibility, chemical resistance and sterilization capabil[g8$ Finally, in
infrastructure and construction, FRTPs can be used in bridge reinforcements, panels
and barriers due to their toughness and environmental resi§d@hc€he increase in

FRTP uptake is clearly not limited to a single industry, owing to the multitude of
desirable properties they exhibit compared to conventional thermosets.

Despite the advantages of thermoplastic composites, their adoption #adhighe
applications is often constrained by manufacturing costs and the complexities involved
in the hightemperature processing1]. Traditional FRTP manufacturing methods,
such as matchewol forming processes, have been proven viable for-ixoddame
production. However, the high tooling costs make these methods lessffeotte

for low-to-mid volume production[32]. Consequently, industries are exploring
alternative lowcost FRTP forming techniques that offer greater economic efficiency
and improved flexibility. Processes such as the dedialphragm forming (DDF)
method present viable alternatives, where flexibdploragms are utilised to form
composite sheetsThis allows for lower capital investment and enablmore
economical productiof33, 34] Additionally, the DDF process is more suitable for
the production of large parts, as it is not constrained by fixed tooling [8ZBy
adopting alternative forming methods, manufacturers can achieve a more balanced
approach to production, optimising both cost and efficiency across varying production

volumes.

For these thermoplastic composite manufacturing techniques to be effective and
competitive, accurate simulations are essenid]. Traditional trialanderror
approaches commonly used in the industry are both-comsuming and costly,
leading to inefficiencies in process optsation and material utdation [37].
Simulationdriven design, on the other hand, enables the prediction of material
behaviour under different forming conditions, allowing engineers to cgiprocess
parameters, minimé defects, and improve overall production efficien&g].
Therefore, by leveraging these simulations, manufacturers can reduce their reliance on
costly experimental trials, shorten development cycles, and enhance product
performance. lrorderto fuel the momentum behind the implementation of FRTPs, it
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is therefore crucial to combine the various aforementioned manufacturing techniques
with these advanced numerical models for a synergistic approach to composite

manufacturing.

Accordingly, this thesis presents the first comprehensive thermomechanical simulation
of the DDF process for FRTP composites. This marks a significant advancement in a
field where no prior simulations have specifically addressed FRTP manufacturing
using tle DDF method. Uniquely, this work goes beyond replicatimggrvedorming
behaviour by introducing an optimisation strategy for the DDF process through
simulation, something not previously attempted. Moreover, it is the first publication to
incorporate thk full spectrum of material characterisation, both mechanical and thermal,
for all relevant constituents involved in the DDF process. This characterisation spans
from initial experimental testing through to implementation within the simulation
framework, @suring consistency and traceability across the workflow. Notably,
several of the characterisation methods employed were novel or adapted specifically
for this work, enabling accurate capture of critical deformation and thermal
mechanisms under realistioriing conditions. This integrated approach provides a
level of detail and rigour not previously demonstrated in the literature and makes the
study one of the most complete and wellnded contributions to the field of

thermoplastic composite forming tate.

The development of these simulation tools has formed a section of the work produced
within an arm of the Future Composites Manufacturing Research Hub (CIMComp)
[38], specifically within the Composites Research Group, at The University of
Nottingham[39]. Works such as those by ¥tial.[40-45] and Cheret al.[33, 4650]

have pioneered dry fibre forming simulations key focus has been on the DDF
processincluding advanced material characterisation technjgllesving numerical
models taaccuratelycapture fabric deformation behaviotihe work presented in this
thesisaims to buildon the foundations from these previous studies, representing
another spokein improving the modelling of composite forming processes,

specifically focussing on FRTP materials.
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1.2 Aim and Objectives

It was envisaged that the current knowledge regarding thermoplastic composite
forming simulation could be expanded. Therefore, the aim of this thesis is:

To produce a bespokefully -coupled FRTP thermomechanical simulation for

defect prediction and optimisation of the DDF process.
To meet this aim, four primary objectiveristbe met:

1. To evaluate the manufacturing viability of the FRTP DDF process, at a range
of processing conditions, through experimental study.

2. To accurately characterise the viscoelastic FRTP and diaphragm material
behavi our aptr oecxepsescot ecdo nédiint i on s .

3. To produce a thermomechanical simulation capable of predicting FRTP DDF
behaviour, subsequently validated with the experimental DDF exercise.

4. To optimise the FRTP DDF processing conditions throughusee of the

numerical model.

This work therefore outlines the process that can be followed for creation of a complete
FRTP DDF model, from initial material selecti@md behaviourcharacterisation,
through tonumerical model creatigralidationand subsequent forming optimisation

It is anticipated that the thesis will provide the foundations for viabletdemvid
volume production of FRTP components, where conventional matobédrocesses

are notsuitable The aim and objectives are further elaborated on in Chapter 2, where

the citical gap in current research is identifig®gmonstratinghe need for this work.

1.3 Thesis Outline

To achieve the aim and objectives outlined in Secti@nthis thesis is divided into a
series of chapters. These chapters are outhiekxv, and=igurel.2 isincluded which
illustrates how each results chapter correlates with a specific objective, thus meeting

the overall thesis aim.
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1 Chapter 21 Literature Review: This chapter outlines the current knowledge
regarding FRTP composite processing. The initial sections2(B)1 are
focused on informing the reader of the various considerations required for
FRTP forming, including: material selection, forming processes, fabric
deformation methods (and ensuing characterisation exercises) and forming
defects. This is then followed by Secti@rv, an indepth review of current
publications regarding forming simulations. This includes analysigferent
simulation approacheand modelling techniques, followed by a complete
review of all FRTP forming simulations that have been published to date.

1 Chapter 3 7 Experimental Double Diaphragm Forming: This chapter
focuseson meetingObjective #1, by conducting experimental DDF operations
to identify critical forming parameters angrovide validation for the
subsequent numerical model. This includes material seleatidoreation of
a FRTP DDF cell, followed by an FRTP forming validation exereiad

finishing withforming at a range of different processing conditions.

1 Chapter 4 i Laminate Thermomechanical Characterisation: The key
laminate deformation mechanisms that are necessary for mould conformity to
be achievedare characterised in this chap{@bjective #2). This includes
laminate deconsolidation, intidy shear, oubf-plane bending and
diaphragmlaminate friction behaviour, all of which were identified within
Chapter 2 as being critical to the success of a forming operation. For each of
these mechanisms, the viscoelastic response of the FRERalsiatedand

subsequent input for a numerical model considered.

i Chapter 5 i Diaphragm Thermomechanical Characterisation: This
chapter follows that of the previous chapter, focussing on Objective #2, now
characterising the thermomechanical behaviour of the diaphragm material used
in this work. The hyperelastic diaphragm analysis is therefore ouitirveltich
the important behaviotstependencies are identified. Thisfalowed by an
evaluationof diaphragmtool friction behaviourwith the input for a numerical

model considered throughout.
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1 Chapter 6 i Isothermal Thermomechanical Simulation: This chapter
implements the numerical characterisation exercises of Chapters 4 and 5 within
a finite element (FE) moddb accuratelypredict deformation behaviour
thereby focussing on Objective #his includes an wtepth description of the
algorithm for stress computation, followed by validation of each individual
characterised inputFinally, an isothermal thermomechanical model is
produced capablef simulating the FRTP DDF procesthis allows fora
thorough comparison between simulation and experiment to be conducted,

validating the simulation accuracy.

1 Chapter 77 Transient Thermal Characterisation: For optimisation of the
FRTP DDF process (Objective #4), it was required that the transient thermal
behaviour of the laminate during the DDF process be evaluated. This chapter
therefore focuses on analysing all thermal processes that occur during the DDF
process, including both the crystallisation behaviour and the heat transfer

processes (conduction, convection, radiation) relevant to the DDF operation.

1 Chapter 87 Non-Isothermal Thermomechanical Simulation: This chapter
brings together the validated isothermal simulation (Chapter 6) and the
transient thermal analysis (Chapter 7) for the production of a-dollyled
norrisothermal DDF thermomechanical simulatidie primary focus is on
meetingObjective #4, where the DDF process is optimised with regards to
processing conditionsThis includes analysis of an ideal forming rate and
minimum mould temperature for a balance between defect development and

denoulding time.

1 Chapter 917 Conclusions: This chapter evaluates the success of the work
presented in this thesis, specifically referring to the aim and individual
objectives set out in Sectidn2 The key contributions of the work are outlined

and areas for potential future work are discussed.
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Aim
To produce a bespoke, fully
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Diaphragm Forming
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Figurel.2: Overview of thesis structure

1.4 Chapter Summary

This introductory chapter has provided an overview of the thesis, establishing the
broader aims and objectives while offering a concise introduction to the background
of the problem. The organisation of the wasloutlined, with a discussion on how

each chapter aligns with the research objectives.
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Chapter 2 Literature Review

2.1 Introduction

A composite material is formed by combining two or more distinct materials
Typically, one constituent serves as temforcement, characterised by high strength
and stiffness but lacking structural cohesion. This reinforcing material is embedded
within a matrix, which generally has a lower density but provides structural integrity
and supports the reinforcement. Byeigitating these materials, the resulting composite
exhibits a balance of high stiffness and strength along with low density, making it an
ideal substitute for heavier structural materidlsese properties have propelled the
use of composite materials sifjoantly in recent timesFigure 2.1a illustrates the
significant increase in composite material usage in just the aerospace sector between
198071 2010 [51], with a specific breakdown of the Boeing 787 material usage
illustrated inFigure2.1b [52].

60% Boeing 787 Dreamliner
a)

o 0% 787

o} . : S ,
T Y% @A350 D ' p—"

E ® A400M ~— . e etif .'.{,,.-:- y
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Other (15%)
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Figure2.1: a) Weight percentage usage of composite materials in the civil aviation industry
between 198@010[51], b) Material usage breakdown for the Boeing 787 Dream|b®t

This chapter provides hrief overviewof composite materials, regarding the fibre
architecture and the matrix properties. This is followed by analygiseaioplastic
composite manufacturing (thermoforming) techniquéth a key focus on th®DF
processThis includes analysis of the forming mechanisms that take plameing
mould conformity to be achieved (shear, friction, bendiag)l the subsequent
characterisation exercises to quantify these deformation behawoutisermorethe
defects that cahe expected during forming are outlin€gnally, a holistic overview

of the currenknowledge regardingomposite formingimulationis presented leading
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up to the current stataf-the-art in FRTP thermomechanical simulation. From this
review, the gap ircurrentresearch is identifieghroviding the subsequent motivations

for this work.

2.2 Fabric Reinforced Composites

This section focuses on the very malip of composite materials, regarding both the
fibres (material selection and architecture) and the supporting mettigducing

thermoplastidibre-reinforced composite materials.

221 Fabric Reinforcements

Fabric reinforcements are the structural backbone that define many of the mechanical
properties and performance characteristics of the final composite mafthrsalvork
focuses on the use of carbon fibres, renowned for their high strerginght ratio,
stiffness, and excellent fatigue resistaf&®. Alternatives to carbon fibres, however,
include the use of glass fibregich exhibit high strength and affordability4], and

aramid fibresuch as Kevlar which exhibits high toughness and impact resi$fdjce

Individual carbonfibres which are typically §0 em in diameter,are typically
bundled together into@ t o W tow consists of thousands of continuous filaments,
grouped and held together by surface sizimghich enhances handling and
compatibility with the matrix materigb6]. The number of filaments per tow (e.g. 3Kk,

6k, or 12k) determines the thickness and strength of the bundle, influencing its
suitability for specific applicationb5]. These tows are then processed into various
fabric architecturesThe hierarchy from the individual fibre, to the fibre tow and
finally to the fabricis known as the mukscale, with each level defindoly an
approximate characteristic lend®7-59]. Figure 2.2 illustrates the multscale for a
woven fabrid58].

1 Microscopic scalel-10em for fibre diameters
1 Mesoscopic scaled.510 mm fortow diameters and repeating unit cells

1 Macroscopic scale0.1-10 mand above fotextiles and textile structures.

13
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Fabric architectures refer to the specific configurations in which fibres are arranged
within the reinforcementThe principal composite architectures used in engineering
applications are woven fabrics, rorimp fabrics(NCFs) and unidirectionalUD)
fabrics[60]. This work focuses on the use of a woven fabric architedtovegver the
reader igeferred to the works dfong[57], Lomov [61] and Akkermaret al.[62] for

a detailed overview of both NCFs and UD fabritse latter authors specifically

focussing on FRTP composite implementation.

micro-scale

meso-scale

macro-scale

Figure2.2: Multi-scale for a woven fibre reinforced fabf58].

Woven reinforcements are among the most traditional and widely used fabric
architectures in composite materials. They are created by interlacing warp
(longitudinal) and weft (transverse) ffds at right angles to form a stable two
dimensional fabric.This interlacing pattern facilitatedeformation of the fabric
through shearindpy allowing eactiow-intersectiorto function as a frictiordependent

pivot point around which theows can rotatd63]. The interlacing patterns can be
classified into various types, including plain weave, twill weave, and satin weave, each
exhibiting a tradeoff between formability(shearing)and stability[60]. Figure 2.3
illustratesthese weaving patternwith twill weave being the most common occurring
weave in the composite industry due to it sittingo@tween the relatively unstable

satin weave, and the lekgmable plain weave.

The formability and stability of a fabris also influenced by the size of the tow. For a

fixed tow spacing, largetow widthstypically result in smaller gaps within the woven

14
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structure. This leads to lowsheatockingd angles, as thimwscompact more readily
at lower shear anglg64]. Similarly, an increase itow thickness reduces gap width
while increasing the undulation of thews This greater undulation decreases
formability and causes earlier shear locking in woven fafgi4k Theseout-of-plane
undulationsat each towntersectionare known as crimp<rimps introduce normal
forces due tdow bending, which generatdrictional resistance. This resistance is
essential for maintaining the positional stability of tbevs preventing unwanted
sliding, and preserving the structural integrity of the falgig]. Even with these
crimps, instabilities are common at theundarie®f a woven fabriavhere tension in

the interlacedows is minimal, allowingfor free movement of transversaws (tow

slippage).

Increasing Formability

Increasing Stability

Figure2.3: Common weave pattas, generated using TexGen softwii@]: a) Plain weave,

b) Twill weave, c¢) Satin weave.

Woven composites, compared to unidirectional reinforcements, offer greater damage
tolerance, dimensional stability, and ease of manufactuj@. One distinct
advantage of woven fabrics over other textile structures is their ability to conform to
doublecurved surfaces due to their low shear resistfftle This adaptability arises

from the varying angles between the warp and weft yatlmsvingthe fabric to align
closely with the tool surface during formifi§9]. The biggest drawback of woven
architectures is attributed to the crimping, resulting in localised stress concentrations
[67], decreasing the iplane mechanical performance of the fabric (by up to 50% for
3D weaves]70, 71]
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2.2.2 Matrix Materials

In composite materials, the matserves several essential functi¢r2]. It binds the
reinfordng fibres together, maintaining their alignment and enabling effective load
transfer{73]. By surrounding and supporting the fibres, the matrix protects them from
environmental damage such as moisture, chemicals, and ultraviolet rafiejon
Additionally, it provides the composite with its overall shape and structural integrity,
filling the spaces between fibres and contributing to the material stiffness and
toughnesg72]. The matrix also plays a critical role in absorbing energy, reducing

vibrations, and enhancing the composites fatigue resisfadfe

Most commercially produced composites use a polymer as the matrix material.
Polymers are composed of small molecular units called monomers and can be
categorised into two main types based on their thermal behaviour: thermosets and
thermoplastic$74]. Thermosets, such as epoxies and polyesters, are characterised by
their irreversible curing process, which forms a rigid, ctodeed structurd57]. This

results in excellent thermal stability, chemical resistance, and dimensional integrity
[75]. However, thermosets have notable disadvantages, including their inability to be
reshaped or recycled after curing, making them less environmentally frigtedly
Additionally, thermoset composites often require longer processing times and specific
curing conditions, which can increase manufacturing complexity and[€oistin
contrast, thermoplastics can be reheated and reshaped multiple times without
significant degradatiofb5]. They offer greater toughness, impact resistance, and ease
of recyclability, which make them suitable for applications requiring durability and
sustainability, often at a lower manufacturing cost compared to thernfib$etsgure
2.4illustrates a comparison in the stiffness behaviour between both thermoplastics and
thermosetq78], where |, Tm and Tq represent the glass transition, melting and
degradation temperatures, respectivélyis work focuses on the use of thermoplastic

matrices in particular, so they are further introduced below.

Thermoplastics, as a class of matrix materials, can be further divided into amorphous
and semuirystalline polymers, each defined by their molecular arrangements and
physical behaviouf79]. Amorphous thermoplastics, such as polycarbonate and
polystyrene, have a random molecular structure with no-fange ordef80]. This

lack of crystallinity limits their resistance to solvents and thermal degrad@&fiprin
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contrast, semcrystalline thermoplastics, such as polyethylene and polypropylene,
exhibit regions of highly ordered molecular chains called lamella, interspersed with
amorphous ared82]. This partial crystallinity enhances their mechanical strength,
thermal stabilityand chemical resistance, making them a favourable choice during
matrix selection for a thermoplastic compos&iminate[83]. Figure2.5 illustratesthe
molecular structure of amorphous and sergstalline polymers.

- Thermoplastic
- Thermoset

Stiffness

Ty T Ty

Temperature

Figure2.4: Temperature dependent stiffness of thermoset and thermoplastic pdgdjers

Regarding sercrystalline polymers, molecular interactions are generally dominated
by chain entanglements and van derd&/&rceg85, 86] In some cases, such as with
polyamides, hydrogen bonding also exists between chains at low tempdiéduBds

87]. These physical interactions can however be overcome with the presence of
thermal energy. Increasing the temperature of a-seystalline polymer initially
results in an increase in the rotational frequency and therefore relaxation of the
amorphous regits, where the van der Waals forces are easily broken above a given
Tg, resulting in a drop in polymer stiffnef8]. Crystaline regions, however, remain
largely unaffected until & is approached, where the vibration of the molecules
becomes great enough to cause a large degree of molecular disentanglement and
overcome any present hydrogen bond8®). This allows the polymer chains to move
freely and the material to transition into a liquid state, but only aftes €xceeded.
During cooling, the crystalline regions and physical bond®nm, however the
degree of crystallinity is intrinsically linked to the cooling profile of the polyriver
semicrystalline polymer ever reaeb100%crystallinity [89].
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Crystalline
a) b) Lamella

2o

Figure2.5: Molecular structure of @morphous polymers, lgemicrystalline polymers.

Among many, the most commonly ussmicrystalline polymers in FRTP laminates
include polypropylene (PP), polyethylene terephthalate YPidlyamide (PA)and
polyetheretherketone (PEEKS5, 90] Their versatility makes them integral to the
production of lightweight, durable, and higlkerformance composite laminat®s is
widely used due to its low density, good chemical resistance, andftediveness,
although it has relatively moderate mechanical properties when compared to other
semicrystalline polymers[91]. PET offers excellent stiffness and dimensional
stability, making it suitable for hightrength applicationf81]. Similarly, PA exhibits

good mechanical properties, wear resistance and hydrogen bonding in its crystalline
regions, further enhancing its thermal and impact resist@@je Finally, PEEK, a
high-performance thermoplastic, provides outstanding thermal stability, chemical
resistance, and mechanical strenf@f]. Deciding upon the specific thermoplastic
matrix depends on the requirements of the final composite part, alongside limitations
imposed by different manufacturing proceségsction2.3). Table 2.1 illustrates a

comparison between these four popular serystalline matrice§s5, 81, 90, 92]

In this work, limitations regarding the DDF manufacturing process (Se2tthd)

placed restrictions on the polymer that could be selected regarding the maximum
melting temperature. Therefore, to ensure an adequate thermal window exited, a PA
matrix was deemed to be the best option; maintaining strong mechanical performance
and verstlity at a moderate cogfTable 2.1). Polyamides are characterised by the
presence of amide group€£0ONH-) in their backbone, which enable strong hydrogen
bonding between molecular chaif®®, 81, 92, 93] The most common polyamides
available (specifically for use in a FRTP) are-BAnd PA6,6, each possessing unique
mechanical and thermal properties owing to the different chersinattureg94].
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Figure 2.6 illustratesthe chemical makeup of these two XApolymers, where X
represents the number of carbon atoms in each monomer unit that makes up the

polyamides molecular structuj@s].

