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Abstract

Compositematerials, particularly carbon fibreinforcedpolymers(CFRPS), have garnered significant
attention in the aerospace industry due to their lightweight and ksgfength properties. Autoclaving,

a welkknown method for producing highuality CFRPs suitable for aerospace applications, faces
challenges such asgh energy consumptiomaking i less suitable for highrolume productionResin
Transfer Maillding (RTM) has emerged as a viable alternative, offering advantages over autoclaving,
including lower temperature latency during curing stage. This potentiafiy@duce the likelihood of
temperature overshooting within thick CFRP laminates and result in a more uniform temperature

through part thickness, consequently lowering residual stress.

This PhD thesis investigatasd optimiseghe throughthickness temperature of thick CFRP laminates
during curing stageby studyingthe effect of a wide range of manufacturing parametds RTM
processing This wascarried out by developing a thermal and cure simulation tool using

MATLA Simulink and connecting the model to the response surface method (RSM).

Initially, cure kinetics of epoxy resin were studtbtbugh thermalanalysis. As a result of the analysis,

a deceleration reaction was detecteohd describedy the SestalBerggren Kinetic model. The total

heat of reaction, activation energy, pexponential factor, and n and m constants were measured by
following the Kissingefkahira{ dzy 2 4SS 6 Y! { 0 | y Rverdylthat $h sekectedr dod 2 R a
can comply with the epoxy resin. The comparison of the reactionabtainedfrom the cure kinetic

equation with thethermal analysishowedcloseagreement.

The CFRPwere manufacturedusing vacuum bagging mainly due to the simplicity of embedding
thermocouples inside the mould and between the carbon fibre plies. Laminates with 10, 20, and 30
mm in thickness were manufactured while their temperature and degree of cure at the top, middle,

and bottom of thelay-up were recorded.

Void content, density, fibre weight fraction,-plane and througkplane thermal conductivit{TC),
and heat capacity of the manufactured samples were measured through different methods and

showed uniformity between all samples.

The RSM was used to identify the impact of different variables such as the thickness of the part,
heating cycle, onsided and tweside heating conditions, thermal conductivity of the moalwdthe
composites, and ambient temperature on the temperatufistribution inside the CFRP laminates.
Eght parameters (response variables) were definadthe RSM togive a clear picture of the
temperature and degree of cure within the part#aximum temperature (T_max), maximum

temperature difference through the thidkess fT_max), and location of the maximum temperature
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0 & /a¥e amongresponse variablethat were studied for their dependence of other controllable
variables® ¢ K'S  Fi$ héipfut iNdetedtidyg curing patterns through the part thickness, which is
linked to a reduction in the level of induced stress during the curing prod¢esileto-outside curing
pattern shouldhappenbefore resin gelation point§preferably from the start of the curingd be

effective in reduction of residual stress.

The RSMvith central composite design (CORas usedo create more than two thousand test runs
required to detect the interaction between the manufacturing variables (controllable variables) and
response variables. This was carried out by developing a simulation toocdldd predict the
temperature and state of the cure through the CFRP laminates under desired heating cordition.
thermal model based on the finite differentialathod (FDM) was developed in MATLAB_Simulink,

and the experimental resudtverified its performance.

The influential variables and theaffect on the eight response variables wenevestigatedfor
different scenarios. The mould with low thermal conductivégulted in a smallgnT_maxandT_max
specifically for thick laminates. For composites with lower thicknesses, the low thermally conductive

mould showed littlebenefit andhaveresult in longer curing time.

The results from varying ambient temperatures demonstrated that selecting an appropriate ambient
temperature can significantly reduce the temperature difference through the thickness of the part
6peyYYLFEOST & 6Stt & YAYAYAXN &d vaaonsindhe ldigned af dzNBS
cure. Notably, ambient temperature was found to be the most influential factor in determining the
location of T_max, effectively shifting the curing behaviour to intideutside pattern. This shift
suggests that with avell-controlled ambient heating program, orsded heating can achieve similar
thermal and curing uniformity as twsided heating. However, unlike twsdded systems, onsided

heating requires less complex tooling and setup. This can lead to significdattioms in
manufacturing cost, tooling complexity, and energy consumption, particularly in-tmaje or thick

composite parts.