Table2.1: Table comparing various properties of four comrtif@rmoplastic matrix
materialg55, 81, 90, 92]

PP PET PA PEEK

Density (g/cm3) 0.9 1.38 1.131.15 1.3
Melting oy 160-170 250-260 215265 343
Temperature (°C)

- . Moderate .
Thermal Stability Moderate High to High Very High
Chemical . . ,
Resistance Very High High Moderate Very High
Mechanical : :
Strength Low Moderate High Very High
Toughness Moderate Moderate High High
Cost Low Moderate Moderate Very High

In the quest to minimise the melting temperature;@P@lylon) was utilised as the

FRTP matrix material in this work, identified in particular as having the lowest melting
point of these two common polyamides. This can be explained b$ Béing
synthesised from a single monomer, caprolactam, which leads to a repedétimighu

a relatively simple structurf2]. This results in a lower degree of crystallinity
compared to Nylon 6,6, such that less thermal energy is required to disrupt the less
tightly packed crystalline regions. One of the drawbacks witF6PRowever, is the
water absorption. This is due to thighly repetitive-CONH- chains in PA6 coupled

with their high polarity, creating a strong affinity for hydrogen bonding with water

moleculeqd92]. This absorptivity is therefore considered in this work.

a) b)

“ "
|
L —(CH,) —C~)~ ‘( —(CH,) —N—(“—((‘II._,)I—(‘);

Figure2.6: Chemical composition of a) P&, b) PA6,6[95].
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2.3 FRTP Forming Processes

This section focusesn the different processes utilised to transform 2D FRTP
compositegpreforms with the architecture and materials discussesiiction2.2, into

3D shapes. Since this work is focussed on FRTPs, traditional processes commonly
used withdry fabrics ofpreimpregnatedthermosetssuch as hanthyup, are not
discussed here. Furthermore, this section only focuses on contiquefsm
processesncluding those with architectures illustead in Figure 2.3, ratherthan
processes suitable for use with short (discontinuous) fibres (injection moulding,
compression mulding etc.). These continuoupreformsdeform into complex 3D
shaps via specific forming mechanisms, discussed in Se&idn

FRTP forming processes generally follow a distinct thermal d@ég A preform is
heat eptehealh @t @age t o mel t t hhéorasenticystalime mat r i x (
polymer Section2.2.2), conventionally with aonductive (tool), convective (oven)

or radiative (infrared lamp) procef7]. Induction heating is another possibility for
melting the polymer matrix if conductive fibres are used, or with the presence of a
susceptor if nof98, 99] although this method is currently less commiofrared (IR)
radiative heating is the most commonly used technique, as although contact heating is
efficient, it is largely impractical (clamping the heater to the workpig¢tep].
Furthermore, convective heating is an inefficient form of heating due to the slow heat
up times, despite the resultant uniform temperature distribution throughout the
thermoplastic composite lamingte01]. The IR heating method is considered a very
effective mode that exhibfast heatup times, flexibility and high levels of energy
efficiency[96].

An IR heating array generally consistsa group of infrared lamps, each made up of

a coiled filament inside a tubular enclosure. These tubes are then mounted below
reflectors to increase the heat flux efficiency. The significant parameters IR the
heating process include the (i) heater power, (ii) distance between the lamps and the
laminate, (iii) laminate thickness, (iv) heater to laminate size ratio, and (v) single or
doublesided heating as documented by Sweestesl. [97] and illustrated irFigure

2.7. However, FRTP sheet heating is a complex nonlinear heat transfer process with

other variables such as sheet colour, thermal conductivity, surrounding environmental
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temperature and air velocity also significantly affecting the heating of the laminate
[102].

/ IR Heater Array

(i) IR FilamentOutput \\\ \\ E\é)mﬁ'r?zitteesri;;

\\\ Ratio

FRTP Sheet

(iif) Laminate

Thickness (ii) Heater to

Laminate
Distance

(v) Single or
Double Sided
\/ Heating

Figure2.7: Significant parameters in the IR heating process.

Once sheet heatingachieved, &rming can then be completed by imposing a positive
pressure on the 2D preform (through a matefoed, diaphragm etc.) to allow to
conform to the shape of a modlkDO]. Finally, the finished FRTP part must be cooled
below the recrystallisationtemperature Tc (for semicrystalline polymers), for
dimensional stability to be achievéxfore it can be demoulddd03]. Figure 2.8
illustratesthis thermal profile, in this case for a matchedl routine redrawn from
Reynoldset al.[104]. It should be noted the schematic is-tesscale (NTS), and the
preheang does not necessarily have to be conducted at the same location as the

forming.

Both the drapingand consolidatiorof the 2D preform dictate the success of the
forming step. In this work, prenpregnated organosheets were utilised owing to the
increased handleability, ease of heating and assured consolidation compared to
equivalentcommingledfabrics[105-107]. Therefore, this work generally focuses on

the drapability of each FRTP preforimgreonind enot ed ol ami nat e 6,

defects that can occur during forming. These defects are analysed in 2egtion

The works of Oking108] and Tomad109] present irdepth overviews of th&ey
forming methods that are applicable for use with FRTP laminatesh generally fall

into two categories: consolidatidretweenmatcheetools, or where consolidation is
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provided with a diaphragm or filii 10]. Matchedtool processes includmnventional
matcheedtool forming, rubber stamgporming andhydrdorming. On the otheihand,
there is diaphragm forming (single and dodypsdong with vacuum forming. Tke

two forming categories are outlined below
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Figure2.8: Thermal and pressure cycles of an FRTP preform during a representative

matcheetool forming processedrawnfrom Reynoldset al.[104].

2.3.1 Matched-Tool Processes

The matchedool process, originatig from the deemrawing of sheet metal, involves
pressing a molten FRTP laminate into shapdigh pressurbetween a male and
femaletool [111]. Figure 2.9 illustratesthis process fom carbon fibre reinforced
thermoplastic (CFRTP) laminate. Hetiee laminate is heated externally before being
transferred to the pressol, pressed, cooled and-deoulded[112], as per the thermal
profile illustratedin Figure 2.8. Conventionalmatcheetool forming utilised two
metallic moulds to achieve mould conformity, requiring a high level of maxghin

precision to ensure an even consolidation pressure acts over the entire FRTP laminate
[108].

When used with a preonsolidated FRTP organosheet, matetoed processing is

exceptionally quick as there is no need to wait for the resin to flow to achieve complete
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part consolidation (as would be the case with a comingled fgi68). Thus, the
cooling procedure can commence immediately #&bi@rclosure sometimest a lower

temperature than theecrystallisationtemperature Jto reduce cooling tim¢l13].

Furthermore, the high forming pressure ge
(Section26.2 , and produces a FRTPJ[ltdbmponent wi
Female tool

7/ 1 | \\ \ Transferring Stamping Demolding
Y @ "
/ \N\\ 1 /777 (b () ) -
Laminate/Blank or Stacks Male tool
(a) Pre-heating (¢) Positioning (e) Cooling (g) CFRTP part

Figure2.9: Matchedtool process for &FRTP laminatg112].

The processloes however, have a few drawbacks. The manufactured parts must be
free of undercuts and typically require a minimum draft angle °ofo2ensurea
seamless interaction between the top and botbais [115]. Thehigh forming force
canlead to overshearing (Sectiof.4.]), resulting in wrinklesorsolidatedwithin the

final component, severely degrading its mechanical performgri&d. Moreover,
while it is a quick process, the matched! process is only suitable for producing a
large quantity of parts per year considering the high cost associated with producing the
toolsto a high tolerance, including associated heating/cooling cha@3€100 arts

per annum (PPAJL17]). Themaximum part size ialsogenerally constrained by the
difficulty with producingthesetoolsin large sizesThis means that the process cannot
be used for structures such as wind turbine blades and aerospace wird X3jars
Finally, it is difficult to control, with precision, the fibre displacements due to the

localised loading imposed by the rigmbl [108].

In some cases, the mdt@ol can be replaced with an elastomeric tool (ruistamp
forming) which reduces cost and accommodates FRTP thickness variations with its
inherent complianceThis does however,increase the associated cooling times and
generally reduces the tool lifesp@hl8]. Hydroforming the other variant of the
matcheetool process, replaces the male tool with a flexible diaphragoompassing

a hydraulic reservoir. A piston is used to pressurise the fluid, thus deforming the

flexible diaphragm and laminate to the rigid tool surface with a uniform hydrostatic
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pressurg110]. Onceagain,this process enactm even pressure distribution on the
FRTP laminate but is generally limited to lower temperatures due to the thermal

constraint of the deformable diaphragm.

Regarding FRTP matchedol processes, with the conventional stamping process
of t en dhermastanepohy 6o r O H mtr msthe gracgss parameters are
widely acknowledged as crucial factors influencing the final quality of the formed part.
The most extensively studied parameters incjugdeang temperaturegl19, 120]
transfer timg113, 119] tool geometryf111, 120] tool temperatur§l13, 119, 12Q]
boundary condition§l13, 121, 122]stamping speefl11, 123] stamping pressure
[111, 113, 119]and cooling ratgl19].

2.3.2 Diaphragm Processes

The diaphragm forming processvolves oneor more highly extensibldiaphragms
constraiing a molten FRTP laminatéorcing it to conform to a tool geometft24].

The process was initially developed exclusively for thermoplastic composites and has
commonlybeenused for this purpose in previous wofk6, 109, 124, 125[There are

two diaphragm forming techniques: Single Diaphragm Forming (SDF) and Double
Diaphragm Forming (DDF). In DDF, the fabric plies are enclosed between two flexible
diaphragms, allowing the entire ply stack to be shaped in a single operationraist;ont
SDF operates similarly but lacks the lower diaphragm in contact with the tool. This
absence provides greater flexibility for sequentially forming multilayered preforms but
increases the likelihood of defects due to the reduced constraint provithesllower
diaphragm32].

A key advantage of diaphragm forming compared to other forming methods is its
relatively low capital codtL26]. The necessary equipment, such as vacuum pumps and
associated rigs, is significantly more affordable than press tools-autaclave
systems. Furthermore, diaphragm forming is highly adaptable to a wide range of
component sizes with minimal cost variatjomaking it a versatile choice for
producing FRTP part85, 43, 127] Due to the limited forming forces, however, the
diaphragm forming process mhgve difficulty with producingpartsthat consist o&

high level of geometric complexitjt09]. Owing to the temperature requirement of

FRTP laminates, only diaphragm materials rated up to an adequate temperature can be
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selected[108]. Moreover, the setup time regarding layup of the diaphragms and
laminate does increase the typical forming time for each[pajt The process is
therefore more suitable fayw-to-mid scale production runs, those in lower quantities
than can be viably produced using equivalent mattheldmethods (Sectio.3.])
[128].

This work focuses on the DDF processparticulardue to the low cost and versatility

of the forming operation when compared to matetoed methods. Furthermore, the
constraint provided by the lower diaphragm was beneffoiaFRTP heating and
transportation, with thadvantagef interfacial sheaslip reducing wrinkling (Section
2.6.1) on the formed componefit29]. In this process, a FRTP laminate is pthce
betweenboth diaphragms which are clamped at the ethges picture framgl24].

Air is subsequently evacuated fromhbetween these diaphragms to predthmping
force, with the laminate then heated to the forming temperature. This heating can either
be completed usitu with infrared heaters, or elsewhere in a convective oven before
being transported to the formirgparatusOnce the FRTP is in a molten state,isir
removed frombetweenthe lower diaphragm and tqakith the subsequent pressure
differential forcing the diaphragms and laminate to conform t@éuwenetryof a tool

[16]. Finally, after forming,once the FRTP has cooled below the crystallisation
temperature, the part can bemdeulded Figure2.10illustratesthetwo key operations

in the DDF process, namelye preheatand pressurisation, followed by the forming.

A range of previous literature exists toralysing the influence of different FRTIDF
process conditions, includingaminate temperature (and temperature 1gie) 124,
125, 130133], forming pressure (and pressure rdte, 124, 125, 130, 13B36],
laminate shapg 6, 50, 137hndfibre layup[16, 35, 50, 131, 134, 135[he diaphragm
material is often what constrainsetmaximum allowable forming temperature, so a
range of studies havalso been conducted evaluating the performance of different
polymeric[124, 131, 138hnd elastome139] films.

25



Chapter 2 Literature Review
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Figure2.10: DDF process for FRTP laminatespreheaing and diaphragm pressurisation,
b) thermoforming via air evacuation betwe@etool and lower diaphragm.

2.4 Fabric Forming Mechanisms

For the forming techniques outlihén Section2.3 to function correctly, a range of
different mechanisms must take place to allow mould conformity to be achieved.
These mechanisms differ significantly than those found in isotropic sheet forming
processes, such as sheet metal forming, due to the inéemesiure of the reinforcing
fibres[62]. This means that continuous fibre reinforced composite laminates cannot
stretch into shape and must instead draw into the tool and defitnout significant
in-plain strainin the fibre directionsThe key deformation processfor this to occur
arein-plane (trellis) sheain-planeelongation (owing to ikplane tensionand outof-

plane bending140]. Furthermoresurface interactions, either between individual plies
or between the laminate and the taoknifest themselves in the form fictional
forces that also influence the deformation of the FRTP lamiRpere2.11illustrates
these key deformation mechanisrts a typical matchedool forming operation
(Section2.3.]) [62, 141] Laminate compaction is considered as a thermal property
with deconsolidation in Sectidh6.3 Theseindividual deformation mechanisms are
outlined below, noting that thelgave a highly viscoelastic response due to the molten

nature of the resin.
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Figure2.11: Deformation mechanisms involved with a matcheal forming operatior62,
141].

241 In-Plane Shear

In-plane (intra-ply) shearis recognised as the dominant mode of deformation for
shaping regions of a part where thotmensional deformation of the fabric is required
such as at corners or over spherical reg|@@8]. This type of deformation describes

a change in fibre orientation resulting from the rotaticiow&at their crossover points.

The degree of iplane shear is measured by the shear angle, defined as the localised
angle between the warp and wedtvs [142]. The shear modulus of a fabric, G, is
substantially lower than its tensile modulus, E, due to the minimal resistance provided

by interyarn friction at the crossover poirjist3].

Figure 2.12a illustrates the typical shear momergrsusshear angleesponseof a
woven(plain weaveplass fibre fabriavith three distinct regions indicated, typical of

many woven fabricgEl44]. At low shear strain (Region 1), the fabric exhibits minimal
shear resistance, primarily determined by the weak frictional forces withtowse

[145]. At this point, steadytate rotation of the yarns occurs, askgure2.12b, with

no shearing inside eadbw [146]. As thetows begin to make partial contact, the
filaments reorganise and compact, leading to an increase in the observed shear moment
(Region 2)[65, 147] When the shear angle reaches a critical value, referred to as the

locking angle, theowsbecome fully compressed laterally, resulting in a sharp rise in
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the fabris in-plane shear moment (Region[2%3]. Figure2.12c illustrates a fully
laterally-compressetbw. Wrinkles often occur at this poifé5].
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Figure2.12: a) Shear momentersusshear angle for a woven (plain weave) falsicsteady

stateyarn rotation, cjnaximum yarn compaction attained at the fibre loclkingle[144].

Regarding=RTP laminates specificallthe threephaseesponsdlustrated inFigure

2.12 still applies since it is the fibres that constrain tkeéematics of shear
deformation148]. The matrix, does however, have a significant impact on the forces
required for this shear deformation to take pld€®]. This is because, &sghlighted
above, it is the friction between individuaiws, followed by tow compession that
dictate the forces required for shearing. Since the presence of a muiter
influences both of these properties, it therefomapactsthe global shear behaviour
[149]. In previous literature it was found thhoth higher temperatureand lower
sheasratesreduce the forces and shear moments required for a given level of shear
deformation [150-159]. This is due to the increased resin viscosity at lower
temperatures, inhibiting the rotation of individualws While the resin viscosit
actually decreases at highersheaat es due-thonnhegdskeédect, t he
characteristics of the viscoelastic resirtdraeincreasingly significantresulting in

this aforementioned increase in shear f¢i&9)].

2.4.2 In-Plane Tension

In-plane tension refers to that parallel totinve direction, leading téow redistribution
and decrimping [161]. The axial tensile stiffness in each fibre direction is typically
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much greater than the stiffness associated with other deformation modes, such as
bending and she§t43]. Although the formability of a fabric is not directly influenced

by the axial elongation of the fibresany studies report thtte tensile loaslapplied

along the fibre directiancontribute substantially to thetrain energy during forming

[59, 161] Areas of high tensile stress have been shown to correlate with fabric bridging
[50].

The tensile behaviour of woven fabrics arises from the structural deformation
associated with straightening the undulatiogs resulting in a small amount of-in
planestrain[143, 162] Figure2.13a illustrates thénfluence of inplane tensile forces

on the fabric geometrjl43]. The @ec r i mpften gguk in a nonlinear force
strain relationship in the warp or weft directions urateallloads as pefFigure2.13b

[59, 144] This depends on the degree of init@lv crimp; higher crimp levels require
greater tensile strains to eliminate the undulation. Oncetiare fully stretched at
larger strains, the modulus becomes lineer also visible orfrigure 2.13b [144].
Additionally, the tensile behaviour is influenceda biaxial manneras the crimp in
the tows decreases when the transverse yarns straigb®} In woven fabrics, in
plane tension within théows can induce transverse compression on adjaoeveg
thereby increasing thé&ictional forces between fibres. Consequently, the fabric
demonstrates greaterplane shear resistance (Sectioh.]) when theaowsare under
tension[163]. In terms of compression, fabric materials generally exhibit very low

resistance, such that a compressive force ofters tedibre buckling[164].
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Figure2.13: a) Influence of implane tension on fabric geomeity 3], b) forceversugbi-

directional) strain of a woven fabrjt44].
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2.4.3 Out-of-Plane Bending

The outof-plane bending behaviour of fabrics is a crucial deformation mechanism for
shaping curved geometries without causing fibre darfis&gfd. The bending stiffness

of a fabric materials much lower than thkigh in-plane stiffness due to the relative
sliding oftows[166, 167] Because of this, it was originally overlooked as being an
important deformation to consider during fabric formihg3, 161] It has been shown,
however, that fabric bending stiffness is highly influential on wrinkle formation
(Section2.6.1) [168]. Due to the symmetry of a balanced woven fabric about this mid

plane, the bending stiffness does not exhibit directionalitgesais Figure2.14 [46].

(== (o)
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After After

Figure2.14: Outof-plane bending mechanism for a balanced woven fadsic

Due to the vast discrepancy between the bending apldire stiffnesghetraditional
BernoullrEuler beam theory is inadequate for accurately describing the bending
behaviour of woven fabricEl69]. This is compounded by theonlinearbending
stiffness that is often exhibited upon analysis of fabric bending behd4bul70

173]. Typically, fabrics demonstratehigh bending stiffness at very small curvatures,
however as the degree of bend increases, a signifioafiheardrop in fabric bending
stiffness is common due to tow slippadrégure 2.15a illustratesthis nonlineaity,
noting that the bendingoments theintegral of thébendingstiffness henceverifying

the aforementioned drop in bending stiffness with incikkasevaturg[170, 171]

Regarding multply bending, woven fabrics do not simply exhibit a proportional

relationship between the number of fabric plies and the overall bending stiffness. This

was illustrated byiangetal.[174, wher e a significant oOofrictio
as the difference between the actual mpilyi bending stiffness, and simple
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interpolation from singlgply data(Figure 2.15b). This shows that inteply friction
(Section2.4.4 is intrinsic to a multiply laminatesout-of-planebending behaviour
[175]. Hysteresis has also been shown to occur upeioading offabrics due to the
dissipation of energy through friction between individual fibres and [dW&, 177]

This only influences repeated loading and unloading behaviour, and so does not
influence conventional monotonic forming techniques (Se&idn[178].
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Figure2.15: a) Typicalnonlinearbending curves for a woven fabfic71], b) difference
between the experimental bending moment of a rpljtfabricandto the sum of the
individual partg174].

Regarding FRTPs specificallihe samenonlinearbehaviour is reported as per dry
fabrics due to thhigh stiffness of the fibres compared to the matttixus constraining
the kinematic respong&79]. The viscoelastic matrbdoes, however, dominatee
magnitudeof theforces governinghe bending respondd80]. It has beershownthat
the bending of an FRTP laminate is heavily influenced by laminate tempdd80re
187], where an increase in temperature reduces the bending stifneb&rmore, a
increased bending rate has also been shown to increase a l&@rieatding stiffness
[179, 180, 183, 184, 188]

244 Friction

Friction behaviour is a crucial mechanism in any forming process, by virtue of the
inextensible fibres necessitating a large degree of material-idrder mould

conformity to be achievefl42]. This drawin process inevitably involves a frictive
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interaction between the laminate and tool (or diaphragm in the DDF process), denoted

Ot @aoly sl ipo, opposing the relative motion o0
ply laminates, the process of laminate-ofiplane bending (Sectio®.5.3 involves

slippage between iintephvy dsllpd)]iteses,sidgmiot edad
bending stiffness and allow draping to ocdd75]. Both these interactions,

specifically regarding the frictiai forces associated with theplay a key part in the

FRTP forming process.

Unlike the other detailed deformation mechanisms, namelglaine shear (Section
2.4.7), in-plane tension (Sectioh.4.2 and owof-plane bending (Sectiak 4.3, the
friction behaviour for FRTPs does not follow the behaviour that would be experienced
by dry fabrics[148, 189] For all other mechanisms, the rigid fibres dictate the
kinematics of each deformation process, with the molten thermoplastic resin, in the
case of iaplane shear an owif-plane bendinginfluencingjust the magnitude of the
forces associated with thespective deformatiofl79]. Friction, however, is an
interaction between two separate entities, theref@@ninghat the kinematics of the
frictive process are not constrained by the fibres. It is therefore important to consider
only FRTP frictive processes relevant to this work and not those associated with dry
or commingledfabrics that exhibit inherently different characteristics.

For FRTPs, it is often assumed that the interface (eitheptgalr inter-ply) consists

of a thin resiarich layer, such that the fibre properties have little influence on the
friction forces. Assuming that this viscous layer is what governs the respective friction
coefficients[142], the Stribeck curveillustrated inFigure 2.16, providesa good
approximation of the interfacial behavipuas shown by Chow{190]. The curve
illustrates how the laminate coefficient of friction, is dependent on the matrix
viscosity,—, sliding velocity,0, and sliding pressur®, These variables can be related

to eachother with the Hersey numbeét, where[191]:

|
c

0 (2.1)

c-1|

The Stribeck curve illustrates three distinct lubrication regiih@2, 193] Under very
high pressures or low slip rates and viscosities, the boundary lubrication regime is
observed. In this regime, the resin film provides minimal support, leading to significant

frictional forces due to direct interactions between the tool suréac the fabric
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reinforcement As the mixed lubrication regime is approached, an increasing
proportion of the load is borne by the resin. This results in a marked reduction in the
coefficient of friction as toeply interactions become less prominent. At sufficiently
high Hersey numlrys, the lubrication transitions to the hydrodynamic regime, where
the applied load is entirely supported by the hydrodynamic pressure within the resin
film separatingtwo interfaces Regarding FRTPs, both teply and inter-ply
behaviour hae been shown texist in the hydrodynamic reginigd4-197], with little-

to-no contact made between the reinforcement and the adjacent tool/reinforcement
layer. A limited number of studies suggest that the mixbdcation regime can also
apply if the normal pressure is sufficientiigh[157, 198, 199]
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Figure2.16: Variation in coefficient of friction with Hersey number, known as the Stribeck
curve[199].

Considering the Herseyumberdependent layer between both tpb) andinter-ply
interfaces, several factors influence the coefficient of friction (CoF), including: normal
pressurdg194, 195, 20205], draw velocity[194, 195, 20€05], tool material[194],

tool temperaturg194, 195, 20205], fabric temperature before formih§98, 200,
205], fabric orientation194, 198, 200, 20207] and cooling condition§157]. Of
these different factors, pressure, velocity and temperature characteristics are the most
influential [198, 200, 205]With the predominant mode of friction in previous works
is shown to be that within the hydrodynamic regiit@4-197], an increase in laminate
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temperature and pressure usually results in a drop in the CoF, with a reduction in slip
rate also resulting infall in the CoH196, 208]

Forceversusdisplacement data produced by constant displacement rate tests (Section
2.5.4 typically follow a generic form. This can be characterised by an initial peak
force that rapidly falls to a loweteadystatevalue, irrespective of the material under
consideratior{189, 206] Thus, two friction coefficients can usually be determined
corresponding to a ped&tatic)andsteadystate(dynamic)responsePossible reasons

for the initial static peak were investigated by Piazikal. [209], who detailed that
nonlinear viscoelastic behaviour and a slip relaxation effect leading to wall slip were
possibilities. This static behaviour is, however, often neglected when it comes to
implementation within numerical models (Sectii) [209]. It is not clear how valid

this assumption is, especially considering that thedfifances involved with typical

inter-ply interfacesaresmall[189, 210]

2.5 Fabric Behaviour Characterisation

In Section2.4, the different deformation mechanisms that allow a FRTP laminate to
conform to a mould geometry (with the processes outlined in Se2tRrnwere
introduced These mechanisms play a significant part in the draping pracelssiing

the prediction of formingnduced defects, as discussed in SecBdh[161]. It is
thereforecrucial that accurate characterisation exercises are conducted to acquire
material data, specific to an FRTP lamingitél]. Only a small sample of these test
methods have been standardised, thus necessitating careful consideration of the

experimental material dafa63].

Thesedata carbe subsequently usedthin numerical model$o predictthe forming
behaviour of a FRTP laminatas opposed to costly tiahderror method§l41, 165]
Furthermore, with a range of FRTP mechanical properties known after completion of
such numerical models, such as fibre angles, degree of crystallinity and cooling rates,
these can be used downstream for other purposes such as structural analyses of the

final part, warping predictions and so on.
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In this section, characterisation exersisgplicable to the four key deformation
mechanisms outlined in Secti@, namely in-plane shear, Hplane tension, otwf-
plane bending and friction (toply andinter-ply), are outlined with a specific focus

on FRTP characterisation.

25.1 In-Plane Shear

The two most common approaches adopted to evaluate FRTP laminatglyintra
shearing are the picture frame test (PFT) and bias extension test[(556])

The PFT describes the-plane shearing of a laminate when a tensile force is applied
across its opposing corners afteingmounted within a bespolfeame. The frame

itself is supported at its lower vertex, with the upper vertex connected to a universal
testing machine to drive thebar linkage displacing it into a rhomboms pefFigure

2.17a [150-156, 211] With the cruciform shapedaminate mounted such that the
primarytowsare aligned with the frame edge, this motion results-plane shearing.

For FRTPsthe frame is usually mountedside an environmental chamizerch that

a predefined laminate temperature can be obtaiiiéé. crosshead force is measured
using a load cell, while its displacement is captured by a displacement sensor. The
shear deformation of the fabric specimen is determined by analysing the changes in
thepicture framegeometry through trigonometric relationships; achieved using either
the crosshead displacement data or by optically assessing the yarn origth&gjon
Multiple runs of the PFT without a specimen are necessary to measure the crosshead
force, which accounts for the weight and inertia of the frame during testing. This force
must be subtracted from the crosshead force recorded with loaded samples to
determire the shear forc212]. Finally, a normalisation procedure must follow to
eliminate the influence of specimen dimensions on the recorded force reflgf#ise

213, 214]

On the contrary, the BET involves clamping a rectangular piece of woven oiptyoss
material with the yarns originally oriented at +45° to the applied tensile fb&&e

156, 158, 159, 163, 21518]. As per the PFT, the whole fixture is mounted within a
universal testing machine, with an environmental chamber commonly used to heat the
FRTP specimen. The fibrous nature of a woven FRTP laminate leads to three distinct

shear zones during the bias extendest: A, B and @155], as illustrated irfFigure
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2.27b. Zone A consists of a region of undeformed material, hence the shear angle,

0. Zone C is the region of particular interest, wheweeshearis enacted on the
specimen due to both weft and warp yarns having free ends. Zone B is a region in
which one yarn direction is clamped at its end, therefore exhibiting a shear strain
approximately half that of zone @n aspect ratio of at least 2.5 is recommended in
the literature[218, 219]to increase the homogeneity of the distribution of shear
deformation in the sample. Unlike the REimple trigonometric relations cannot be
used to determine the instantaneous shear angle due to the inhomogeneous
deformation field. Instead, the shear angle in zone C can be determined optically, or
using predetermined shear angle relatiomerSusaxial displacement) such as that by
Lebrunet al.[156].
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Figure2.17: a) PFT apparatus, b) BET apparatus and three individual zhwees.

Both methods are capabk# conducting FRTP intrply shear characterisation,
however they both have inherent characteristics that influence their applicability based
upon the shear kinematics involv¢dl55, 163] In the PFT the shear field is
homogeneous, plus the inexpensive trigonometric analysis simplifies the calculation
of an accurate instantaneous shear angle. HowevdpHhaadvertently introduces
tension in the yarns which can affect the cilosad force during the tegihusresulting

in reduced repeatabilif220]. To address this, it is crucial to ensure precise alignment
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of the specimen within the rig and to apply suitable clamping conditions at the
boundarie$213]. Moreover, specifically related to FRTPs, the PFT can be susceptible
to the heat transfer associated with the clamps that may exhibit a cooler temperature
than the rest of the chamber (when using an environmental chbfter211).
Furthermore, since PFT specimens are generally lameaintaining an even
temperature over the entire specimen is not trj\ta0].

These issues are generally mitigated with the BET, since the clamped edges (at region
A) do not deform, such that the effect of heat transfer into the clamps is mib&5al
Furthermore, the specimens are skinnier than the PFT samples, and without the need
for a custom madé-bar linkage, can generally be of any size (obeying the asmént
requirements and the unit csikze). This makes it easier to achieve uniform sample
heating. Another advantage related to the clamping is that since the sheared region is
away from the clamps, specimen alignment is less significant in the BET than the PFT
[221]. This can often lead to improved specimen repeatability owiagdaduction in

the error associated with the clamping operation. The disadvantages of the BET
revolve around the inhomogeneous shear angles over the specimen, complicating the
procedure of accurate shear angle calculd2@®2]. Furthermore, in the area péire
shear(regionC), the yarns are free at both ends, resulting in a degree opigtsip

where tow displacement occuralongside the initiatow rotation [155]. This can
significantly reduce the accuracy of results, typically after a shear angle of
approximately 45° iexceededFinally, it has also been shown that wrinkling and
initial specimen shear can significantly degrade the test accl228y224]

252 In-Plane Tension

Tensile testing of composite fabrics is typically performed under either un{azel
ASTM D5034[225]) or biaxial loading conditionf226]. In a uniaxial tensile test,
fabric samplesaligned with one of théow directions,are clamped at both ends
displacement is applied to the sample, commonly using a universal testing machine,
and the corresponding load is measu&dilarly, a biaxial test involves clamping
bothtow directionsat both ends such that all reinforcement is constrakigdre2.18

illustratesa biaxialtensiletest, in this case for a dry NCF matefi&l6].
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Biaxial testing is particularly advantageous for woven fabrigs the nonlinear

stiffening caused by yarn dgimping under uniaxial loading can influence the tensile

behaviouiin the secondarijbre direction(Section2.4.2 [162, 227] Tensile loads are

applied simultaneously in both directions, and the falmsponse is recorded to

devel op a At ensi onsesssubehawoarelo compnehensivalyn ar act er i
understand the material's response utetgile loading, the ratio of the applied loads

can be variegallowing for the evaluation of any asymmetry in the fabric architecture.

Figure2.13b illustrates one of these tension surfgdsl].

For FRTPspurn-off operations can be completemlremove the resin entirelgifice
the molten matrix has little influence on theplane tensile propertigso complete
the testingor, as per the work of Dangoetal.[185] heating elements can be used to
heat the matrix up to the desired testing temperature.

2.5.3 Out-of-Plane Bending

The aim of an oubf-plane bending test for a woven fibre reinforced material is to
determine theelationship between the curvature and bending mof2@d]. These
testscan be categorisadto four different methodgl61]: Peirce cantilever tesf$86,
229] (see BS EN ISO 9073:1998[230], ISO 4604:2011231], ASTM D138818
[232]), extended cantilever bending teft31, 172, 185, 186, 23335], Kawabata
bending test§176, 181183, 236]and thregooint-bending tes[179, 184, 187, 237,
238]. Figure 2.19 illustratesthese four testing techniques, with thpnincipal of
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operation outlined in detail belowhe choice between individual methods depends
on the type of fibrous material being used, the accuracy of results required and the

experimental efficiency desired.

Inclined
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N

Specimen Mass m
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ForceF

m\\mm\\m

Specimen

0)

Figure2.19: Different tests for oubf-plane bending characterisatia@) Pédrce cantilever
bending tests, xtended cantilever bending tests, ¢) Kawabata bending tests, d) Three

point-bending tests.

The cantilever bending tes arguably the simplest of all the bending temtsl is

widely usel for characterising the bending behaviour of cloths and fabfigsire
2.1%aillustrates a typical setup for the conventional cantilever test. In this method, the
fabric specimen bends under its own weight and has its overhang length adjusted until
its tip reaches a predefined deflection angle relative to the pla2@®h The bending
stiffness is calculated based on the specimen overhang and the measured deflection
angle. While straightforward to perform, this method provides only a single, constant
value for bending stiffness, representing the fabrics overall bendimyibeh Some
modifications have been made to captoomlinearmaterial behaviour, such as by
Clappet al.[239] who optically monitored the bending profikellowed by numerical
analysis to obtain the bending moment and curvature at sigooents alongit.
Furthermore, as per the extended cantilever tE€ggsie2.19), it was proposed that
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the specimen be mounted vertically with weights to induce the bending[238

The benefit of this method was elimination of twist and greater control of the specimen
bending. While these advancements have improved the cantilever test, the accuracy is
heavily dependerninthat of the optical measurement, which may induce a significant
parallax error. 3D scanning of the cantilever profiles is one way to improve the
resolution of the bending profilend eliminate twist from the acquired resyitg0].

For FRTPs, the cantilever test is more rare due to the heating requiesrdehé lack

of precise control on the laminate bending profimly Liang et al. [186] have
attempted to use this methtm temperaturelependent bending analysishere the
cantilever apparatus was placed within an environmental chaffitizeauthors did not
attempt, however, to analyse the rdependent properties of the FRTP due to the

constrains imposed by the cantilever method.

The Kawabata bending test, part of the Kawabata Evaluation System (KES), is the
most commonly used technique for characterising the bending behaviour of FRTPs
specifically. As depicted inFigure 2.19c, the specimen is secured between a fixed
clamp and a movable clamp. The movable clamp follows a circular path, inducing a
constant curvature along the length of the speci@@®j. Since thesample is exposed

to homogeneous curvature, the bending moreentature relationship can be
interpreted directlyf171, 176] Furthermore, since the curvature is controlled in this
test, the curvatureate can also be controlled, one of the variables that influences an
FRTRs bending stiffness (Secti@.4.3 [181, 182] Sachset al.[183] manufactured

a fixture such that the test could be conducted within a rheometer, allowing for the
viscoelastic bending behaviour of an FRTP to be acquired. This does, however,

necessitate the acquisition or manufacture of astandard clamping arrangente

The threepoint bending testasillustrated inFigure 2.19d, describes a composite
specimen supported at two points while a load is applied at the midpoist. It i
commonly used fothick fabric reinforcements of prepregs with a relatively high
bending stiffness, or for assessing the structural performance and failure behaviour of
compositelaminates under flexural load$84, 238] It is less applicable to thin or
unreinforced composite layups as it is easily influermegravity loadingTherefore,

it is not considered in this work.
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254 Friction

As detailed in Sectio.4.4 the mechanisms of friction for FRTPs are very different

to those of dry fabrics due to the interfacial layer of viscous matrix that drives the
friction characteristics between two bodies. In contrast, the characterisation techniques
that can be employefdr friction are generally compatible with both dry fabrics and
FRTPs, so longsthe heating requirement for FRTPs is fulfilléeurthermore, both
tool-ply and inter-ply friction characterisation can be conducted using identical
techniques, so long as the material is chargleth as taeplicate the interface in
question.The aim of friction testing (botmter-ply and toolply) is to determine the

CoF,' , between two surfaces, since the CoF is directly proportional to the tangential

(frictional) force,"O, using the following equation

O 00 (2.2
Where O is the normal force.

Published works concerning FRTP friction characterisation are almost exclusively
limited to the use of different variants of the patlit friction test. Other methods such

as the friction sled te$194] and rheometej202, 240]have also been usebut are

not considered in this work as it is difficult to replicate tealld forming conditions

with these methodd.he pullouttest used in previous literature and described below

is based upon ASTM Standard D 18411], however this standard details tests
conducted at laboratory conditions and is therefore modified for FRTP friction
characterisationin the pultout test, a laminatenter-ply) or tool material (tocply)
specimen is sandwiched between two other laminate plies, held together by a
controlled normal pressufg95]. The sandwi ched spewei dneinr o m
between the two adjacent laminates, withrtieasuredorcecorresponding to the tool

ply or inter-ply frictional force. Considering FRTPs, this test was first outlined by
Scherer and Friedrid207], but has since been utilised in a large array of widrk3,

194, 195, 197, 201, 203, 206, 208, 209,-242]. Commonly, heating is achieved by
heating the platens that apply the normal pressure, however it is also applicable to
conduct the test within an environmental chambegure2.20 illustrates a schematic

of the apparatus for a typical (teply) pull-out tes{195].
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During the pullout test, the contact area decreases as the movable specimen is pulled
out from between the fixed laminates, resulting in an increase in cpreastrg244].

This must therefore be accounted for either during the test by reducing the clamping
force, or during posprocessing, howevehe lattermethodinduceserrors due to the
pressuredependent CoF attributed to FRTR¥ilks [245] proposed an evolution of

the pultout test, namely the peihrough test, to eliminate the change in contact area
during the testThis alternave technique has also been used extensively for FRTP
friction characterisatiofil98, 200, 204, 205, 218In this test, the specimen being
pulled through idengthenedsuch that it extends beyond the opposite edge of the
friction apparatus This mears excess materiagnters the pressupates just as
material is pulleebut at the front edge. The drawback with using this method, however,
is edge effects associated with the leading edge of thethpaligh apparatus.
Furthermore, care is required to ensure the excatsial is heated adequately before
entering between the pressure plates.

Normal Load
(0.1-100kN)
Composite \
eated Platen
Clamp N
i)

Steel shim

il
I eated Platen \\\\\\N

Figure2.20: Typical apparatus for a (teply) pull-out friction testf195].

_

2.6 FRTP Forming Defects

Defects arise durinfiprming operatios by virtue of the large deformations occurring,
coupled with various constraints imposed by the proaedshe material typg246].
The forces and constraintassociated with different forming processes (Se@i@h
aredifferent,meaninghe growthand type oflefects varies considerably betweach

[50]. Since this work is focussed on diaphragm forming, which represents lower
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forming forces than that of match&abl equivalentd35], only defects specific to
diaphragm formingare considered. Due to the lack of a rigid -@itplane constraint

in the diaphragm formingprocess, oubf-plane (macroscale) defects, namely;
wrinkling and bridging dominate [41, 133, 247] Furthermore, since this work
concerns prémpregnated FRTP organosheets, deconsolidation can also[248Ur

All these defects can have a significant impact on the quality, both in terms of
aesthetics and performance, of the final compo}22®]. Wrinkling, for example, can

lead to a considerable reductifmp to 40%][250]) in the localised strength of a
composite part due to the eoftplane fibre direction, no longer acting in a lead
bearing manner[250]. These defects are intrinsically linked to deformation

mechanisms outlined in Secti@m, andare analysed Hturn in this section.
2.6.1  Wrinkling

Arguably the most commomacroscaledefect presentnot just in the diaphragm
forming process, but all fabric forming processes, isobytiane wrinkling[251].
Sj6landeret al. [252] proposed that wrinkling can arise either from globaplene
compressive stress applied to the entire laminate or from a single ply experiencing
compression along the fibre direction, which can subsequently propagate and induce
wrinkling throughout the ack. In both scenarios, compressive stress is recognised as
the underlying cause of wrinkling. The onset of these strelsesnot have a single

definitive cause and can generally originate from two primary factors:

1 Local inplane shear and compressive stresses increase with the shear angle
[117], which is frequently used as an indicator of macroscale wrinkle initiation
[161]. As thelocalisedshearforce increaseghese stresses are redistributed,
causing the fabric to wrinkle cof-p| ane i n a region 71 efe
shearo.

1 High coefficients of friction, both between plies and between the
tool/diaphragm and ply, have been shown to create localised compressive
strains, forcing the material to bend out of plda2, 252254] Reducing

friction in these casesasobserved to enhance the formabilitythe fabric.

Wrinkling of a FRTP by means of these twonpary factors is illustrated iRigure
221
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Figure2.21: FRTPwrinkling over a doubleurvature geometry.

The bending stiffness plays a critical role in determining the amplitude and wavelength
of macroscale wrinkle§186]. This highlights the importance of accurate bending
characterisation for predicting ply folds. Considering this, alongside the shear and
friction dependent wrinkling behaviour outlined above, all three of these deformation
mechanisms are coupled and require accurate atkasation for accurate wrinkling
prediction. The severity of wrinkles can also be influenced by processing parameters,
such as tool geometf255, 256] This suggests that material parameters alone, such

as shear angle, may not always suffice for accurate prediction-of-plene wrinkles.
2.6.2 Bridging

Fabric bridging is a common phenomenon observed during the diaphragm forming
process, particularly when dealing with complex geometries or sharp curJdtlLires
This is a defect specific to diaphragm formsigce a rigid tool in the matchedol
procesrovides the forming force required to overcomaithough this can induce
other defects such as fibre tearirigll]. Bridging occurs when the fabric
reinforcement fails to conform fully to the tool surface, resulting in voids or gaps
between the fabric and the td&0]. This nonconformance is typically caused by
insufficient slippage between the diaphragm andaiénate or insufficient slippage
between individual plies, thus increasing the stiffness of the lamjhai#d. This
therefore resists the bending deformation required to drape over intricate features
Bridging is therefore attributed to tension in individual fibres, as opposedrtkling

(Section2.6.1) whichoccurs as a result of compression. These tensile forces, however,
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can result in compressive strains perpendicular to the bridging[p@thcausing
wrinkles, such that the two may beked. Figure2.22 illustrates a cross section of a
typical bridging defect during a DDF procg257].

. -

Mould

Ply

Concave
corner

Figure2.22: Laminate bridging crossection at a concave tool edg@é7].