The optimal ambient temperature and heating schedule were developed using Response Surface
Methodology (RSM), enabling precise control over curing conditions and ensuringuzility results

with a more costffective setup

Overall, the combination of the RSM and Simulink built a comprehensive model that was able to
predict the temperature and degree of cuine composite laminatesThe model wasalsoused to
optimize the process by suggesting tbarrectvalues for the manufacturing parameters tprovide

the response variabledoseto the target defined by the user. This was confirmed by settingXRBP

Vi



curing conditions according to the mod#éfined parameter&nd comparing the temperature values
measuredat the top, middle and bottom of the samples with the simulatidihe model showea
promising performance idesigningmanufacturing conditions and potential to be used on more
complicated geometries. The developed model can be adjusted for a wide range of reinforced

composites and different resin systenadthough it remains subject to further testing and validation.
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1 Introduction
1.1 Background

Epoxy resin is a widely used matrix materiatarbon filve-reinforced compositesGFRBglue to its
excellent adhesivgroperties high mechanical strengthjersatility and processability, angood
thermal stability Initially and at the start of the procesthe epoxy resin i the liquid phase and
solidifies by exposure theat. The solidification process (or curing) iseanthermic(heatreleasing)
reaction which is a crucial aspect of composite manufacturifige exothermic nature of the curing
reaction can lead to the generation of significant heat, especially in thick sections of CFRP components
and createa localisedtemperature rise (or hot spotg within the part (mostly at the core of the

compositg which contribute to the development of residual and thermal stresses within CFRP

The impact of these stresses on the laminate manifests in several damaging ways. Matrix
microcracking is one of the most common outcomes, particularly when tensile stresses develop
transverse to the fibre directiofil, 2]. These microcracks not only reduce stiffness but also provide
pathways for moisture ingress, which accelerates further degrad$®o8]. Interlaminar stresses can

also initiate delamination between adjacent plies, especially in fésinareas, undermining the load
carrying capacity of the laminafd, 5]. At the fibr&gmatrix interface, localised stresses may cause

debonding, reducing the efficiency of load transfer and thereby diminishing overall strghdth

Carefully controlling the thermal behaviour during cure and «mbn is therefore essential. If
temperature gradients are not properly managed, significant residual stresses can build up within the
laminate. These stresses can exceed local strength limitse resin or at ply interfaces, leading to

premature cracking and delamination even before the part enters sefdidd. In severe cases, poor

thermal control can cause global part distortion, such as warpage, siingr dimensional

inaccuracy, which not only compromises assembly tolerances but may render a component unusable

in highprecision sectors like aerospa¢é, 6] Moreover, residual stresses accumulated during
YIydzZFl OGdzNB | O Fa KARRSY GAYAGAFE RIEYF3ISZIE HKAO

cracks and delamination can grow more rapidly under cyclic or impact lopdiBg

Ultimately, without careful thermal management, residual stresses can escalate from minor
dimensional changes to catastrophic structural degradation, severely limiting both the performance

and service life of CFRP components.

In addition to the temperature gradient within the CFRP parteven thermal expansion between
the resin (matrix) and fie (reinforcement), non-uniform curing, epoxy shrinkage, and different
thermal expansion between the composite and the mould can be named as the main factors in

forming residual stress in CFRPsese factors are linked to the temperature that material experience



and can be regulated by an accurately controlled temperature profile. In other words, a proper heating
cycle regarding the thermal properties of components can lower the preoelsged stresses.
Theoretically, uniform temperature throughout the entire part provides the lowest possible thermal
stress in thecomposite[9, 10] However, due to the low thermal conductivity of the epoxy resin and
its exothermic cure reaction, it is quite challenging to have a controlled temperature over the entire

part.