Bridging is influenced by factors such as the fabrics architecture, thickness, and
stiffness, as well as the forming pressure and mould compl@adtyl24, 133, 247,

256]. Since, as per the deformatiorodes outlined in Sectidh4, it is expected that
laminate bending and frictional forces increase at lower temperatures, the degree of
bridging is dependent on the forming conditi¢h33]. Bridging often means that the
desired tool geometry has not been achieved, potentially resulting in part rejection.
The mechanical performance and structural integrity of the final composite part may
also be compromised with bridging. Mitigation straésginclude changing the FRTP
forming parameters (temperatures, spegij], optimising the blank shagg0] or

modifying (simplifying) the tool geometry.
2.6.3 Deconsolidation

As noted in Sectior2.3 this work focuses on the use of m@nsolidated FRTP
organosheets, as opposed to dry equivalents sugtmasingledfabrics. Because of

this, a degree afoncern regarding resin flow is removed during processing, since the
fibres are already fully wetted ofit09]. This means that during processing, time does
not have to be given to allow resin flow to take place through the material, as would
be the case in resin transfer moulding (RTM) @by fabrics or processing with

commingled fabric§107]. While the sheets are peensolidatedowever, it is highly
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likely that the deconsolidation phenomenaccursafter the FRTP sheet is heated
above the melting temperature, as is required for forming to take[gk&le

Deconsolidation refers to the formation and expansion of faites heating pre-
consolidated FRTP laminatabove the processing temperature (melt temperature for
semicrystalline polymers) This resuls in a physical change in the FRTP sheet
geometry, usually via an increase in laminate thickij258]. This phenomenon
occurs when a preonsolidated laminate is heated under little or no applied pressure,
resulting in undesirable pores or delaminati¢248]. There are many published
studies that aimed to deduce the exact cause of the deconsolidation phen&menon.
woven laminates, deconsolidation has largely been attributed to the release of residual
stresses (crimp relaxation) that are fixed into the laminate when it is compacted during
manufacture[259-264]. A range of other studies, however, have suggested that
deconsolidations attributed to moisturdiffusion, especially for highly hygroscopic
thermoplastic polymers such as polyamidéé5-268]. This can also occur in
thermoset composites during curii2$9, 270] It is highly likely that both the release

of residual stresses and moistdifusion play a part in the magnitude of
deconsolidatiof264]. Figure 2.23 illustratesthe deconsolidation of UD CF/PEEK
laminates after heating, with the increase in laminate thicleme$slevelopment of

voids prominenf266].

Deconsolidation is important to consider; for example, numerous studies have shown

that pores significantly impair a compoggenechanical properties, including shear

stiffness and strength, compressive strength, transverse tensile strength, interlaminar

shear strength, flexural strength, and fatigue resisf@4@& 271, 272]Henningeret

al. [248], for example, found that for a GF/PIR composite sheet, an increase in void

content from 1% to 12% results in approximately a 20% reduction in both the flexural
strength and Youngds modulus. Further mor e,
laminate that may not be fully wetted out, imrpeg both the aesthetics of the final

part andpotentially exposing the reinforcing fibres to environmental damakis

would notoccur if the laminateverefully consolidated273].
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Figure2.23: Deconsolidation of UD CF/PEEK laminates after heafg§].

The mitigation pr oc edtecorsolifiatorp rckescsanm edl iada
normal to the deconsolidation directif#59]. Ye et al.[260] determined an equation
for the critical reconsolidation pressure, the pressure required for complete
reconsolidatiorio take phce. In this work, alpin-weave and fharness satin weave
exhibited critical reconsolidatiorpressures of 0.2BIPa and 0.4MPa respectively.
This reconsolidatiorpressurecan however, cause squeezed creep flow of the matrix
melt, with up to a 30% loss in localised matrix matef289]. After complete
reconsolidations achieved, further increases in compaction presestdt in squeeze
flow of resin in combination with compaction of the fibrous reinforcerfi&m, 275]

Due to the low forces associated with the diaphragm forming process (Sz8t@dn
this compaction and squeeflew behaviour is not relevant to this workhese
phenomena are more commonplace with significantly (orofiensagnitude) higer

forming forces, such as those present in the mattwgrocess.

2.7 Forming Simulation

Thus far in this literature reviewhe relevantFRTP materials and manufacturing
processes have been explored along with the deformation (including characterisation)
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modedor successful formingwith the subsequent defetist may occur by virtue of
these deformationsutlined All of thesesubsectioa culminate in the simulation of
forming to predict the behaviour @ FRTPlaminate, as opposed to costly tréald

error method$141, 165] Furthermore, FRTP forming simulation allows for process
optimisation to be conducted, thus enhancing the specific forming process under
consideratiorj276].

This section outlinefirstly, the different approaches that can be used to simulate fabric
deformation behaviour. This is followed by a specific analysis of process modelling,
with matcheetool and diaphragm forming methods. Finally, the application specific
for FRTPs is analysed, withe statef-the-art in FRTP forming simulation presented
from simple isothermal models all the way through aidvancedfully-coupled

thermomechanical routines.

2.7.1 Simulation Approaches

Composite material forming is complicated by the heterogeneous behaviour that they
exhibit [58]. Moreover, due to the expense of composite matetiddd,anderror
manufacturing methodsecostly and wasteful. Because of this, numerical approaches
have gained popularity for predicting fabric behaviour. These numerical appoache
can be broken down into two sehtegorie§277]: kinematic model$278-283] and

finite element modelat different scalefl68, 212, 284]Bothmethodsare outlined in

detail below.

2.7.11 Kinematic Models

Kinematic forming simulations are based on geometrical magmingipleswhere

the fabric is represented as a-imted network of rigid bars that can deform only

through shear at the crossover po[2{&8]. Il nitially, t wo geodesic |
yarnson Figure2.24a) are defined as a starting framework, and the remaining yarns

are then mapped onto the tool surface i ng 6 ma p p[285)]. A\ wiaedytused d s 6

mapping method is the fishnet algoritH286], which operates very quickly but

assumes yarn paths between nodes to be straight lines, leading to reduced accuracy.

Figure2.24 illustrates the kinematic draping proc¢280].
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Figure2.24: Kinematic draping algorithna) initial constrained yarns, loyaping over a
hemispherical tod280].

Kinematic forming simulations offer a rapid meangalicating geometric drapability

butoperate with a range of assumptions to simplify deformaitiatuding[278, 287]

Inextensible fibres
Free rotation between warp and weft yarns
No tookfabric sliding

Forming loads and boundary conditions neglected

ok~ 0N PF

No material properties assigned (such as bending stiffness)

These analyses assess the formability of fabrics relative to a specific tool geometry by
comparing the local shear angle to the experimentally determined shear locking angle.
They are considered a relatively inexpensive method for modelling fabric draping
behaviouf58]. However, they do not account for the precise shape of defects or the
forming load required to deform the fabric. Additionallyjth material properties and
frictional forcesdisregardedthis canfurther reduce the accuracy of predicted shear
angles, especially in multayered fabric plie§65]. Due to the limited accuracy of
kinematic approaches when compared to finite element methods (S2¢tibg, this

methodis not pursued further in this work.

2.7.1.2 Finite Element Models

With advancements in commercial computational power, the adoption of three
dimensional finite element (FE) moddts simulating fabric draping and forming
processes has become increasingly prevalent. FE methods offer a numerical approach
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to solving physical problems by incorporating governing equations, such as
equilibrium, constitutive relationships, and boundary condit[@8% Although more
computationally intensive compared to kinematic approaches, FE models offer the
advantage of accounting foonlineareffects arising from the anisotropic nature of
fabrics They can be used to simulate the tools, interactions, and frictional forces
between components, as well as the mechanical behaviour of composites during the

forming proces$37].

FE simulations help determine the condititrest enable successful forming while also
identifying potential defects, including wrinkléSection2.6.1) [284]. Moreover, FE
methods provide detailed insights into thibre orientation within the formed
componentcritical for understanding and optismg its mechanical performance
[284]. The precision of these simulations largely depends on the accurate
characterisation of the material behaviour and the boundary conditions involved in the

forming proces$288].

2.7.1.2.1 Implicit versusExplicit FE Methods

Fabric forming, being a quastatic process, can be modelled using either implicit or
explicit FE methods[218]. Implicit methods solve a system wbnlinearequations
through direct integration, considering the entire time step ajf@88g This approach
allows for larger time increments since it is not constrained by stability limits.
However,implicit simulations can be computationally intensive due to the iterative
solution process. Moreover, the complexities of fabric forming, such as large
deformations, significant sliding, and frequent changes in contact conditions, often
result in convergece challengef290]. These issues are further compounded by the
formation of wrinkles and fabric buckling, which make achieving equilibrium difficult
[289]. Consequently, while implicit methods are effective for many scenarios, they are

less suited to handling the complexities of fabric forming simulaf®nis

In contrast, explicit finite element analyses use a forward Euler integration scheme to
determine the deformation state at the end of a time increment by integrating the
acceleration from the start of the incremg®1, 292] Unlike implicit methods,
explicit solvers do not require iterative calculations to achieve force equilibrium within

each time step, relying instead on an extrapoldi@sed approach. This characteristic
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makes explicit methods less prone to convergence issues caused by contact changes or
wrinkling instabilities[168]. While explicit methods are generally less precise and
require small time increments (and therefore long solve times) for stability, their
simplified and robust contact formulations allow them to handle scenarios where
implicit solvers might fail to conwge. This makes them particularly suitable for
addressing the challenges of fabric forming simulat{8ii$

2.7.1.2.2 FE Modelling Scales

As illustrated inFigure2.2, fibre reinforced materials exhibit a mutitale, such that
they can be analysed in the micranese or macroscopic regimes. The same raulti
scale applies to FE models, which are denatedtinuous, discretesemidiscreteor
mesoscalenodels.While microscopic models constructed at the filenel do exist
[293-295], the computational expense of suclitinesbecomes great even for very
smallsubjectsmeaningtheir implementation remains impracti¢d¥]. These models
are therefore not discussed in thisriw Figure2.25 presents an overview of they

modelling scale§37], which are analysed-turn below.
(1) Mesoascale methods

Mesoscale FE model296-305] are widely used for simulating the behaviour of
fabrics at the mesoscopic level, focusing on individual yarns and their interactions
within the fabric structur¢g298]. These models operate in a detailed manner where
yarn geometries are modelled explicitly using continuum elements, Bgypes2.25c.

This approach captures the discrete nature of yarns andsdthowa detailed analysis

of phenomena such as i@y sliding, yarn deformation, and contact interactions
between yarnf299]. Mesoscale geometries can be created through various methods,
including manual modelling of each yarn, reconstruction from CT scafja&gh or
procedural generation using tools like Tex@66]. These models are particularly
effective for predicting material behaviours such as permeafd0, 306] Theyare

not usually used to simulate an entire forming process, however, due to the

computational expense of modelling the complex gggn interaction$307].
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Figure2.25. Schematics of various FE modelling technigf3.

(2) Discrete methods

Discrete finite element mode[284, 308313] are also used for simulating fabric
behaviour at the mesoscopic level, operating in essence as a larger version of a meso
scale method. In these models, rather than modelling the geometry of a yarn with
continuum elements, yarns are represented explioglpg 1D elements, such as
beams, trusses, or sprinfgll]. These are often combined with 2D elements like
membranes or shells to account for the fabrics ovgealinetry, as pdfigure2.250.

Discrete models do not assume material homogeneity or contmakiyng them ideal
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for studying complex fabric behaviour, includingrinkling, shearing, and tension,
without the requirement to model intricate iRy@rn interactions[309]. Yarn
orientations update automatically during deformation through the rotation of the 1D
elements[284], providing a realistic representation of the fabrics response under
various loading conditions. However, the large number of degrees of fr§&mdh
significantly raises computational costs, often limiting the use of discrete models to
small fabric subdomaing87, 312]

(3) Semidiscrete methods

Semtdiscrete finite element modeJS9, 168, 314, 315pffer a hybrid approach to
simulating fabric behaviour by combining aspects of both discrete and continuum
modelling techniques. T method, originally proposed by Boisst al. [59], still
simulates fabric behaviour at the mesoscopic level (yarns or woven cells), however
these components are modelled using finite elentaatdix the kinematics in these
discrete components as a function of the nodal displacgi@&djtAs perFigure2.25d,

the yarn directions are therefore not necessarily aligned with the edge® lenttest

key for simultaneous multayer fabric forming These methods are more
computationally efficient than standatdcretemodelsdue to them havinfpwerDoF

[315]. Only the significant mechanical properties of the element at 1vesleare
taken into accouriB15]. The drawback of this method is that it relies on specialised
element formulations that are not typically available in standard commercial FE

software packag€g87].
(4) Continuous methods

The continuous FE modellirgpproachFigure2.25a) [284, 313, 31&324] treats the
material as a homogeseid continuum, representing its behaviour using membrane,
shell, or solid elements. Unlike discrete or mesostaldels that focus on individual

yarns or unit cells, the continuous approach assumes that the fabrics mechanical
properties, such as tensile stiffness, shear behaviour, and bending resistance, are
uniformly distributed throughout the material. Materidh&eiour is typically captured

using constitutive models that approximate the anisotropic aodlinear
characteristics of fabrics, cteterised by experimental deformation behaviour
(Section 2.5 [324]. This method is computationally efficient and wsllited for
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simulating largescale fabric deformation, such as draping, without the need to resolve
individual yarn interactiong37]. Furthermore, it can be easily implemented in classic
FE codes without the necessity of modifying element formulat[885]. While
continuous models are effective for analysing global deformation patterns and
structural behaviour, they are limited in their ability to capture local phenomena such
as interyarn sliding, with mes@cale interactions such as crimp and yarn congract
generally not includef312]. Table2.2 illustrates the advantages and disadvantages

associated with thdifferentmodelling techniqueg7].

Although significant work has been done in the field of fabric modelling, no widely
accepted model currently exists that accurately captures all aspects of the mechanical
behaviour of fabric§307]. In this work, a continuous approach is adopted due to the
ability for these models to predict largeale draping behaviour, implemented within
classical FE codes, which represent the most popular method for modelling composite
reinforcemeny312]. These continuous approaches necessitate tracking of the non
orthogonal material directions during forming for the constitutive models to function
correctly. This can be accomplished by utilising either hypoelastic or hyperelastic
formations[312], which are outlined below (Secti@7.1.2.3, with a specific focus

on FRTPs.

Table2.2: Advantages and disadvantages of different fabric modelling apprd&ates

Modelling
approach Advantages Disadvantages
Continuous *  Small number of DOFs * Requirement for specialised constitutive
approach + Applicable to classical model

FE model + Cannot model deformation

characteristics or defects at mesoscale

Discrete or * Close to the natural * Large number of DOFs
mesoscopic architecture of fabrics. * Limited to small structures
model » Can model the * Needs specialised homogenisation

interaction between procedure to determine material

yarns and stitches parameters in numerical model

* Can model occurrence

of mesoscale defects
Semi- *  Small number of DOFs » Needs specialised element formulation
discrete * Applicable to classical » Not readily available in commercial FE
element FE model codes

54



Chapter 2 Literature Review

2.7.1.2.3 Continuoud—E MethodFormulations

One of the earliest continuum models for the forming of FRTP prepregs was
introduced by Rogerg326], building onS p e n 32, 828]work on anisotropic
materials and later expanded by Johrj4d8]. This model assumes the fibres, whether
unidirectional or bidirectional, to be inextensible, and treats the prepreg as asedleali
fibre-reinforced material. This model has been the focus of several sfli8is153,

316, 329, 330Q]However, the inextensibility constraint can cause numerical challenges
when implemented iRE codeqd331]. In recent years, modified versions of this theory
have been developed to address these limitations, incorporating more advanced and
sophisticated methodologies.

(1) Hypoelastic Formulations

The hypoelastic formulatiofi321-325, 332334] has been proposed for materials
undergoing large straingithout the necessity of a strain energy density fun¢8aa).

In this approach, the stresgrain relationship is formulated incrementally, meaning
the objectivestresgateat a given point is determined based on the current strin
and a material stiffness tend822, 335] The hypoelastic model allows the material
stiffness to evolve dynamically with deformation, enabling the tracking of changing
nonorthogonalfibre directiong336]. This is particularly suitable for fabric forming
processes where large deformations eRisgimitation of this method, however, is that
an incorrect definition of théypoelastic relations can result in unrealistic material
behaviour{335]. Furthermore, the closed loop loading path is not recove[hbh.
Commercial finite element simulation programs typically employ a-based
constitutive equation or hypoelastic formulation by default, specifically in- user
defined routines such as UMAT or VUMAT Abaqus[332].

A fundamental notorthogonal model for fabrics, based on a homogenisation
technique, was proposed by ¥ai al. [321] in order to model the behaviour of
thermoplastic composites. To validate the model, it was implemented in an explicit
dynamic FE code and evaluated through tests includipdgaime simple sheapure

shear uniaxial tension, and the draping behaviour of woven composites. This model
was then implemented by Yet al. [337] to model the hydroforming of an FRTP
laminate taking into account the wrinkling caused by the undulation geometry of the
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woven structure and its shear stiffnesier adapting the model to include the -aifit
plane rigidity[166] and further applying it to NCH833], the approach was used by
Harrisonet al.[334] to predict the forming behaviour of a viscdestile composite
sheet. This was done by combining the-fatkependent constitutive equatidld83]
with a temperature dependent unit cell energy m@8]. The shear and tensile
behaviour was captured sufficiently to modeith the PFT and complex forming

routines accu racy.

Peng and Ca339] proposed a dual homogenisation approach using the finite element
method to predict the nonlinear elastic behaviour of textile composites. This work
focused on a constitutive model to characterise theoniiogonal material behaviour
under Ol argresda,efam mappr oach etal[822) Thisnpl ement ed
method was used by Caob al.[340] in what is one of the first attempts at modelling
nonrisothermal FRTP forming behavio{8ection2.7.3.9. Xueet al.[341] conducted

a mechanical analysis of a unit cell to identify the parameters of thisntioomgonal

material law, with this knowledge used by Peng and [328] to devise another
consttutive law, introducing the convected coordinate systérhis was later
expanded byBadel et al. [325] who raisal concerns about directly defining the
constitutive relation of fabrics within the Grediaghdi(GN) frame, as this approach

can result in spurious stresses during large shear deformations of an element. To
address this issue, stresses are instead computed using the constitutive relation defined
in the fibreparallel frames and subsequently transforme# bao theGN frame. This
transformation ensures an objective derivative and avoids inaccuracies during stress
updates It hassince been validad by simulating a fabric forming process over a
hemispherical325] and doubledome too[324] geomety.

(2) Hyperelastic Formulations

The hyperelastic continuous mod288, 335, 342347]is generally used to describe

the mechanical behaviour ofaterials that undergo large elastic deformations. In this
framework, the stresstrain relationship is derived from a strain energy density
function where it is typically assumed that each strain mode contributes independently
to the overall strain energy potentjal2, 335] Initial hyperelastic formulations were
based on that for dry fabricsuch as that by Aimenet al. [342]. The authors

introduced a hyperelastic invariants model that consdlgvo tensile and one shear

56



Chapter 2 Literature Review

deformation energgomponent for textile reinforcement under large strains. Building
on this approach, Pengt al. [348] developed a hyperelastic constitutive model
incorporating fibre stretching and yarn crasgr shear strain energiesijbsequently
applied to analyse the behaviour of dry fabric under large deformationsGBatiet

al. [343] and GuzmasMaldonadoet al. [215] utilised this approach for FRTPs,
specifically for modelling FRTP material behaviour during thermoforming.
Hyperelastic behaviowaslinked to the elongation of dry reinforcements in the warp
and weft directions, while #plane shear deformation described usingoalinear

visco-hyperelastic model based on the genszdliMaxwell rheological framework.

2.7.2 Process Modelling

The simulation approaches outlined in detaiberction2.7.1.2.3are modelled in the

form of a dynamigrocess suchasto simulate the forming process of a particular
fabric material. This section therefore outlines the nature of these forming models in
terms ofthe simulation tools available, theppropriateelement formulatios and
finally a brief description of théorming models themselveas per the process

outlined in Sectior?.3.

2.7.2.1 Finite Element Simulation Tools

While FE modelling has become an indispensable tool in composite forming
research, the selection of an appropriate FE platform can significantly influence both
the scope and applicability of the work. Commercial geraugbose FE codes such
asAbaqusandLS-DYNA are widely used across a range of engineering disciplines
and are valued for their robust nonlinear analysis capabilities, flexible solver
architectures (implicit and explicit), and ability to implement taefined material
models through subroutinesde UMAT/VUMAT in Abaqusor MAT _ keywords in
LS-DYNA). These tools support complex contact interactions, large deformations,
and advanced constitutive behaviour, making them-seeted to simulate forming
processes where significant sliding, wrinkling, and anisotropy are present. In
contrast, dedicated forming software packages sud&ndsorm (implicit solver) and
PAM-Form (explicit solver) are purposauilt for modelling composite forming
processes, offering simplified workflows with pdefined forming material models

and user interfaces tailored to draping, stamping, and consolidation simulations.
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These tools reduce the barrier to entry for compegeific applications but are
often constrained in terms of extensibility and control over the simulation
framework. Notablyall previous studies modelling the Double Diaphragm Forming
(DDF) process have relied on commercial gerpuapose FE platforms rather than
these specialist toglaighlighting the relevance of this approach. In this work,
Abaqus(commercialFE package) is therefore implemengeth as t@nsure the

highest level of control over the FE formulation was attainable.

2.7.2.2 Element Formulation

Full-scale forming processes, such as DDF or mattba&dforming, are typically
simulated as a continuum (Sect@id.1.2.3 using membrane elements, shell elements,
or a combination of botH37]. Membrane elementare less computationally
demanding than shell elements since they usually feature only transldegned of
freedomat each node without rotational DoF considg@&tdl]. This has made them a
popular choice owing to the complex demands of a forming simuld#ien 349, 35Q]
However, their main limitation is the inability to account for the bending stiffness of
fabric plies[165]. Consequently, while they effectively capture shesravioumwhich

is helpful in identifying potential defect areas, they fall short in accurately predicting
the shape and size of wrinklggl4]. On the other hand, shell elements provide a better
capability to predict wrinkling defects by accounting for bending stiffassghey
consider the througthickness stress gradie[833]. This resultsin more precise
estimates of wrinkle amplitude and lengfh86] and improved tool bridging
predictions[43]. However, shell models tend to be more computationally intensive
than membrane modelé small number of recent studies, specifically for FRTP
forming simulation, have used solid elements to model the matrix material
superimposed with shell elements to model the behaviour of the reinforcindZibées

351] The computational expense associated with these models is large, however.

In early studies, numerical simulationsfabricsprimarily focused on tensile and-in
plane sheabehaviours asthe relatively low outof-plane flexural bending stiffness
(due to fibre slidingyvas considered negligibJ&12]. However, later findings revealed
that the bending stiffness significantly influences the number and size of wrinkles
during fabric forming [144, 186, 188] In commercialFE software, the bending

stiffness of standard shell elements is usually derived from the axial #lullhis
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approachypically resultan an overestimatioof thefabric bending stiffness, leading
to unrealistic predictions of formiAgduced wrinkleg188]. To address this issue,
various methods have been proposed to deedbpl bending behaviour of fabrics
from their axial modul[352, 353]

Nishi et al.[354] for example, introduced a numerical modelling approach consisting

of an offset shelandinterposed membrane elemeasperFigure2.26 [287].

Offsef shell

2 i { f
d
_. ) Neutralaxis forbending 5 ;3 i
L Membrane
Node Node |d
R R ]

1 -layer thickness Offsef shell
h-fabric thickness
1 -integration point

Figure2.26: Tri-element model to decouple membrane aneobypiane behaviouj287].

This proposed macroscopic modelling technique effectively accounts fothieath

plane material properties using the membrane element araf-plane properties

with the shell element®lternative methods include the use of hybrid meshes that
combine membrane and beam/shell elem§®8, 349, 353]as well as custom
designed semiliscrete shell elements which incorporate bending stiffii€ 315]
Another approach, presented by et al. [170], defined individual properties to
different integration points through the thickness of a shell element, thus achieving

equivalent membrane and eaftplane decoupling.

Regarding the hplane properties, shear and tensile behaviour also require
consideration if the model is to function corredtig4]. These properties, as well as

the friction behaviour, r@ documented in Sectio®.4 asthe main mechanisms that
dictateforming behaviouf140]. This is illustrated inFigure 2.27, which compares

fabric draping over a hemisphef&) with different inputcasesconsidered(b) just

tensile behaviour(c) tensile and shear behaviofd) tensile, shear and bending
behaviour included144]. An isotropic laminate is included for referen@. Only

after tensile, shear and bending properties are included does the formed geometry start

to replicate what would be expected in an experimental siitdg.again highlights
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the importance of including laminate bending stiffness for accurate wrinkling
predictionsFor FRTPs, these properties are viscoelastically coupled.

b)

Figure2.27: a) Draping on a hemispherical geometry including falis)cTensile behaviour,
¢) tensile and shear behaviodj tensile, shear and bending behavi@jisotropic laninate
[144].

2.7.2.3  Forming Processes

As addressed in Secti@3, the key forming processes associated with this work are
the matchedool process and the DDF process. FRMRtchedtool simulations
(outlined in detail in Sectiof.7.3 generally consist dd laminate(formulated as per
Section2.7.2.92 moulded using rigid (assumedideformableand isothermal) tooling
[112].

Recent works omiaphragm formingsimulation aresolely based on dry fabricer
epoxy-pregregssuch as the work biyeutzet al.[355], Margossiaret al.[356], Chen

et al.[37, 50] Yu et al.[40-43] and Lawrencet al.[175] for dry NCFs, Sorrentinet

al. [357] and Splanderet al.[252] for UD epoxy-prepregsand Thompsoet al.[254],

Miris et al.[358] (dry) and Alshahranj247] (epoxyprepreg) for woven fabrics. In

these models, while the laminate is typically modelled the same as per that of matched
die processes, special considerations have to be given to both the diaphragm behaviour
andthe diaphragm interactia Diaphragm behaviour, due to its potential for large

60



Chapter 2 Literature Review

deformation, is typically modelled using a hyperelastic formulation for the strain
energy density function gtion2.7.1.2.3, in the form of a MooneyRivlin [247, 252]
Ogden[50, 254, 358] Marlow [43] or alternative hyperelasti857, 359] model.
Furthermore, as oppadedo the toolply friction that must be accounted for in a
conventional matchetbol process, both diaphragimol and diaphragAaminate
friction must be considered idiaphragm formingsimulations[50]. Finally, it is
important to consider the diaphragm pressure gradient (in DREgning thespatial
andtime-dependentariation in pressure transmitted from the diaphragms tolsmd.

This gradient controls the distribution of normal forces across thdawohateand
diaphragmlaminateinterfaces, and thereby dictates the level of interfacial friction and

the resulting forming behavio(#8].

2.7.3 FRTP Forming Simulation

The quantity of previous literature regarding complete FRTP forming simulation is not
exhaustive. Some of these models were outlined in Se2tibh.2.3 often used for
validation ofthe relevantonstitutive modelsThis sectiordetailsthe FRTP forming
simulation modelspublished to dateas oppos# to the individual deformation
constitutivemodels These modelsrebroken down into twelassesisothermal and
nortrisothermal forming simulatian Isothermal forming simulation is by far the most
common in previous literaturayhere transient thermal effects are not considered
during the course of a simulationhis was generally accepted fibrermostamping
processes as it was assumed that the speed of the process would negate sany issue
regarding laminate coalown[112]. This assumption has since been questi@iee],
however,such that fullycoupled norrisothermal simulations now represent the state
of-the-art in FRTP thermomechanical modellifkgrming simulation focommingled
fabricsin the cold statesuch as that by Garnish al.[360], Jauffreset al.[309, 361]

and Pengpt al.[362] are not considered in this section since the material deformation
behaviour is not temperature dependent, with heatingpletedafter the forming step.
Works that consider other defects (not laminate formability), such as [@@&joor
springback[364, 365] are also not presentedurthermore, the reader is referred to
the works of Bussetteat al.[58], Chenet al.[112] and Gonget al.[141] for adetailed
analyses of FRTP thermoforming simulatiore liter two with a particular focus on

hotstamp forming.
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2.7.3.1 Isothermal Forming Simulation

Willems et al. [366] used adiscretehypoelastic formulation combined with truss
elements to model tthermostampingf a FRTHabricover a double dome geometry.

In this work, material shear behaviour was characterisediaed temperature, and

the model an isothermally assuming this temperature was constant through the test. A
reasonable agreement between experimental and simulated shear angles was presented.
The same procedure was implemented by Harms$al. [121], includinganalysis of
different tootply friction coefficients illustrating good agreement between
experimental and simulated shear and localised def@asgoraet al. [185]
implemented a thermaHlgoupled tensilebendingand sheamodel into adiscrete
hypoelastic FE model, showing a good agreement between experimental and simulated
hemispherical thernstamping defects These works only tested a singular
thermoforming condition (one defined temperature and rate).

Recently, Lvet al.[367] used a continuousypoelastic model to include temperature
dependent frictionbending and shear behaviowith the authors validating the model

with a hemispherical punch simulation. Jrshowedhatfriction behaviour of FRTPs

does demonstrate a degree of directionadity including an inteply friction model
significantly increases the accuracy of simulations with regard to wrinkle development
in a multiply laminate Denget al.[351] altered thdnypoelastianodel to include solid
elements to represent the matrix, again illustrating the influence of temperature on
shear behaviour in a hemispherical stamping operatdthough with constant
bending and friction behaviour. This method allows for characterisation of the fibre
and matrix properties to be conducted separately, leading to a big reduction in the
expense of FRTP behaviour characterisatBulding on the work of Badeét al.

[325], Machadeet al.[219] developed a shear angle raigpendent constitutive model

for GF/PP organosheets, representing the shear stiffness using a cubic polynomial. The
shear stiffness was modified by a shifting factor, in the form of an overstress law
similar to that proposedybCowper and Symond§368], to include the rate
dependency, as calculated using the BET (Sea@ibri). This shearstiffness was
implemented within a hypoelastic model, allowing for accurate prediction of laminate
shear angles in d@hermostampingoperation. Neglecting bending stiffness and

frictional behaviou meant thaaccurate wrinklingprediction was not possible.
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Ten Thije et al. [350] characterised the friction and shear properties of a pre
consolidated FRTP laminate at a single temperature, but multiple rates, and
implemented these withimaipdated Lagrangian FE model. The authors, as pet Lv

al. [367], showed that inteply friction behaviour significantly influences the
wrinkling behaviour in a hemisphericathermostamping routine. However,
comparisons with experimental studies showed poor correlation due to the neglection
of bending properties by virtue of the membrane element formulation. This model was
then adapted by Ten Thigt al. [369] with shell elements to include decouplé
bending stiffness, although assumed constant in this case. Good agreement in
measured shear angless illustratecbetween simulated and experimental thermo
stamp forming with a moderdyeaccuratewrinkling prediction. This model was also
utilised by Haanappeét al. [218] to include ratedependency in the hypoelastic
constitutive equations, simulating the matcheol stamping of both woven and UD
FRTP laminates, with good wrinkling predictioachieved for a singular
thermoforming condition. The authors showed wrinkling prediction is sensitive to

laminate bending stiffness, which was approximated imtbeel.

Gonget al.[343], in contrastuseda hyperelastic constitutifermulationto model an
isothermal doublelome matched tool process with good shear predic8amilar

work was presented by Abbasgial.[370] for a hemisphere geometrgiegset al.

[371] adaptedthis hyperelastic model, including temperatdependent shear and
bending characterisation, illustrating the influence of temperature on laminate shear
and wrinkle development in a complex part geomeBgng et al. [372] used an
alternative formulationusing a similar laminated approach as per Datrg. [351],

to alsomodel temperature armdte-dependenshear andbendingbehaviour. With the
inclusion of viscoelastic matrix characterisation, they were able to model-a hot
stamping process at different temperatures, with good agreement in wrinkle prediction
between simulation and experimerttuzmanMaldonado et al. [215] used a
conventional shehyperelastic constitutive model including the temperatamd rate
dependent shear behaviour of a woven Glass/PA66 composite. The authors showed
how wrinkle development in a cylindrical punch model is heavily dependent on both
the forming temperature amdte,as pefFigure2.28, wherethe latter was neglected in

the previous studieg he authors, however, did not include viscoelastic bending

friction properties in the model.
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(a) T=260 °C (¢) T=300 °C

(d) V=15 mm/s (e) V=30 mm/s (H) V=60 mm/s
4 8 12 16 20 24 28
[ - Shear angle
0 30

Figure2.28: Influence of ac) laminate temperature;fiiforming rate, on shear angles and
therefore wrinkle development in a hemisphertbarmostampingimulation[215].

Dorr et al. [373] also simulated an isothermal kgiamp forming exercise, although
including viscoelastic bending and friction properties alongside the viscoelastic shear.
A generalised Maxwell and Voidelvin approach was used (as per the work @frD

et al.[188]) for the viscoelastic deformation behaviour, implemented with hyperelastic
constitutive laws. Forming simulation of a complex part was completed at different
temperatures to illustrate the influence of laminate temperature on wrinkle
development, with aigh level of agreement between experiment and simulated
geometries. The wrinkle pattern was well captured with the inclusion of viscoelastic

bending properties.

Wang et al. [374] used a alternative semtdiscrete approach to model the
thermostampingof a woven FRTP laminate, including temperatuesnd rate
dependent shear and friction propertilse authorslso including the experimentally
calculatedn-plane andhroughthickness thermahhomogeneity, although this was
assumed constans@thermal) Figure2.2%illustrates these distributions, which were

implemented as predefined fields within temerical modelGood agreement was
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shown between experimental and simulated shear and wrinkling behaviour, with the
authors noting the importance of including thermd@tributions with regard to
forming behaviourLiang et al.[186] adapted the model by including a temperature
dependent bending formulatidmyt used a constant CoFs perHaanapeét al.[218],

they conducted a sensitivity analysis illustratingw wrinkle development increases
significantly with a reduction in FRTP bending stiffnesshen et al. [216]
implemented a similar serdiscrete approach with solghell elementgas per Deng

et al.[351]) to model woven CF/PPiEminateswith the consideration ofiscoelastic
tension, inplane sheaand frictional behaviour The authos again illustrated th
benefits of modelling the fibre and reinforcement separately with regard to material
characterisation, and novel cohesive elements were used to model the initial peak in
inter-ply friction behaviour (SectioB.4.4). Xiong et al.[375] furthered this workwith
solid-shell elemenfs to model through thickness stresses, and therefore- time
dependentonsolidation, during a doubome hotstamping operatiorkigure2.2%
illustrates the level of consolidation,,[@n a scale from maximum deconsolidation (0)

to full consolidation (1)as a function of the dwell time,The variation with timavas

attributed to resisqueeze flow andiaswell captured with the solidhell model.

Table 2.3 (Page72) presentsan overview of the isothermal works presented in this
section. The model scale and formulations are tabulated, as per Se¢ting.3 All

the cited works are in reference ttharmostamping@peration, however the specific
geometry is also tabulated. The simulation type has been broken dowd mto:n st an't
c ondi (fonlymmegeinperature or rate condition explored) and variable (multiple
temperature/rate conditions). It should be noted that some of the works defined

60 c onst an tstlldncliddratedéependeidrming behaviour, but the published
thermoforming operation is only conducted at one speed. Finally, the viscoelastic
mechanisms that hay®en included are outlined. This does not mean that the other
mechanisms have been neglected entirely, for example bending stiffness is often

assumed to be linear.
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Figure2.29: a) Throughthickness thermal distributiomsodelled as input®r an isothermal
thermostampingperation of a mukply laminate[374], b) consolidationduring a forming

routine as a functioof dwell time[375].

2.7.3.2  Non-Isothermal Forming Simulation

Although isothermal condition simulations have offered valuable irsighd the

FRTP forming process thermoforming processes are inherently -swthermal,
adding further complexity to both the phenomena and their andB4s 372]
Temperature gradients arise within the laminates following the heating fitdse
376-378] and, most notably, upon contact with the td8I&9]. This is due to the high
production efficiency demands of ththermostampingprocess in industrial
applications, where the initial temperatures of components such as the punching tool
and blank holder are typically set lower than that of the bJa8R]. Laminatetool
contact leads to a rapid cooling of the laminate surface, while the inner plies cool at a
slower rate due to thieaminatesow thermal conductivity in the thickness direction
[374]. The cooling conditions, which are jointly affected by the transfer time and the
die temperature, inevitably affect the drapability of an FRTP lamjB&8}. Therefore,

the assumption of isothermal laminates may not be {/Hhg).
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The first noni s ot her mal t her momechani caplhasieul a
homogenisatioimodels, where a viscous shell element formulation is implemented
(solid fibres and viscous matrix). Hsiao and KikudBR20] used a kinematic
approximation for the element fibre directidoscalculate the deformed shapédsng

with the laminate temperature losses itharmostampingoperation. The implicit

model was based on a viscosity modabulated in a databade) shear and bending
behaviour,with constant frictional properties for model stability. The stresses in
formed part were attained, although accurate defect prediction was not assessed. Luca
et al.[276] used a similar bphase model although with an explicit integration scheme,
thus allowing for viscoelastic friction dependency to be mode#d&tiough laminate
bending stiffness was assumed constaéhe authors showed satisfactory agreement

in defect predictiovetween experimental and simulated-si@mp forming operations

The influence of different temperatures and/or forming rates was not expioséd.

et al.[381], more recently, used a similar formulation to model aisothermal FRTP
stamping process with viscoelastic shear modelled, illustrating good shear angle
prediction.This approach ikowevertime-consuming and computationally costly for
complex fibre architectures and forming processes, making it impractical for
optimisation[340].

Caoet al.[340] implemented dnypoelasticconsttutive law (Section2.7.1.2.3, such

as tomodel anisotropic material behaviowith large deformations a conventional

FE packageAbaqug. The authors used a simple tpbase nofsothermal approach,
with material shear behaviour characterised atdisoretetemperatures. The forming
model then operated where the material properties could flip between two states,
dependent on the binary state of contact between the blank and tHehmaluthors
illustrated that considering nasothermal temperatures influences the shear
distribution and punching force in a hemisphere thestamp forming exercis&his
simple norisothermalmethodwas also implemented by Lex al. [382] (with an
advanced hypoelastic constitutive IE823]) for a nonisothermal forming simulation,
incorporating anonlinearfriction model, andncluding the influence of tension on
shear behaviouthe authors also illustrated how a risathermal model dramatically
changes the punch loading history in a-$i@mping routine. Defects were not
considered in both these studi@kernatively,Ramirezet al.[383] used a hyperelastic

approach to model a stamp process, includingisathermal behaviour and a viscous
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shear and bending model, showing goadreement between simulated and

experimental thermoforming, at constant test conditions.

Machadcet al.[159] extendedhework from a previous isothermal stuf19]to also

include temperaturdependent shear behaviour usingharheniustypescaling factor.

The authors implemented thsfiear model in a hypoelastic continuum mddela
nonrisothermal hemisphere hstamping processConvective and togbly heat
transfer was implemented in the coupled thermomechanical model, althepigimén
conductivity and radiative cooling were ignoréthe simulation results indicated that,
under the isothermal forming model, a decrease in forming speed led to an increase in
the maximum shear angle. However, the thermal transient forming model exhibited

the opposite trendue to the cooling influence of theotpas perFigure2.30.

The work of Machadcet al. [159] highlights the importance of including non
isothermal behaviour in forming simulations. The authors did not consider viscoelastic
bending behaviour (which was nalecoupld from the inplane behaviour) or
frictional behaviour, only focussing on the laminate shear distribution (not defects).
Chenet al.[380] used a similar hypoelastic nasothermal model, although included
viscoelastic bending stiffness to evaluate hemispherical punch forming with different
tool temperatures. The influence of the hemispherical punch temperature on forming
behaviour was margal, however the blank holder temperature had a big impact on
wrinkle development in the formed part. This illustrates a degree of geemetry

dependence with regard to nrimothermal forming sensitivity.

GuzmanMaldonadoet al. [345] furthered the isothermal study conducted by the
authors[215] by including transient thermal effects inttlermostampingperation,
including viscoelastic bending and shear behaviour. These behaviours were
implemented within a hyperelastic formulation, withplane, through thickness and
tool-laminate conductivity all characterised and implemented within the model,
althoud ignoring convective and radiatiw®oling. Figure 2.31 illustrates how the
laminate temperature changes significantly after contact with the dololemhich
therefore has a significant impact on forming behaviour. The authors showed good
agreement in terms of both shear angle and wrinkle development between simulation

and experimental thermoforming trials.
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Figure2.30: Thermostampingimulation at differentormingrates: a) isothermal, b) non
isothemal [159].

Dorr et al [379] also built on the work of their previous isothermal st{@i¥3] by
including transient thermal effects (tgaly conduction, intrgoly conduction,
convection and radiation) in their hyperelastic model that is viscoelastically coupled
with shear, bendingnd friction behaviour. Furthermorjs work is amonghe few

other studies thatonsider temperatures below the crystallisation temperature of the
semtcrystalline polymer. To this end, temperatuage dependent crystallisation has
been modelled (see the work of Kugefeal. [89]), along with the crystallisation
exotherm. Furthermore,rale of mixturesapproach is adopted to implement theéh
aforementioned deformations in both their molten and solid states. This work therefore
represents the most advanced thermomechanical simulation model published to date.
The authors modelledthermostampingperation, and showed that a Aisnthermal

model better replicates the experimental defects (wrinkling) in an intricate part
geometry, compared to a similar isothermal model, aBigare2.32. This once again

demonstrates the necessity for asothermal simulations.
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Figure2.31: Nonrisothermakthermostampingimulation illustrating the cooling effect of the
tool (250°C) on the laminate temperatypeofile (initially 300 °C) [345].

The nonisothermal studies outlined in thiscion are also summarisedliable2.3,
with the same headings as those for the isothermal works as detailed in 3&c8dn

Other notable works include that by Baum#@Bd6] who investigated anonlinear
thermal profile, attributed to the irradiance of IR lamps, at the start of a stamp forming
process. The authors did not consider the influence of temperature on the FRTP
material properties, however. Moreover, fedtml.[384] conducted a study analysing

the interfacial heat transfer coefficient between a FRTP blank and a stamp tool. While
the authors did not introduce viscoelastic material behaviour into the model, they did
analyse how both the tool and blank temperaturesgehdaring a hestamp forming.

This compares tall otherworks that assume an isothermal tool during the process due
to its thermal massillustrates this temperature evolution during the thermoforming
process. Finally, a neisothermal semdiscretemodel was implemented by Boisse
[385] for nonrisothermal hot stamping of a doulleme geometry with viscoelastic
shear and bending behaviour included, although this model was not validated with

experimental thermoforming operations.
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Table2.3: Summary of FRTP thermoforming simulations published to date.

Isothermal Non-Isothermal
Discrete [121, 185, 366] [383]
Semidiscrete [186, 216, 374, 375]

Model Scale Continuous [215, 218, 219, 343, 35( [159, 276, 320, 340
351, 367, 36B73] 345, 379382]
. [121, 185, 218, 219, 35(
Model Hypoelastic 351, 366, 367, 369 [159, 340, 380, 382]
Formulation Hyperelastic [215, 343, 37B73] [345, 379, 383]
Other [186, 216, 374, 375] [219, 320, 381]

Double Dome [121, 216, 343, 366, 375] [219, 382]
[185, 186, 215, 219, 35(

Geometry Hemisphere 351, 367, 370] [159, 340, 380]
Other [218, 369, 374374] [33823?’ 345, 379, 381
Constant L21, 285, 218, 219, 39° [276, 320, 340, 345
Conditions 375]’ ’ ’ ’ 379, 381383]
Simulation Variable [186, 216, 351, 367, 371 [380]
Type Temperaturé 373]
Variable Rate [159]
Variable Rateand [215]
Temperature
[121, 215, 219, 343, 35]
Shear 366, 370] [159, 340, 381]

Viscoelastic Shear + Bending [185, 186, 371, 372, 375] [320, 345, 380]
Mechanisms Shear + Friction [216, 218, 350, 369, 374] [276, 382, 383]
Shear + Bending -
Eriction [367, 373] [379]
*Variable temperature for a ndaothermal model refers to whethaternativetool/initial
laminate temperatures were explored.