Optimisation of cure cycles in thigkection composite laminates has been a central research theme
for decades, as excessive exotherm and poor thermal control can lead to overshoot, residual stresses,
and nonuniform cure and esearchers have tried to overcome this issue in autoclave processing
through different approachesOne of the earliest and most influential contributions was by Kim and
Lee[11], who proposed an autoclave cure cycle incorporating cooling and reheating steps. Their
results demonstrated that introducing controlled cooling suppressed the laminate core temperature
peak, while subsequent reheating allowed full cure without excessigesboot. This pioneering work
established the principle of multage heating and cooling, which became a foundation for
subsequent optimisation strategies. Expanding this approach to RTM processing, Michaudi2t al.
developed a robust cure cycle optimisation framework for thiektion composites. Their study
demonstrated that, under conductiedriven RTM conditions, at least one cooling stage during the
cure was necessary to achieve insalg curing and reduce rediial stresses. Together, these two
works highlighted that both autoclave and RTM processes benefit significantly from staged heating

profiles when processing thick laminates.

Subsequent research built on these foundations by introducing systematic optimisation frameworks
to balance competing process objectives. For example, Zhang G1&] amployed a multobjective
optimisation approach for thick aramid/epoxy laminates, simultaneously targeting reduced thermal
gradients, improved mechanical performance, and shorter cycle time. Their study demonstrated that
computational optimisation couldfficiently explore complex cure cycle parameter spaces and deliver
solutions superior to conventional orstep heating schedules. In a complementary direction, Zhang
W. et al[14] proposed a multdwell temperature profile for thick CFRP laminates. By inserting several
dwell stages at carefully chosen temperatures, they achieved up to 73% reduction in overshoot and a
30% reduction in cycle time. These studies clearly showed thainigation is not limited to

suppressing overshoot but can also deliver substantial process efficiency gains.

Thermal modelling studies have also provided valuable insights into the role of material and process
parameters. Guo et a[l15] investigated the temperature fields in thick thermoset laminates and

demonstrated that part thickness and thermal conductivity strongly influence thrahighkness



gradients. Their results confirmed that dwell stages and controlled heating rates are effective tools for
mitigating overshoot, thereby validating the importance of cycle optimisation strategies first
suggested by Kim and L§EL]. Complementing this, Nele et dlL6] investigated autoclave cycle
optimisation from an industrial perspective, showing that advanced monitoring and process control
can reduce cycle times without sacrificing quality. This work highlighted that optimisation is not purely
an academic exerciseub also a critical enabler for improving manufacturing efficiency in-high

performance industries.

Finally, accurate representation of thermal boundary conditions has emerged as a key consideration
in cure optimisation. Slesinger et §l.7] mapped the heat transfer coefficient distribution inside an
autoclave, revealing how local convection variations strongly influence laminate heating rates and
curing uniformity. Building on this, Bohne ef{&8] conducted detailed simulations and experimental
validation of airflow and heat transfer in autoclave processes, providing realistic boundary condition
data for cure cycle modelling. Their studies demonstrated that optimisation frameworks must
incorporate &curate thermal boundary conditions in order to predict and control curing outcomes

reliably.

More recent contributions extend optimisation from laboratesgale laminates to larger and more
industrially relevant geometries. [19] applied a multiobjective optimisation approach to a large T
stiffened fuselage panel, addressing not only cure uniformity and cycle time but also practical
constraints such as tool heating rates, panel geometry, and equipment limitations. This study
illustrates the challenges of transferring couptavel optimisation methods to fulicale aerospace
structures, where geometry and tooling constraints strongly affect the cure cycle. Similarly, the study
on simulative optimisation of thick and ultthick lanminatesby Mollers et al[20] developed a one
dimensional MATLABased tool to explore boundaigondition effects, material formats, and heating
strategies. Validated by embedded thermocouples and dimensional measurements, the study
confirmed that tool/ambient boundary conditions an@dt-transfer mechanisms are often the most

critical factors in overshoot control, sometimes more so than the resin kinetics themselves.

In the specific case of RTM, the drive towards accelerated but safe cure cycles has been taken up in
very recent work such as the 2025 mothelsed accelerated RTM process stbgySharma et a[21],

which used a 1D cure model constrained by industrial equipment limitations (e.g., maximum heating
rate, allowable tool temperature) to optimise cure cycle time. This work showed that significant
reductions in cure duration are achievable without comprsimi degree of cure or causing overshoot,
provided optimisation is guided by validated simulation. On the other end of the spectrum, Saad et al.

[22] focused on thin RTM laminates, using finite difference modelling to explore how maild



temperature control and material properties influence cure gradients. Although aimed at thinner
sections, their findings confirm that precise boundary contihether by mould conductivity,
ambient heating, or thermal insulatipremains one of the most powerful levers for optimising cure

kinematics across laminate thickness scales

Taken together, these studies show that cure cycle optimisation in thick laminates has progressed
from empirical trialand-error modifications to sophisticated, modbased, multiobjective
approaches, underpinned by increasingly realistic boundary conditiodelling. These advances
have significantly improved both process reliability and efficiency, and they provide the scientific basis
for extending cure cycle optimisation to RTM, where conduetiomen heating and mould boundary

conditions play a domamnt role.

In recent decades, due to the popularitykibreReinforcedPolymergFRPs) and increasing demand,
the energy consumption of traditional autoclaving has become a centre of attentiba. FRPs

manufacturers have shown interest in alternatives to reduce manufacturing aostenergy

Moving away from autoclave manufacturing is strongly driven by sustainability. Autoclaves are highly
energyintensive and generate significant carbon emissions, whereasofeatitoclave (O0A)
processes consume less energy, shorten cycle times, and redaste Wy minimising scrap and
consumable use. O0A also enables the integration of recycled carbon fibres aterivied resins,
supporting circularity and lowering reliance on fossibed feedstocks. Together, these factors make
Oo0A a more environmentallyesponsible and resoureefficient manufacturing pathway for the

aerospace sector.

Among various Oudf-Autoclave (OoA) methods, Liquid Composite Moulding (LCM) seems to have
been attractingincreasingattention [23]. In this method, dryibresare stackednside the mould and

then the resin is injectethto the mould cavity to wet out the reinforcementg&rom the temperature

and curing cycle perspective, one of the main differences in-Bidvbf the methods under the LCM
methods is the more precise temperatureontrol over the partthan the autoclaving.In RTM the

heat between the mould body and the laminate transfers by conduction, which cuts the thermal lag

(compared toconvection heat transfer ithe autoclave)and provides higher levels of heat transfer.

Due to the complexity of the injection stage, the literature is more directed to the injection and the
challenges around thdR4-27]. However, from the CFRPs iogrpoint of view, the thermal properties

of the material and mould components are essential. Regarding the low thermal and electrical
characteristics of epoxy resins, researchers have demonstrated the use of high thermally conductive

additives in the polyméc matrix to enhance their thermal and electrical performance for electronics



[28, 29]and aerospace industrig¢30, 31] Also, the studies have shown an increase in the mechanical
performance of the laminates because of the additive nanoparticles such as\Walliéd Carbon
Nanotubes (MWCNT32, 33] However, such approaches are not desirable for B3 Msing additives

increase the viscosity of theesin[34, 35]

Considering the onsided heating conditiorfsuch as in vacuum resin infusipte pliesin direct
contactand close distanceith the mould follow the mould temperature more closely thathers.

This changes aftahe resin reaches its reaction temperature, and the heathefreaction adds up to

the mould temperature. In such conditions, the mould body acts as a heat exchanger and contributes
to heat dissipation from the part to the ambient. The low thermal conductivity of the CFRPs (mainly
perpendiculato the fibre axis) also provokes the temperature difference between the inner and outer
CFRP layers and results sabstantialtemperature differences through the part thickness. The
temperature gradientf a partin onesided heating RTM processing is affected by several parameters
such as heating rate, dwell temperature, mould thermal conductivity, convection heat transfer
coefficient with the surrounding, the ambient temperature, matrix and reinforcement thermal
conductivity, part thickness, resicure kinetics fibre weight fraction, and part geometry. Most of
these parameters (geometry, fibre weight fractiogic.) are set to satisfy the pd®#énechanical
performance for the application and cannot be changBderefore, thermaboundary conditions are

the only factors that can be employed to control the material temperature during production.