2.7.3.3  Proposed Modelling Framework

I n thisowpokhemmalb,ascecdnttihrrrum measani cal mo d e
devel oped, infor med-obtyhaer he appogoreseisoonudl i st
|l iterature. The continuous approach is parti

t e mp etaantdu-dreapteen dent mechani sms across mul tipl
s mplifies materi al calibration and model set
commer ci al finite el ememaelsaddttiwareondtni ttudtisv
similar to thet [di¥ed way Maopadcal|ltamedescri be
t e mp etaantdu-dreapteen dent shear behaviour of the | a
was selected due to its robust performance u
explicit dynamic sowivtelh st eamp@ereatienec omppui bi l
data. To accucfateheg @amaptumeboiodcingl amechani c
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frictionmnebreehaavlisoouri ndependently character
temper at urreast easmda Insetnreanitred ndst aeppemaietuir ee

anal ytical model s.

No-nsot her mal model |l ing has increasingly
simulating FRTP thermoforming processes,
gradients and heat transfer effects that
fommi. The mechanical mo d el i nf alhliy wor k
transient thenmall udiitmagd |4 tadnmmtaatcet h-eat t r &
ply conduction, in accordance with best |
[ 446BVery few p-ubbt Bbethahomodel s incorpor
def or matthamipsimsnei spéygr sl i, p afudipd @in@n

bendwintghi n a single framework. This | ack
' i mitation identifiedsion hBabnlad 2Znol,el wh erree

one of these mechanisms, reducing their |
wrinklitrhgerandcal i sed deformati on.

Shel l el ements were chosen over membrane
bending stiffness, which is critical for

l i mi tati ono iy dne IMbd Bhiheéewever, as i dentifie
l' i terqat8lBe sftséhnedar df or mul ati ons overesti ma
their dependence on axi alsimoduadrti [t8T.o addr
i's used to decouple membrane drhd clkenredsisng
i ntegration points are assigned different
oudfpl ane deformati on modes to be tuned ir
wrinklti @mewhicl e maintaining cAbnpguusati one

framewor k.

Altogether, the modelling framework developed in this study offers a significant
advancement by incorporatiad three dominant deformation mode#hin afully -
thermally-coupled, norisothermal, shell element continuum mqdeiplemented
entirely within a commercial finite element environmehib@qugExplicit). This
balances fidelity with accessibility, ensuring the method is both ressatvakt and
industrially transferable, while directly addressing the current gaps in the FRTP

forming literature.
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2.8 Chapter Conclusiors

This literature review has provided an overview on the current knowledge in FRTP
thermoforming. This has entailed analysis of material selection (fiarelsitectures,

matrix materials), the forming processes that convert flat 2D laminates into 3D
components, the deformation mechanisms and associated characterisation exercises
that allow mould conformity to be achievednd defects associated with FRTP
forming. These sections have theeen brought together by analysidaifric forming
simulations,investigatingthe modelling techniques armbnsttutive laws that have

been developed for accurate FRTP modellthgough to an overview of all FRTP
thermomechanical models presented to date.

It has been explained that tbevelopment okimulation toolss critical to increase

the uptake of FRTPs in industry, owing to a reduction in costly-dridlerror
techniques, and allowing for process optimisation. While there has evidently been a
heavy emphasis on producifiRTP formingsimulations over the last two decades
with over 30 individual works cited, a clear gap in literature exists. Current FRTP
thermomechanical models (both isothermal andieothermal) are solely limited to
matcheetool forming routines. These are almost exclusively tfeermostamping
operations with rigid tools, althougWo hydroforming models also exist.

As detailed in Section2.3, while matcheeool operations are suitableorf
manufacturing parts in a high volume, it is not a cost effective technique for FRTP
component manufacturing in lete-mid level volumes (under ~30,000 p{a 7]).
Furthermore, the maximum part size is also constrained by the diffiaydtoducing
matchedtools in large sizes. Diaphragm forming has been identified aiside
alternative This isdue to the lower costs associated with toqglthgtitself requires

lower geometrical accuracy and strengthys the larger (iprincipal) sizes that can

be formed using this technique. As detailed in Se@i8r2, successful SDF and DDF

has already been completed for FRTPs with a range of studies attempting to optimise
the process. However, as of writing, there are no published works regarding the
simulation of the FRTP diaphragm forming process, with all curdesgphragm
forming simulations concerned with dry epoxy-prepreg fabrics.
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This therefore underpins the aim of this work presented in Settrio produce a
bespokefully-coupled FRTP thermomechanical simulation for defect prediction and

optimisation of the DDF process.

As per Section2.7.3 a comparison between isothermal and -isothermal
simulations was introduced, with the latter currently regardatieastateof-the-art
regarding thermoforming simulatiaue to the modelling of transient effects expected
during FRTP processinglherefore, this work endeavours to consider these transient
effects, in afully-coupled norrisothermal simulation(Objective #3) As per the
majority of previous works, another objective (#1) is that of validating the numerical
model with an experimental studyueto the limited forming forces associated with
the DDF process, it is expected that matefiabth laminate and diaphragm)
deformation behaviour must be characterised with a high level of accRefeyring

to Table2.3, only one published norsothermal study considers shear, bending and
frictional behaviour. An objectivé#2) of this work is to also include these three

mechanisms such that forming behaviour is characterised as accurately as possible.

A final objective of this study#4) is to apply the validated simulation model toward

a targeted optimisation of the FRTP DDF process, focusing specifically on the
influence oftransient thermal conditiormg forming performance. While the preceding
objectives centre around forming prediction through material characterisation and
simulation, this optimisation effort is motivated by the needettucedemoulding
times and energy consumptiorhis is critical to the economic feasibility of FRTP
production in low to mid-volume applications. In manufacturing, evereduction of

a few seconds per paran translate intsignificant increases in throughpimproved
costefficiency, and reduced environmental impact; particularly when scaling up to

thousands of parts per year.

DDF is particularly welsuited to such optimisation because it already oftexer

tooling costsandflexibility in forming larger or more complex geometri¢towever,

the absence of process simulation tools has prevented systematic studies of how
thermal transients influence forming rate, laminate temperature evolution, and
eventual part quality. By integrating these effects withiriully -coupled, non

isothermal simulation frameworkhis work demonstrates a pathway towardre
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energy and timeefficient forming cycles contributing both scientifically and
practically to the wider adoption of FRTPs.

The workflow of this project, along with the aim and objectives highlighted in this

chapter, can be visualisedkigurel1.2.
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3.1 Introduction

The first objective that had to be ntetproduce an accurate FRTP DDF simulation
for process prediction and optimisatiaas conducting an experimental DDF study.
This allowed for an understanding of how FRTP DDF camadigeved in the real
world, before attempting to replicate this process in a numerical model. Furthermore,
conducting experimental FRTP DDF trials provided the foundations for validation of

the numerical forming simulation after its production.

The purposef this chapter is therefore to conduct successful DDF utilising carbon
fibre reinforced PAG, identified in the literature review as an ideal FRTP for this
purpose (Sectiol.2.9. This includes the selection of materials for successful forming,
building of a functional FRTP DDF rig (including commissioning and validation) and

finally conducting forming at a range of different processing parameters.

3.2 FRTP Selection and Property Validation

For all the work conducted, CF/PA6 laminates were acquired from Bond Laminates
GmbH, denoDyealite20ZCP®&X 1) / 50 %Pply 2xDwill-weave i n gl e
laminates were acquired for the purposdsthis work. Firstly, this allowed for
streamlining of the material characterisation process (Chapter 4) sineplynédiects

could subsequently be neglected. Secondly, conducting numerical simulations
(Chapter 6) with a fulljcoupled thermomechanical ohel already required significant
computational resource even for just a sifgie Due to constraints imposed by this
model, it was not possible to model multiple plies due to the associated (approximately
linear) increase in solve time with phyumber de to the rise in the number of model
elements. Finally, it was found by the author in a previous $8886) that in a multi

ply stack it is the coldest ply that largely dictates the forming behaviour. This means
that, assuming a cooler tool, it is the ply making4omhtact that is most influential.
Since, with just a singiply, it is this ply that is in coatt with the tool, the outcomes
from this work are transferable to that of almply stack.Each laminate exhibited a

fibore volume fraction of 51 wt%The matrial properties, as provided by the
manufacturef{387], are tabulated imable3.1, however the laminate properties were

subsequently validated experimentally (see below).
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Table3.1: CF/PA6 material properties as provided by the manufacturer, with laminate

properties determined from subsequent validation.

Element Property Value
Fibre Carbon fibre (CF)
: Fabric Woven 2x2 twill
Reinforcement Areal weight 200 g/nt
Yarn 3K
Matrix Polymer Polyamide 6 (PAG)
Density* 1450kg/m3
Fibre content* T @owt%
Laminate Nominal thickness per layer* 0.23 mm
Melt Temperature* 223 °C

Crystallisation Onset @10 °Cmin* 194 °C
* Value deduced by validation exercise.

3.21 Laminate ThicknessValidation

Initially, the individual ply thickness was validated by measuring,f&@ x 40 mm
CF/PA6 specimens five times with a micrometer and taking an average. An average
singleply laminate thickness of 0.23 mnB% was recorded, as opposed to the 0.22
mm thickness quoted in the datasheet. For this reason, going forwards, glsingle
thickness of 0.23 mns assumedmore accurately replicatg the inhouse CF/PA6

laminates. The significant variability was also noted.

3.2.2 Laminate Density Validation

The laminate density was validated by weighing,f&@ x 40 mm samples of single
ply CF/PA6 using a microbalance. The sample mass wagslihieled by the sample
volume, utilising the nominahickness fromTable 3.1. The calculatedlensity was
1450 x kg/cn?, within 1% of the quoted datasheet vaB@7].

3.2.3 Laminate Volume Fraction Validation

The laminate volume fraction was validated by conducting a resindflitast. For

this test, five 40 x 40 mm, singlply CF/PA6 samples were weighed with a
microbalance, before being placed in a furnace. The samples were heated@ 530
and held at this temperature for one hour, after which they were removed from the
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furnace ad cooled naturallyThe samples, for which the resin had been boffint
were then weighed a second time. This yielded the mass of just the fibres from each

specimen. The specimen fibre volume fraction could then be calculated with:

a

%0 ;
a

(3.1)

Whered is the fibre mass (after bunff) andé is the laminate mass (before

burn-off). From this work, the volume fraction was found to be equal to 482
wt%, within 4%of the quoted datasheet val387].

3.2.4 Laminate Thermal Response

Finally, the thermal response of the CF/PA6 laminate was validated. The objective of
this exercise was to not onissesshe quoted melt temperature of 220 from the
material datasheg87], but also identify an approximatecrystallisatioriemperature.

It was important to identify #recrystallisationtemperature in this study aswas
expected that FRTP thermoforming would not be possible upon the occurrence of
crystallisation. The crystallisation onset point therefore defined a lower bound for

which thermoformingould take place.

The thermal response of a representative CF/PA6 laminate was evaluated using

differential scanning calorimetry (DSCA 30 mg sample of the chosen FRTP was

heated at 10 eC /min from 50 eC up to a max
cooled at the same rate back down to 50 eC.
illustrated inFigure 3.1 with positive heat flow being in the exothermic direction. It

can be extrapolated from this figure that the sample was fully melted at approximately

223 ¢eC, and for a cooling rate of 10 ecC |/
approxi mately 194 eC.

The results from the laminate thickness, density, volume fraction and thermal analysis
studies are included ifable 3.1 which is referred tchereon infor the material
properties of CF/PAG.
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Figure3.1: Heat flowversusemperature of CF/PA6 sample undergoing differential

scanning calorimetry

3.3 Apparatus Production

To conduct experimental DDF with FRTPs, a vacuum chambsmrequired thiouse

a tool geometry and locate the diaphragms (and therefore laminate) in position for
forming to take place. Due to the requirement of heating the laminate ov&C 228

complete meltingasperFigure3.1), it wasenvisaged that the laminate would initially

need to lie flat, not in contact with the todhe DDF rig therefore resembled an open
Obox6é structur e, produced wusing aluminiu
structure suppoed the diaphragm and laminate above the tool prior to forming. The
baseand sides were sealed with silicone glue, capable of withstanding the high
temperatures expected during the forming prodegsire 3.2 illustratesthe different
components of the DDF rigAn overall assembly phots included inAppendix A-

FigureA.1 to aid identification of the various components.
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Upper Ring Layup Table Heated Base HeatedMVould (DoubleDome)

Clamp Lower Ring Seal Thermal Guard Clamp Seal
Temperature Controller Pneumatic Hose to DDF Rig

Master Controller Pneumatic Vacuum Vacuum
and Datalogger Solenoid Pump Vessel

Figure3.2: a) DDF rig, b) diaphragm layup table,maaster pneumatic and thermal control

system, d) pneumatic components

The upper section of the DDF rig could fegnoved andubsequently separated into

an upper and lower ringrigure 3.2a). Silicone foam seals were glued to these rings

such that when clamped together, antigint seal was obtained. This allowed for

clamping of two diaphragms. This process was conducted on a custom diaphragm

layup table that kept the diaphragms, breatreat laminate, flat during the positioning

process. Once this procedure was completed, the wholeidgaletup (complete with

diaphragms and laminate) could then be repositioned and clamped onto the DDF rig

(Figure3.2b), which had a second dight silicone foam seal.
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Inside the DDF rigigure3.2b), amouldwas located. For the purposes of this work,
a variant of the doubldome geometry, also utilisedseveraprevious works (Section
2.7.3, was used. The doubtiome itself is a good benchmark geometry that tests fibre
composite forming behaviour in a range of different wéygure 3.3 illustratesthe
doubledome geometry uslein this work, which also features a cambered central

section.
90A

-45A 45A
L NS

Dome Apex

Figure3.3: Doubledome benchmarknouldused in this work.

Due to the higltaminate temperatumduring forming, the doubldome geometry was
manufactured from aluminium (polished finish), capable of withstanding the high
temperatures. It was predicted, however, that a cold alumimamld would be
problematic during forming. This is by virtue of the high conductivity between the
laminate and the tool potentially leading to egepling of the FRTP laminate, thus
resulting in incomplete forming. Therefore, theould was fitted with ten 200W
heating elements allowirfgr complete heating of the geometry. Timsuldwas fitted

to an aluminium base (polished finish), equipped within four 300W heating pads, once
again to prevent specimencoolifigp get her , t hese Admmgapenot e
was fixed between thenould and base for the purposes of airflow. All heating
elements were equipped with an associated thermocouple, such that PID control for
different predefined tool temperatures could be achieved with a thermal controller
(Figure 3.2c). This also allowed for mould cooling pestrming such that the
component could be demould&tlith themouldand base present inside the DDF rig,

the inner working dimensions were 530 x 530 x 65 mm (not including the double

dome).
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The bottom of the DDF rig was equipped with pneumatic connections such that a
vacuum could be pulled within the apparatus. These vacuum connections were
connected directly to a vacuum punamdtwo pressure vessels (75L total volume)
certified for vacuum storag&igure3.2d). Four vacuum solenoids were then used to
initiate removal of air from the DDF rig, either using just the pump or utilising the pre
charged vacuum pressure vessels. The idea was to allow for two different forming rates
since the use of vacuum pressuresets provided a quick removal of air from the
apparatus. When neither the pump nor vacuum pressure vessel were engaged, the DDF
rig vented to atmospheseich as tamitigate issues regarding leaking of the vacuum
solenoids. Pressure sensors were also equipped to the DDF rig and pressure vessels,
with the pressure logged over time by the dataloggigufe3.2c). Since inthe DDF
processit is also required to pull a vacuum from between the two diaphragms, in each
case the upper diaphragm was equipped with a vacuum port. Thisliapgaragm
vacuum would then be pulled using a secondary vacuum pump, again equipped with

pressure sensors foronitoring.
Figure3.4 illustrates the setup process for FRTP DDF, which follows:

1. Layup of the laminate and breatreyovethe lower diaphragm layer on the
layup table, with the lower clamping ring in pladéne blank location was
measured in each case to ensure it would be aligned fully witbdhe

2. Positioning of the upper diaphragm, complete with vacuum port, over the layup
table and clamping with the upper ring.

3. Transportation of the complete dualg setup, complete with diaphragms,
breather and laminate, to the DDF rig and clamped in place. A vacuum is then
pulled between the two diaphragm layers.

4. Heating of the specimen vien®8kW Hereaus infrared heater panel (four
filaments) supported over the DDF forn(era an integrategpneumatic strut
frame) itself equipped with a pyrometer for closiedp control of the laminate

temperature.

In this example case, silicone diaphragms are illustrated, which was the chosen
material for the FRTP DDF process. This is due to the high temperature resistance of
silicone elastomers, coupled with the low temperatigggendency exhibited by these

materids [388]. This compares to high temperature polymeric films that exhibit a high
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degree oimaterialtemperaturaependency. This results in a failed DDF operation,
since the diaphragm temperature in contact with the laminate is much higher than the
surrounding diaphragm material. This means that all strain initially takes place just
around the circumference of theeminate leadingto a breach of the diaphragm hag

This can beseen in Appendix A FigureA.2, where a fluoropolymediaphragm bag

[389] was tested.

CF/PA6 Laminate Both Diaphragms

a) Layup b) Diaphragm Clamping

Lower Diaphragm Layer Breather Vacuum Port

d) FRTP Heating | | c) DDF Rig Assembl ""39

Figure3.4: Setup process for the experimental FRTP DDF proegdayup process, b)

clamping of daphragms, c) assembly of enclosed DDF rig, d) specimen heating.

Another advantage of using silicone diaphragms is tlwbust reusability across
multiple forming trials which offered both practical and economic benefits throughout

the experimental campaign. Unlike hitgmperature polymeric films that plastically
deform after a single use, the selected silicone elastomer demonskcetent elastic
recoveryeven after repeated exposure to elevated temperatures and large deformations.
This meant that the same diaphragm sheets could be reused for several forming cycles

without significant changes to their mechanical response. As a resuliedaeto
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produce or replace diaphragms after each trial was eliminsigdficantlyreducing
material costsand streamlining the experimental workflow his reusability also
helped maintain consistency between trials by avoiding variability introduced by

diaphragm replacement, such as slight differences in sheet thickness and surface finish.

In this work, 1 mm thick, 40 gp shore hardness silicone sheet was obtained from Silex
UK Ltd [390]. The sheet has a quoted maximum temperature di5hd maximum

strain of 500%, sufficient for the purposes of this work. The continuous silicone roll
was cut into 600 x 600 mm sheets to fit the diaphragm clampigg illustrated in

Figure3.2a.

Owing to the reusable nature of the silicone diaphragms, iim@erativeto ensure

that the diaphragm mechanical response was identical between repeated forming trials.
Therefore, to enhance performance stability, each diaphragmrerasnditioned by

rolling (precompressing) it three times in both principal directions. This technique
was implementetb remove any strathistory-dependent stiffness and ensure that the
diaphragm exhibited a consistent mechanical response from the outsetrdihe
historyresponse as well as the elastic behaviour is subsequently evaluated in Chapter
5 of this work, validating the reuse of silicone diaphragms and thetg@ieing method

to remove the history dependence. This method proved critical in preserving
diaphragm prformance over time and ensuring reliable, repeatable forming results

under identical processingmditions.

3.4 FRTP Experimental DDF Forming Trial

This section outlines the process that vedi®wed to complete successful isothermal

DDF with CF/PAG6 laminates. Initially, a forming trial was attengiti@ optimise the
experimental DDF process and validate the various mechanical and thermal processes
during its operationlsothermal thermoforming denotes the fact that the laminate
temperature is kept approximately constant during the forming process, utilising an
overhead IR heater and a heated tool and base. The aim of this was to eliminate

transient themal effects from the forming operation, thus simplifying the procedure.
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For the purposes of this work, the forming trial was completed with a CF/PA6 laminate

at one temperature (@5C) and one test rate (slow via the direct withdrawal of air
using a vacuum pump). These aimeonindenot ed t he Oreference
CF/PA6 laminate was cut using a BullmetQUT ply cutter, with fibres oriented in

the 0/90 direction (refer td=igure3.3), measuringl00 x 240 mm. This was sufficient

to fully encapsulate the doubttomeduring the forming process. The setup process

detailed inFigure3.4 was subsequently implemented to instigate the DDF process.

34.1 Setup Optimisation

An issue was identified upon heating of the FRTP lamiritpi(e3.4d), resulting in
wrinkles occurring in both diaphragms, a
This resulted in both the diaphragms and laminate makingctydhct, before the

forming operation was initiatedrigure 3.5a illustrates these phenomena, showing a

laminate after heating to 25C.

This behaviour was considered unacceptable. Firstly, wrinkles occurring in both
diaphragms (especially the lower diaphragm) influenced the forming behaviour,

|l eading to wrinkles in the final cool ed
diaphragm bag meaihat, with the laminate in a warped condition, significant in

plane thermal distributions could be expecfEkis alsoresulted in premature tool

contact being made.