1.2 AimandObjective

Resin Transfer Mdding (RTM) is increasingly being explored as an alternative manufacturing method
for carbon fibe reinforced polymers (CFRPs) due to its potential to enhance production efficiency and
reduce manufacturing costs. This study aims to investigate a wide range of influential parameters
such as maold thermal conductivity, composite thermal conductivity, part thickness, ambient
temperature, heating cycle, and heating pattern (esided or twoesided heating) and their effects

on the temperature gadient and degree of cure within thick CFRP laminates during the curing stage

of RTM processing.

A comprehensive understanding of how these factors affect heat transfer and cure uniformity is
essential for ensuring highuality composite components. Achieving a uniform temperature
distribution throughout the laminate minimizes internal stresses, voéa& incomplete curing, all of
which can compromise structural performance. The insights gained from this study will support the
selection of optimal curing conditions tailored to the specific geometry, resin type, thermal cycle, and

equipment configuratin. Ultimately, the project aims to establish bgsactice guidelines for curing



thick CFRP parts using RTM, contributing to more reliable and scalable composite manufacturing

processes in aerospace and related industries.

To achieve the objectives of this project, the first step involves characterizing the cure kinetics of the
SLI2Ee NBaAy dzaSR Ay wt¢ta Yl ydzZFl OQldzNAy3Id DIFAYAY3 |
chemical behaviour is critical for accurately miidg and controlling the curing process, particularly

in the case of thick CFRP laminates where temperature gradients can be significant.

Next, a comparative study of common CFRP manufacturing methodbkiding both autoclave and
out-of-autoclave techniques will be conducted to assess their respective advantages and limitations.
This review will focus on identifying key process parameteas itifluence curing performance, as

well as evaluating existing methods for monitoring temperature and degree of cure during production.

Building on the insights gained from the literature and cure kinetics analysis, a series of CFRP laminates
with varying thicknesses will be fabricated under controlled RTM conditions. During these
experiments, temperature profiles and degree of cure wil Imeasured through the laminate

thickness to examine thermal gradients and curing uniformity.

To extend the investigation across a broader range of manufacturing conditions without excessive
experimental cost, a numerical model will be developed to simulate the curing process in thick
fIrYAYFiSad ¢KS Y2RSt Q& LIS NF 2eMpéimgriaSresuits fo fenswseS G £ A
reliability and accuracy. Once validated, the numerical model will be integrated with Response Surface
Methodology (RSM) to systematically analyse the effects of multiple process variables. This statistical
approach will heg identify the most influential parameters and their interactions, offering valuable

insights into the curing behaviour under various conditions.

Finally, the combined experimental and simulation data will be used to determine an optimized set of
curing conditions. These conditions will aim to minimize temperature gradients, enhance cure
uniformity, and ultimately improve the quality and reliabili§ thick CFRP parts manufactured using

the RTM process.

1.3 Ouitline
Chapter2: Presents the methodology used to characterize the cure kinetics of the selected epoxy
resin. This includes a detailed description of the experimental techniques employed and the process

of extracting the necessary kinetic parameters

Chapter3: Explainghe CFRP manufacturing process and the measurement of the propeftibe

manufactured laminates.



Chapter4: Details the development and validation of a numerical model designed to simulate the
curing process in thick CFRP laminates. The performance of the model is assessed by comparing its

predictions with experimental results to ensure its accuracy and retiabili

Chapterb: Demonstrates the application of Response Surface Methodology (RSM) to systematically
investigate the effects of various manufacturing parameters. This chapter highlights how RSM is used

to identify key process interactions and determine optimal curing da.

Chapter6: Goncludes the thesis by summarizing the main findings and discussing their implications
for the RTM manufacturing of CFRPs. It also offers recommendations for future research to further

enhance process control and laminate quality.