This behaviour was attributed to the large degree of thermal expansion occurring
within the silicone diaphragms. While it was not possible to remove thermal expansion
from thesilicone,anovel way to inhibit both the wr
was identified. The layup table was fitted with thermal pads and an associated thermal
control unit, as illustrated iRigure3.5b. The entire layup table could then be heated,
prior to the diaphragm clamping process illustratedrigure 3.4b, allowing the
diaphragms to expand-situ. Since it was undesirable to melt the laminate, the layup
table was maintained at a constant 2@Q After a 5-minute dwell period, the
diaphragmswere clamped as peFigure 3.4b, with the rest of the setup process
remaining the same. This process therefore effectivehgtpe¢ched the diaphragms,
locking them in place in an already expanded conditgmle forming was completed

at a maximum laminate temperature of 260 the diaphragm material away from the
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laminate was significantly cooler, meaning that only minimal further expansion was
possible above the new 20Q baseline. This tension eliminated the occurrence of

both wrinkles and o60drooping6é of the diaphrag

Laminate 6Droopingd of Thermal Padsn
Warped Diaphragm Underside

Tool-Contact Diaphragm Thermal Thermocouple
Made Wrinkle Controller Location

Figure3.5: a) Defects caused by silicone thermal expansiokayip table equipped with

heating system.

3.4.2 Thermoforming

To monitor the diaphragm behaviour during the initial trial, specifically the diaphragm
strain, a 10 x 10 mm grid was applied to the upper diaphragm prior to the setup process.
This also allowedor tracking ofthe relative movement between the diaphragm and
the laminate during the forming process. Sec8ch3.3details the analysis of this

monitoring exercise.

Forming was undertaken followirihe procedurdlustrated inFigure 3.4, with the

aforementioned heating of the layup table (Sec8@hl) to hold the diaphragms in

tension at the start of the formipgocessFigure3.6shows6 f r € e aenes d from four
different stages of the forming operation, for thehl trial laminate at reference

conditions (250C, slow formed, 0/90orientation).

The isothermal forming was successfignificantmould conformity was achieved
for the laminate at reference conditioAslarge degree of relative slip between the
diaphragms and laminate was evident with the black perimeter line illustrating the

initial laminate position compared to the perimeter of the formed part. Furthermore,

88



Chapter 3 Experimental Double Diaphragm Forming

Obridging6é behaviour was noted around th

thick silicone diaphragms used in this study.

a) 0 seconds

b) 5 seconds

c¢) 10 second

Figure3.6: 'Freezeframes' taken at different periods during the DDF process for the
referencd~RTPlaminate

To quantify the forming quality of each laminate, three individual quantitative forming

behaviours were analysed:

Variable 1.Wrinkling behaviour (Section 2.6.1)
Variable 2.Bridging behaviour (Section 2.6.2)

Variable 3.Shear behaviour

Analysis of these three variables was considered sufficient to quantify the formability
of each laminate, at a specific test condition. To obtain these variables, the laminate
was scanneth-situ once forming was complete -$itu scanning was prudent due to

the warping behaviour that was obvious after cooling and removal from the tool. A
Creaform Handyscan3D 70thite light scanner was used to scan the geometry of the

final form, after the application of positioning targets to aid the scanning process. The
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scanning process generated a point cloud, with a 0.5 mm resolution, which was
subsequently meshed to create a surface replicating RiAi® Form. Figure 3.7a
illustrates the raw output from the reference laminate scan. Sinogakan insitu

scan, itwasthe top of the upper diaphragm tasscanned in this process. This was
not an issue as diaphragaminate contact was maintained, such that the laminate
form was identical to that of the top diaphragm, offset by the diaphragm thickness.

From the raw scan, it was possible to observe the location and quantity of wrinkling
(variable 1). In the case of the reference laminate, small wrinkling existed at the
upper/lower apexes of both hemispheres (reféigare3.3). It was expected that the

severity of these wrinkles would change depending on the test conditions.

To quantify the size of these identified wrinkles (variabl@ddfurthermore quantify
the bridging behaviour (variable 2), the doutitane tool geometrwas dso scanned
usingthe white light scanner. It was then possible to compare the point clouds from
both the doublelome tool geometry and the laminate scan (top surface of the
diaphragm). This process was completed udib§TLAB, following the same

procedure outlined byawrence[391], although for woven fabrics as opposed to NCFs.

The initial step involved aligning the twmdividual point clouds to a common
coordinate system. This was achieved using a least squares minimisation algorithm via
Iterative Closest Point (ICP) registration. This algorithm iteratively refines the
transformation (translation and rotation) applied to the datei point cloud to
minimise the straighline distance to the tool point cloud, thus compensating for any
relative displacement or rotation during scanning. Following alignment, the minimum
distance fran each point on the laminate surface to the closest point on the tool surface

was computed by identifying the nearest neighbours in the large point set.

The resulting distance values represent the local offset between the laminate and the
tool surfaces. Wrinkle amplitude was then quantified as the spatial variation in this
offset, with larger deviations corresponding to pronounced wrinkles eofqaiaine
deformations. Similarly, bridging behaviour was inferred by analysing regions where
the laminatétool offset increased, indicating gaps or lifted areas between the laminate
and tool surface. This methodology provides a robust and quantitative approach to

characterising wrinkle severity and bridging phenomena in thermoformed laminates.
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Due to thescanningof the upper diaphragm surface, it was required to subtract the
upper diaphragm and laminate thickness from this value to determine a final bridging
value. The minimum amount of bridging possible was therefore 1mm, or the thickness
of the lowerdiaphragm.The reduction in diaphragm thickness owing to the biaxial
strain was cosidered negligible in this studifigure3.7b illustratesthe output from

this process for the forming trial, with the tdaminate offset illustrated by colour.

a) Raw Scan b) Mould Conformity c) Shear Distribution

e)

f)

: Positioning < & . i L . .

Wrinke 208 ST o % % 04 104 204 304 404 504
| ———— |

Figure3.7: Scans of reference laminate pfmiming: a) raw scan, b) mould conformity plot,

c) shear angldistribution plot, dg), images taken at locations of maximum shear

The maximum bridging was taken as the maximum lamitoatiedistance, excluding
areas defined as wrinkling. Due to the symmetrical nature of the ddaivie
geometry, four maxima were taken, one from each quartile, to obtain an average
maxima for bridgingbehaviour. For the rest of this work, the average value of
maximum bridging between the four quartiles of the dodblee is simply denoted
Omaxi mum bridgingé for conci sion. I n
maximum bridging was 3.8im. Due to tk resolution of the point cloud and accuracy

regarding the poiatloud alignment algorithm, this value is accurate within25 mm.
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For wrinkling, the wrinkle amplitude was taken as the maximuml&oolnate offset

at the centre of the wrinkle. Furthermore, a maximum wrinkle length could be
determined. For simplicity, in this study, this was defined as the stiagidistance
betwea both ends of the wrinkle (defined as points >2 mm ofl@mwinate offset).

In the case of the reference laminate, the maximum wrinkle amplitude and length were

5.3 mm andl10.1mm respectively.

It was not possible to assess the laminate shear distribution (variable 3) using the
white-light scanner and point cloud since this only depicts geometry, with no
information provided regarding the fibre angles. For this purpose, the trial laminate
was deroulded after scanning had been completed and once the laminate temperature
had dropped below threcrystallisationemperatureTable3.1). Thiswas achieved by

switching off the tool and base heaters immediately after the completion of forming.

A Hexagon Apodius Armvas subsequently used to scan the trial laminate and obtain
a point cloud, which was then then meshed Bithm triangular element3he arm

was then equipped with 8D vision sensqrsuch that the laminate could be
photographed, with each element assigned a corresporetitayfor the direction of

the warp and weft yarn directions respectively. This data was exportedATtbAB ,

where spurious data values were identifed removedFigure 3.7c illustrates the
results from this, clearly showing the shear angle distribution over the eborinie

part. While the scan was considered beneficial for identifying the areas of high shear,
the process was laborious due to the time associated with usiBD thision sensqr
along with the posprocessing. Since all laminates oriented in the same manner exhibit
a similar shear angle distribution (regardless of test condititihes2D vision sensor
wasequippedgoing forwards in this worko only imagethe four areas of maximum
shearFigure3.7d-g illustrates the photographs of these maximum shear regions. The
Apodius Explorer 2Bsoftware calculatedn average shear value automatically from
these images, and an averagesthen calculated using the four maxima. Therefore,

for the refeence laminate, the maximum shear angle (quadrant average) \#as 49.
3.4.3 Forming Validation

As part of the initial forming triala series of validation exercises were conducted to

monitor the DDF process during its operation. These watasubsequently used in
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the associated DDF simulation (Chapter 6), such that the simulation closely resemble
the experimental forming conditions. The exercises that were conducted were
laminate thermal validation, pressure (both huephragm and diaphragtool)

validation and diaphragm strain validation. These are outlined in the subsections below.

3.43.1 Laminate Thermal Validation

While, as discussed in Secti8r8, a pyrometer was equipped to the overhead Hereaus
IR heater panel to achieve PID thermal control, this only provides a point temperature
readingatthe centre of thtaminate It was therefore decided that before the forming
was completed, as detailed in Sect®#d.2 a thermal validation study would be
conducted to evaluate the thermal profile of the entire laminate. For this purpose, an
RS730IR camera was mounted above the DDF rig allowing fortieed feedback of

the laminate temperature. It was not possible to use the camera during the isothermal
forming process since the heater remained above the sped¢hmenblocking the
camera viewlnstead, the laminate wasepared and heated (as pagure3.4) to aset
temperature, with the IR heater then quickly removed. The laminate temperature could

then be recorded as a pexjuisite operation, prior to forming.

For this exercise, a pyrometer set temperature of@3@as chosen, which resemible

the maximum achievable temperature due to the thermal limitation associated with the
silicone [390]. Since thiswas the maximum temperature, it also provided the
maximum inplane temperature discrepanci€nce the set temperaturedhbeen
reached, &-minute dwell period followed toensure thermal equilibrium was met.
Moreover, both the tool and base temperatures were set t&C2&D replicate real
forming conditions.Figure 3.8 illustratesthe IR image taken immediately after
removal of the IR lamp, thus revealing the laminate thermal profile at the beginning of
a subsequent forming operation. This was conducted three timesimildwr results

captured for each (1 °C). Therefore, the results from just one run are illustrated.

As expected, the temperature of the laminate far exceeded that of the surrounding
diaphragm due to the higher absorptivity of the material (validat&eation7.6).

While this formingwas considered isothermal, meaning constant temperature, there
weres t i | | t her mal di screpancies that exi

spotsd were identified: at both edges,
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specimen. These were caused by the spectral distribution of the individual emitters
within the IR unit. While the maximum laminate temperature was°25ahe bulk
laminate temperature (average taken from a 10 x 10 mm mesh) was approximately
242°C. A small drop in laminate temperature was expected due to the removal of the
IR heater, explaining the lower centre temperature °@}éhan recorded by the
pyrometer. Furthermore, the top and bottom edges of the laminate appeared to be
slightly colder than theest of the laminate, with a minimum laminate temperature of
232 °C. It is highly likely that this was caused by a degree of usiéng of the
overhead IR lamp, coupled with edge effects associated with the sides of the DDF rig.
It was assumed in this work that there a negligible thrabgikness tempature
gradient owing to the thin singf@dy laminate useéh this study with thisassimption

validated in Sectiof.6.

Hot Spots
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Laminae | T e —— 240/C
Profile o3 —+H 0% 1 -
P k 230AC
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Pyrometer | &8 N T 220/C
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Figure 3.8: In-plane thermal distribution of the laminate before the commencement of the

forming (IR Imagesuperimposed over tegiown photograph).

The diaphragm temperature was significantly lower than that of the laminate due to
the low IR absorption capabilities of silicone, with this further decreasing towards the

frame edgess the associated IR view factor decrea3ée breather cloth was seen
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to exhibit little influence on the thermal distribution, once again due to the cloth
exhibiting low IR absorption capabilities.

These results illustratihat a maximumthermalvariation of 18 °C existsover the
entirety of the laminate. For the remainder of this work, however, the laminate
temperaturas referred to as the maximum temperature (assumed to b¥C2HCthis
case). The isothermal simulation (Chapter 6), howewgises the bulk laminate

temperature for a more accurate depiction of laminate temperature.

3.4.3.2 Pressure Validation

Both the diaphragnrig and interdiaphragm pressurezere monitoredduring the
forming routine since these variables considerably influence the manner to which

forming is completed. These variables are assessedniielow.
1) Diaphragmrig pressure validation

The main driver for the FRTP DDF operation is the reduction of air pressure below
the bottomdiaphragm For thesimulationto accurately recreate reaforld forming
conditions, the pressudata for was recorded usingrastopressure sensor and stored

in the associated datalogging uritgure3.2c). Figure3.9a illustrates the diaphragm

rig pressure for the trial thermoforming operation.

12 Pressure Film Laminate
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Figure3.9: a) Diaphragnrig pressure validation, b) inteliaphragm pressure validation.
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The dynamic pressure curve can be broken down into three distinct sections. Initially,
a very gradual decrease in presswespresent for 88 seconds. This is due to the
considerable quantity of air (approximately 25 litres) that existed within the DDF
apparatus, by virtue of the high side walts maintain diaphragrtool separation at

the commencement of the forming routine. During this period, this quantitywsasir
removed from the chamber, however the subsequent deformation of the diaphragms
meanshat only a smalpressure reductiomasrecorded. Once diaphragtool contact
wasmade, since a large proportion of air has been removed from the chamber at this
point, the pressure statto decrease considerably. This is due to the limiting degree
for subsequent diaphragm deformation. This considerable reduction in pressare last
for approximately 4 seconds, before the third and final stage of the pressure curve
where an equilibrium valugiasslowly achieved, after approximately 18 seconds in
this caseDue to air leakage with the DDF rig and associated pneumatic components,
the minimum achievable pressure was 0.18 bar. This was not considered to be a
hindrance to successful DDF forming, however, since any subsequent pressure
reduction below this value a8 expected to yield only marginal improvements in
mould conformity. This is due to the corresponding increase in friction between the
laminate and the diaphragm at the latter stages of the forming operation. For tests
conducted with a high forming ratewas assumed that the profile remained consistent

with that illustrated in Figure 3.9a, but over a shorter (3 second) timespan.
2) Inter-diaphragm pressure validation

While, as described iSection3.3, a vacuum was pulled between the two diaphragms
before forming was completed, it was assumed unlikely that the pressure distribution
between the diaphragms would be homogen€nhis.is due to the solid organosheet
that was not expected to allow vacuum propagafiterefore, similar to the thermal
validation exercise (Sectidh4.3.), an interdiaphragm pressure validation exercise
was conducted as a prequisite to the forming operation described in Se@idr2

For this exercise, a layer of Fujifilm Prescale f{l892] was placed over half of the
laminate and diaphragm (in between both diaphragms), during the jagapss
(Figure3.4a). The setup was then clamped and affixed to the forming rig d&3guae

3.4b & Figure 3.4c. It should be noted that for this validation exercise, both the
preheang (Section3.4.1) and the irsitu heating Figure 3.4d) were not completed
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due to the low thermal tolerance of the Prescale film. This was not considered an issue
however, as the bulk pressure distribution was assumed to remain relatively consistent,
regardless of laminate temperature. Once the-thitgghragm vacuum was pullgtie

setup was left to dwell for 5 minutes, allowing the Prescale film to record the pressure
distribution. The rig was then disassembled to evaluate the pressure distribution.
Figure3.9b illustrates theesults from this validation exercise.

As expected, the vacuum distribution between the two diaphragms was not uniform.
Unlike what would be expected with a dapric, the impregnated FRTP shekgt ot

permit airflow, meaning that no vacuumaspulled over the entiretgf thelaminate.
Instead, a vacuum was pulled around the edge of the laminate, where a small degree
of diaphragm bridging would be expected. Furthermore, areas where there was no
breather generally exhibited no vacuum pressure. Thistrttedirvacuum was limited

to just the breather and the perimeter of the laminate. This work validates the use of
breather, as it was considered important to remove as much air as possible from

between the diaphragms at the start of the process.

This validation exercise illustrates that at the start of the forming process the laminate
experiences little pressure, apart from around the edges. It was not possible in this
work to evaluate the intetiaphragm pressuuring the forming process, due to the
thermal requirement of the CF/PA6 laminates. Since the two diaphragms would be
largely affixed taone anothedue to the removal of air, however, it is a fair assumption

to make that the intestiaphragm pressure matched that of the diaptwiag pressure.

This is because as the lower diaphragm is pulled down towards tool, the upper
diaphragm is forced to follow due tbe little air between the two diaphragnfny
inter-diaphragm spacing that occurred would quickly be eliminated since this would
allow for vacuum propagation. With this assumption, in effect, the diaphrggm
pressure acts on the upper diaphragm as much as it does on the lower diaphragm. The

inter-diaphragm pressure is therefore assumed to also repfigaie 3.9a.

3.4.3.3 Diaphragm Strain Validation

The final validation exercise to analyse the DDF process described in Sgétian
was analysis of the diaphragm strain, after forming completed. This was considered

necessary since it was inevitable that diaphragm behaviour would also require
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characterisation (Chapter 5) for implementation within the simulation routine (Chapter
6). Therefore, understanding the extent to which the diaphragm deforms was important

to meet the objectives of this work.

As alreadynotedin Section3.4.2 for the DDF forming trial, a 20 mm x 10 mm grid
was applied to the upper diaphragm prior to forming. After the completion of forming,
the localised diaphragm strain could be analysed by measuring the distance between

adjacent lineskigure3.10a illustrates a plan view of the diaphragm giosming.
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Figure3.10: Diaphragm strain validation, 8an view of entire laminate, Bjlaximum
strain at DDF rig corners, ¢) Maximum strain within the designated 'area of interest'.

The maximum strain was identified in the corners of thmniiog rig, with up to 110%

strain (biaxially) present at the acute location between adjacent sides and the base
(Figure 3.10b). This area was however not considered relevant with regards to the
formability of the laminate. This is because of the large proximity between the

| aminate and the DDF rig corners. Il nstead,
(AQI), regarding the strain of the diaphragm that is expected to influence the forming
behaviour was a region offset approximately 25 mm around the perimeter of the
laminate(at the beginning of the forming operatjomhe strain of diaphragm material

within this area is expected to contribute to the laminate formability.
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Therefore, neglecting the strain outside of the area of interest, the maximum diaphragm
strain was identified as being at the short edges of the specimewaBhiely caused

by the small laminatside distance at these points, meaning more localised wiain
required to achieve mould conformitligure 3.10c illustrates how the straiwas
measuredThe maximum engineering strain, as defined within the area relevant to
laminate formability, was approximately 80%. This was also considered a peak strain,
slightly higher than that of surrounding diaphragm material due to the breather fabric
at this locatn, although ts breatherrelatedincreasavas considered margin&flost

of the diaphragm exhibited strain lower than 5@%d it was assumed the lower
diaphragmalso exhibited a similar strairdistribution owing to the high inter
diaphragmfriction. The minor strain was present at the centre of the tool, where

negligible strain wasvitnessed

The results from this test indicate that diaphragm behaviour characterisation (Chapter
5) is relevant up to approximately 80%incemuch ofthe diaphragm lies at a much

lower strain than this, prominence to lower stramasconsideredo be ahigh priority.

3.5 FRTP Experimental DDF Results

With the FRTFDDF process completed (Secti8mt.?, including refinement (Section
3.4.]) and validation (SectioB.4.3, the DDF rig could be used to conduct the rest of
the isothermal forming required in this studyDF was therefore completed at
different test conditions and with different laminate properties to evaluate forming
behaviour over a wide forming window. The three different variables identified to test
laminate forming behaviour were temperature, forming rate and plytatien. The

state of these variables is illustrated below, where, for the purposes of this study,
mutual exclusivitywasassumed between different variabgesh as tasignificantly
reduce the number of test conditions/laminateperties. The reference conditions
(fixed when changing other variables) are highlighted in bold:

1. Four different (maximum) laminate temperatur2@0 <, 210°C, 230°C and
250°C.
2. Two different forming durations (with different rate$8sand 3s (witloutand

with the vacuum pressure vessel).
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3. Two different laminate orientation8/9C° & -45/45 (refer toFigure3.3).

Initially, three tests were undertaken at identical conditions in a repeatability study.
This repeatability study was conducted at 23D (an approximate migoint
temperature between the nraxim and minimum temperatures), at all other reference
conditions (18s forming time, 0/9@rientatior). This number of repeats was chosen
due to the symmetrical nature of the doutidene geometryHigure3.3), meaning that

each testauld be considered to be two different analyses, one for each of the domes.
This allowed for not only analysis of the repeatability between different tests, where
small changes in experimental setup and heating can occur, but also ttesintra
repeatability under theoretically identical conditions. Due to the considerable time and
materialresource required for the tests, this also streadlime forming procedure.
Figure3.11lillustrates the three forms, conducted at identical conditions, as part of the

repeatability study. This therefore represents 6 individual dome geometries.

o}

Figure3.11: Comparison between doubii®me forming geometry of three laminates (a, b ,c)

conducted at identical forming conditions (280 18s forming time, 0/F0orientatior).
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Generally, the amount of mould conformity achieved between the 6 different domes
(three doubledomes) was high. The difference between the maximum and minimum
dome bridging was less than 0.5 mm, with an average value of 4.1 mm. For each dome,
a small wrinke was present at the top/bottom apex, however a degree of variability
existed regarding the wrinkle amplitud@.4 mm variation)and length(6.7mm
variation) Furthermore, a slight amount of lateral variability (displacement) occurred
between the wrinklesThis was not surprising, due to the inherent instability of
wrinkles, meaning that even small changes can influence their development. This is
illustrated well when comparing adjacent wrinkles on each deddniee, where even
though each is theoreticalkposed to the same forming conditions, small variations

in wrinkle growth still existd.

Regarding laminate shear, the average (quartile) maximum shear between the three
doubledomes lay between 48.2hd 48.6°, indicating a high level of repeatability
between tests. Thisvas to be expected since bridging and shear behaviour are
intrinsically linked.The high repeatability indicates that experimental conditions were
repeatable and further that it is feasible to reuse the silicone diaphragms after first use.

This is owing to the preonditioning (rolling) that was completed at the outset.

For the remaining tests, it was decided that two repeats would once again be conducted
for each. This allowed for an accurate calculation of the maximum bridging and shear
behaviour, along with a good estimation of the location and quantity of wrinkks, an

an approximation of the wrinkle amplitude and length. For concision, however, the
median value for maximum bridging between repeats is used to determine which is
illustrated in this work, which also replicated the median value for maximum shear in
almostall cases. This also allad for more a more concise comparison between

experimental and simulated forming behaviour in Chapter 6.

3.5.1 Variable Forming Temperature

The raw FRTP DDF scans for OR@aminates, undergoing a slow (18s) forming
operation, at different temperatureme illustrated inFigure 3.12. As expected
laminate temperature has a significant impact on the forming behaviour. To quantify

the difference in forming behaviour between different temperatures, the lasninate
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were scanned (as pEigure3.7b), to determine the laminateol offset.Figure3.13

illustrates these data, for the four experimented temperatures.

Regarding bridging (mould conformity), decreasing the laminate temperaturedesult

in a significant increase in maximum bridging, especially on the approach to

crystallisation onset (210C and 200°C). Even at higher temperatures, however,

bridgingwasinfluencel by laminate temperature, with maximum bridging values of

3.7 mm and 4.1 mm for 25@ and230°C laminates respectively. This increases to

5.4 mm and 7.8 mm for 21 and 200°C laminategespectively. A likely cause of

this was the increase in coefficient of friction and/or shear force as the temperature

decreases, resulting in a reduced degree of mould conformity.

Apex Wrinkles

c)

ORi pplingdé B¢

Figure3.12 FRTP DDF forming for CF/PAG6 laminate at different temperatures: aj@50

b) 230°C, c) 210°C, d) 200°C.

All laminates exhibited a wrinkle at the top/bottom apex of each dome, which again

increased in severity as temperature decreased. There was, however, only a negligible

difference in wrinkling amplitudandlength between laminaat 250°C and 28 °C.

This indicates that potentially a wrinkling minimum had been reached at these

temperaturesThe laminate formed at 20C also exhibited wrinkling in the four high

shear regions. This wagedominantlyvisibleas6 r i ppl i ng 6 (Biduret h e

3.12d), rather than a single defined wrinkle. @alf of the tested domes #his

temperature, a secondary larger wrinklel exist at this locationhowever and

diaphragm wrinklegnot replicated in the laminatejere also present on two of thie
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domes. This shows that at lower temperatures, the experimegpeakabilitydegraded
due to increased forming sensitivigor concisiontheapexwrinkle properties, along
with bridging and shear behavioare tabulated iTable 3.2 (Section3.5.3 for all

test conditions and laminate configurations.

$ & L S
N AT A S ST S (ST
[ ——— |

Avg Max = 3.7 mm Avg Max = 4.1 mm

Avg Max =7.8 mm

Avg Max = 5.4 mm

Two diaphragm
wrinkles

Figure3.13: Mould conformity at different temperatures: a) 250 °C, b) 230 °C, c) 210 °C, d)
200 °C

Finally, the maximum shear angle also reduced asetinperature reduced, due to
increasing shear force at lower temperatuFegure 3.14 illustrates the maximum
shearregionson laminate at 200C (36.0°) and 250°C (49.1°) respectively, where

lines have been added to help illustrate the local fibre directtamthermore, the
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images have been rotated such that one of the fibre directions lies horizontal, aiding
the identification of changing shear angles. The other temperatures have been omitted
due to the marginal differences witnessed. Due to the difficulty illustrating the
changing shear angle between different test conditions clearly, for the remaifinder

this section these photograpdre not includednstead, the maximum shear angie i

each cases tabulated inTable3.2.

Figure3.14: Influence of temperature on maximum observed shear angle: a) 200 °C, b) 250 °C

3.5.2  Variable Forming Rate

The raw FRTHDDF scans for 0/90laminates undergoing forming at 25T, at two
rates (18 second and 3 second forming durations)llastrated in Figure 3.15.
Similarly to the ifluence of temperature on forming behaviour, the rate at which
forming is conductedvasseemingly influentialFigure3.16 illustratesthe quantified

mould conformity between both test rates.

a)

Figure3.15: FRTP DDF forming for CF/PA6 laminates at different forming rates: a) slow
(18 second duration), b) fast (3 second duration).
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The biggest difference between forming at the two different rates appears to be the
formation of wrinkling. The wrinkles that naturally occur at the top/bottom apex of

each dome are considerably greater in lengthx)2ad amplitude (1.6x) when

forming at high speed. Furthermore, wrinkling appears to exist at all of the foudr high
shear regions, again denotd¢odh siagalardeadypp !l i n
defined wrinkle. This is the same as that identified on lamirfatesed at 200°C
(Figure3.12d), which wadelieved to be due to the viscoelastic nature of the laminate

that exhibits a higher shear force at higher rates. This is emphasised by the small
decrease in maximum shear angle at higher forming ra@e&Y4compared to lower

rates (49.%), highlighting that the shear capability is reduced at higher forming speeds.

>
T o o o
i

Avg Max = 3.7 mm Avg Max = 3.7 mm

Figure3.16: Mould conformity at different forming rates: slpw (18 second duration), b)

fast (3 second duration).

The bridging behaviouhowever,was notsignificantly impacted between different
rates. Due to the Orippled pattern prese
laminates formed at high speed, identifying an accurate value for bridging was difficult
however it was approximately@mm,almostidentical to that formed at slower speeds.

This implies that while an increase in shear force exists at higher rates (increasing
wrinkling potential), the increase in friction behaviour is less prominent. Forming at
higher rates may also lead to momentary higher forming pressures through the use of

vacuum vessels, which may also explain the low bridging witnessed. Finally, a slight
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inertia effect may also be present when forming at a higher rate due to the increased
momentum of the laminate and diaphragms. The quantitative analysis of bridging,

wrinkling and shear behavioat thealternativeforming rateis tabulated irmable3.2.
3.5.3  Variable Laminate Orientation

The raw FRTP DDF scans for different laminate orientations are illustratgdure
3.17. This includes the reference laminate scan ffigure 3.11, and a laminate
formed with-45/45 fibre direction. Furthermorerigure 3.18 illustrates the mould

conformity plots for the different laminate configurations.

a)

Figure3.17: FRTP DDF forming for different laminate orientations: a) 0/%)-45/45.

& $ & &
N m“&\%“‘ S 5 A
[ s —— ]

Avg Max = 3.7 mm Avg Max = 4.2 mn

Figure3.18: Mould conformity for different laminaterientations: a) 0/90 b) -45/45
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The laminate exhibiting amlternative orientation clearly deforms in a different
manner to that of the conventional orientation, resulting in areas okhegr at the
dome apexes and a vastly different exterior laminate profile. For the purposes of this
study, it was not considered beneddicto directly compare the forming behaviour
between the 0/90and-45/45 forms due to the different nature of forming behaviour
exhibited between the two laminates. Instead, the results frorr48ié5 form,
illustrated inFigure 3.17b andFigure 3.18b, areused solely within Chapter 6 to
validate the isothermal thermomechanical simulation with atternative fibre
orientation. The various forming properties for this alternative direction are, however,
tabulated inrable3.2.

Table3.2: Quantified forming behaviour from the experimental DDF study.

Bridging Shear Angle Average Apex
Dependent (Average (Average Average Apex g€ AP
: i i . . Wrinkle
Variable Quartile Quiartile Wrinkle Size .
. . Amplitude
Maxima) Maxima)

REF 3.7 mm 49.1° 9.2 mm 5.0 mm
230 °C 4.1 mm 48.4 ° 9.9 mm 5.4 mm
210 °C 54 mm 46.6 ° 32 mm 8.7 mm
200 °C 7.8mm 36.0° 54 mm 11 mm

Fast 3.8mm 48.7 ° 24 mm 7.9 mm
-45/45 4.2 mm 51.9°* 56 mm 7.5mm

*Maximum shear foalternativefibre direction taken from dome apex (refelFigure3.3)

3.6 Chapter Conclusions

In this chapter, successful FRTP DDF operations were completed over adontde
reference geometry. This included initial validation of the chosen material (CF/PAG)
properties, such as the thermal behaviour (mefgegystallisatioh to inform the
processing parameters for the DDF operations. A DDF rig was subsequently produced,
complete with doublelome mould geometry, angsted to ensure that the DDF
operation was successful at a reference conditiowas found thapreheang the
diaphragm material to 200C was necessary to omit issues regarding thermal

expansion. This testing procedure also included an array of validation exercises in
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which the laminate temperature, pressure and diaphragm strain were all evaluated to
inform the thermomechanical simulation presented later in this work (Chapter 6). An
in-plane thermal distribution of 1€ was noted due to the radiance of the IR emitters,
and the laminate was seen to exhibit little vacuum due to the solid organosheet
inhibiting vacuum propagation. The maximum diaphragm straininwttie area of
interest was measured at 80%, important for subsequent diaphragm characterisation

exercises (Chaer 5).

The DDF process was then completed at different temperatures, rates and laminate
orientations to evaluate forming behaviour over a range of processing conditions.
Bridging, wrinkling and shearing were quantified in each case in an attempt to draw
comparisas between CF/PA6 DDF behaviour at different conditions. These results
are tabulated ifable3.2.

Both reducing laminate temperature and increasing forming rate reduce the formability
of a singleply CF/PA6 laminateForming at 200C resulted in increased bridging of
110% compared to that at 2%0, along with 13 less inplane shear and an increase

in apex wrinkle length from 9.2 mm to 54 mm. Moreover, higte forming resulted

in a 58% increase in wrinkle amplitudexperimental repeatability was high (less than
8% deviatiorin bridging at hightemperatures butegraded at loweemperatures due

to increased forming sensitivityrurthermore,the instability of wrinkles was
highlighted, with variations even occurring intest between two domes of the
symmetrical geometnjt wasclear, however, that forming at a low temperature or at

a high rate restddi n areas of concern at the high she
behaviourwas prominent. Conducting DDF with a different piyientation resulted

in a laminate exhibiting a significantly different deformation profile when compared
to the standard 0/90tests.

These experimental forming operations are utilised in Chapter 6 to validate the
numerical DDF model.
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4.1 Introduction

In the previous chapter, the succesdtuble diaphragm forming of CF/PAG6 laminates

was completed over a doubledome tool geometry, for a range ddminate
configurations (different forming rates, temperatures and orientations). From this
exercise, and as detailed within the literatend@ew (SectiorR.4), it was clear that a

range of different forming mechanisms act simultaneously, thus allowing tool
conformity to be achieved. These mechanisms are also what determine the extent of
defects that occur within the formed part, such as the wrinkling andrigidghaviour
(Section2.6).

To realise the aim of accurate thermomechanical simulation for the prediction of
forming behaviour (including defects) in the DDF process, it was pivotal that these
different deformation mechanisms were characterised effectively for implementation
within anumerical model. Due to the nature of the limited (1 bar maximum) forming
force associated with the DDF process, especially when compared to mathed
processes, it iparticularlyimportant that the forces associated with each deformation
mechanismwere accurately modelled. For FRTPs, these individual mechanisms are

also viscoelastically coupled in nature.

The objective of this chapter is therefore to complete the characterisation of the main
deformation mechanisms, both infsly and interactional behaviour, associated with
laminate heating and forming behaviour: deconsolidation,-piyrahear, diaphragm

ply friction and outof-planebending Figure2.11). It shouldbe noted that inteply
friction characterisation is out of the scope of this work due to the gahgleature of

the DDF experimental studies iChapter 3 The subsequent input for a

thermomechanical simulation routine is considered throughaichapter.

4.2 Methodology

This section details the methodology thabs followed for accurateCF/PA6
mechanical characterisation. The CF/PA6 material properties are tabulatadlen
3.1 and apply throughout this methodology. As noted in Se&i@r2, PA6 isporous
andsusceptible to water absorption. To ensure that the results throughout this work
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were consistent witbne anotherall specimens were dried in an oven atCCdor 24
hours prior to testings recommended by the manufacty893]. This ensured that

they all exhibited approximately equal dryness throughout.

421 Deconsolidation

As described in Sectiah 6.3 arguably the first deformation mechanism to take place
during FRTP thermoforming is deconsolidatiorhisT occurs immediately after the
melting point is exceeded, often before forming has taken place. Since deconsolidation
is generally considered detrimental, it was beneficial to analyse CF/PA6
deconsolidation behaviour to ensure that full consolidatiasachieved during the

DDF process.

Firstly, the magnitude of deconsolidation wasalysed for a singlply CF/PA6
laminate For this study 35x 35 mm consolidated samples of CF/PA6 were waterjet
cut and subsequently placed in an Anton Paar MCR 302e panlallelrheometer. For
each sample, the rheometer was heated &CIfin from room temperature up to
230 °C while a compressive force of 0.1N was maintained by the apparatus for the
entirety of the experiment. Thdneometerdisplacement was tracked over time to
measure the decsalidation for each laminate. After 24Q had been achieved, the
laminate was subsequently cooled -0 °C/min, with the compressive force
maintainedto evaluate its cooling behaviodfour repeats were undertakéigure

4.1 illustrates the experimental apparatus.

A second experiment followed, to not only establish the maximum deconsolidation
behaviour upon heating, but also the reconsolidation behargosusapplied pressure.

For this, identical samples as above were heatetiheld a40 °C, before being
compressed at 1 N/min with the crosshead displacement tracked over time. As before,
four repeats were undertaken. To calculate the applied normal présstite,parallel

plate diameter, (25 mm in this case) along with the normal fof€ were used:

- 10
T (4.0
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ParallelPlate

P\ CF/PA6Specimen

Figure4.1l: Rheometer experimental setup for deconsolidation analysis.

4.2.2 Intra -ply shear

This section details the methodology for the characterisation of-phtrahear

behaviour.

4.2.2.1 Experimental Setup

Both thePFT and theBET were used in this work package to characterise the intra
ply shear behaviour of CF/PAG. This is due to the relative drawbacks of each method
described in Sectiol.5.1, meaning that the utilisation of both methods increases the
confidence in the acquired dakagure2.17 illustrates schematically both the PFT and

the BET.

Singleply CF/PA6 specimens were watergit to achieve the required dimensions
and attain the required 2fibre angle for each test. All BET specimens measured 210
mmx 50 mm, allowing for 30 mm of clamping at each end. The test area was therefore
150 mm x 50 mm, exhibiting an aspect ratio of 3. An aspect ratio of at least 2.5 is
recommended in the literatuf®18, 219]to increase the homogeneity of the
distribution of shear deformation in the sample. For the PFT, cruciform specimens
were waterjet cut to fit a picture frame rig with a side length, of 145 mm. Due to

a small degree of waviness in the CF/PA6 organosheet, it was difficult to cut these

specimens with an exact 0/90° fibre angle, with the implications of this considered in
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the results sectiorSince the specimens were loaded before melting, however, there

was little concern regarding enactingsteear before the beginning of each test.

Both the PFT and BET experiments were conducted using an Instron 5581 Universal
Testing Machine, equipped with a 1 kN load cell. To achieve the desired specimen
temperature, an Instrd®119607environmental chamber was wéd, equipped with
closedloop temperature control. The laminate temperature was validated by mounting

a thermocouple to a O6dummydé speci men of
apparatus. To compensate for resin squeetespecimens were clampedplace

with four sprung boltsa eliminate the possibility of specimen palit. Furthermore,

silicone sheet was placed within the clamp to provide an even distribution of the

clamping force. The experimental setup for the BET is illustrat&igimre4.2.

Universal
Testing
Machine Sprung Bolts
Load Cell
Dummy i
Specimen fo
Temperature
Environmental Measuremet
Chamber
Test
Specimen
Clamp

Figure4.2: a) Universal testing machine setupplas extension test apparatus.

For the BET, testing was undertaken at four different nominated temperatures (above
the crystallisation onset point defined Table 3.1) andthree different test rates to
evaluate viscoelastic intjgly shear behaviour. The temperatiaed rateeffects were

not considered mutually exclusive, t her e
conditionsd exi st ed fnwaplyshearcharasterisationoverT hi s
a wide range of environment al conditions.
eC, 250 eC and 270 eC and the three displ
and 500 mm/mirf0.00667 Rad/s, 0.0334 Rad/s and 0.167 Rad/s shearutdiging

the full capabilities of the universal testing machine. For the PFT, the same four
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temperatures were analysed, but only two shear (8t66667 Rad/s and 0.0334
Rad/s)due to the physical limits of the universal testing machine. Four repeats were

undertaken for each sample.

PFT and BET experiments were conducted following a prescribed thermal cycle, as

depicted inFigure4.3. Each laminate was heated through forced convection up to an

i nitial chamber temperature of 230 eC and dw
specimen mel ting. For the two further el evat
secondary heating phagalowed, with a secondary 3 minute dwell, to achieve the

desired test temperature. However, for the 2
followed by a slow coetiown at approximately0.03 K/s (dictated by the natural rate

of the environmental chamer) until the respective temperature was reached. Once

again, a secondary 3 minute dwell period was carried out after this cooling phase.

~ 300
@ y Secondary  Secondary dwell
~ g70| Inita heating
dwel
(¢}
. 240
> \
~ 210
©
~ 180 .
o Specimen
o 150 cooling
S
g 120
Three differen
920 test speeds :
Specimen = 20 mm/min
60 reheat stage 100 mm/mir}
500 mm/mir
30
0 3 6 9 12 15 18
Time (mins)

Figure4.3: Thermal cycle for different intrpaly shear experimental test conditions.

42272 Data Normalisation

In both cases, a data normalisation procedure was required to convert the raw axial
force versusdisplacement datasets into usable shear sts¥sssshear angle curves.
Regarding the PFT, this process is relatively straightforward due to the rhomboidal

nature of the trellis frame enacting oplyreshear(in theory) over the entire specimen.
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Harrisonet al.[155] related the specimen sheawgée,r , tothe picture frame axial
displacementy , using the following equation:
A .2
r — CcAI O‘—p_ 1 (4.2)
S g <.

where, is the side length of the picture frame, measured as the distance between the

picture frame bearings. Likewise, the shear foi©e, can be subsequently calculated

using:
0 O

R |
CAl ~

(4.3)

where'Ois the force measured by the universal testing machingand represents
the weight and inertia influence of the frame. To obtain a valu®©for , the PFT

was run four times with no | ami-sgaatee pr es

algorithm was used to fit d"@rder polynomial to this curve in the form of:
O 0] 01 01 01 0] 0 (4.9

where6  are constants, tabulatedAppendix B- TableB.2. This reduction curve

is illustrated inAppendix B- FigureB.2.

In contrast, the BET normalisation procedure is influenced by the inhomogeneous
deformation field(Figure 2.17b), therefore preventing simple rheological analysis.
Lebrunet al.[156] related the vertical displacement of the B§pecimen) |, to the
shear angle in zone €, , usingthe following equation:

n ( 7

A o
r — CAl O——= 4.5
C W (7 (45)

where H is the specimen height and W is the specimen width. To ensure that shear
angle was captured accurately in this work, however, a simple experimental procedure
was adopted to relate the vertical displacement of the universal testing machine to the
speimen shear angle. This was deemed appropdatto the aforementioned
inhomogeneity of the sample.
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CF/PAG test samples were displaced to four different extents: 20 mm, 20 mm, 30 mm

and 40 mm, at 250 eC and rate of 100 mm/ mi
Hexagon Apodius Armwith 2D vision sensgmwas used to scan the three samples and

attain the weft and warp fibre angles on an elemental basis, in a global cartesian

coordinate system, based upon a 3mm mesh. The scanned samples were post
processed iMATLAB ® to obtain the shear angle between the two fibre directions.

The scanned images and ppeicessed shear angles for all three samples are

illustrated inFigure 4.4, a zoomed view of each specimen is included on the raw

scanned images for clarity. The samples extended to 10 mm are not included on this

figure for concision.

20 mm Extension 30 mm Extension 40 mm Extension

Figure4.4: Bias extension test shear angle validation.

The samples were shown to deform correctly, with the three distinct shear regions
depicted clearly on the 40 mm sample image. The average (front and rear face) shear
angle in the central zone for the 10 mm, 20 mm, 30 mm and 40 mm samples was 11.2°,
23.5°,37.8° and 50.2°, respectively, widm error of up to 18% between repeats.
Conversely, the predicted shear values, as calculated using Eqda&jofor the four

sample displacements were 12.1°, 26.1°, 43.6° and 73.7°, respectively. These results
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