1.4 Contribution

This research makes a significant contribution to the field of composite manufacturing by providing a
deeper understanding of the thermal and curing behaviour of thick carbon fibre reinforced polymer
(CFRP) laminates during Resin Transfer Moulding (RyMysBmatically investigating a wide range

of influential parameters including mould and composite thermal conductivity, part thickness,
heating cycles, and heating pattemshe study addresses the key challenge of achieving uniform
temperature distributon and cure within thick laminates. The development and validation of a
numerical simulation model, complemented by Response Surface Methodology (RSM), offers a robust
predictive tool for evaluating and optimizing curing conditions under diverse manufagtscenarios.

This integrated approach not only advances knowledge in heat transfer modelling, cure kinetics, and
RTM process control, but also establishes practical guidelines for selecting optimal curing parameters

based on material properties and praegng setup.

The outcomes of this project have the potential to deliver tangible benefits in terms of cost savings,
enhanced process reliability, and improved decisioaking for the industry. By identifying the most
influential process parameters and their ideal rasgiae study enables more efficient and consistent
manufacturing of thick CFRP components. This contributes to reduced cycle times, lower scrap rate,
and fewer reworks factors that directly impact overall production cost and scalability. Moreover, the
ability to predict and control cure uniformity and internal temperature gradients enhances the
structural integrity and quality assurance of aerospace components. These insights support Spirit
AeroSystems' strategic goals of advancing -aft#iutoclave manufactring technologies and

implementing more sustainable, higierformance composite solutions for future aircraft structures.



2. Cure kinetics okpoxyresin

This chapter addresses the fundamental parameters that characterize the curing behaviour of epoxy
resins and their relevance to process modelling and characterization. Key cure parameters, including
the glass transition temperature and the gelation poiate first defined, and the experimental
methods commonly employed to determine these properties are reviewed. The discussion then
focuses on the identification of reaction mechanisms and the development of cure kinetic models
capable of describing the progssion of the curing process with sufficient accuracy. Approaches for
determining the kinetic parameters required by these models are outlined in detail. Furthermore,
established methods for aitu cure monitoring are presented, with attention given heir respective
benefits and limitations in both research and industrial contexts. Finally, the chapter describes the
experimental methodology implemented in this study, followed by the results obtained for the epoxy

resin system under investigation.

2.1 Literature review

Natural polymer had been used before 1920 when the scientific approatieiname of polymer
science was first introduce®y understanding polymers' structure and properties, they have been
considered alternatives for conventional materials due to their noticeable advantages, such as
lightweight, low cost, ease of processing, and a wide range of possible modifications for diverse
applications[36]. Polymers are divided intdthermoplasti¢ and "thermoset' groups. The nain
characteristic of hermoplasticsis that they soften by heating and harden again by cooling the
material. This means that thermoplastic molecular bonding can be broken by exposure to heat or by

resolving in suitable solutions.

In contrast, thermosets possess a thigienensional molecular crosmk (network) after a chemical
reaction (curing) that creates a solddinfusible material The Thermaoset group is classified into low
molecular weight (or resins) and high molecular weight (or rubber) regarding the material molecular
weight. In this study, we are focused on epoxy resins and will discuss the cure kinetics of this group,
includng chemical and physical changes during the curing probeséisitions and parameters related

to cure kinetics and methods for calculatiasill be explainedbelow.

2.1.1 Cure definition
Curing is a crucial step in makiggoxy resirsuitablefor a wide range of industrial applications. Epoxy

resin is typically a liquid material at room conditmand it needs to be solidified to be used as a

8



matrix in reinforced composite materials. The curing agents (hardenergypiclly used to create
that strong networlwithin the epoxy resins biystigatinga chemical reaction. This type of epoxy resin,
which requires a second component to bonih order to build the threedimensional polymeric
network, is known astwo-part epoxy. There are a variety of cure agents depending on epoxy types
and characteristicE37]. The proportion of hardener to epoxy resin is also a critical agf8tandis
usuallydeclared bythe manufacturer for each product. On the contrary, there do@e-part’ epoxy
types capable of building a strong network within its molecules withotihter components or
additives.The epoxy system should be selected based on the application and r@éguaeerties.In

this study, we are only working with the twzart epoxy resin group.

The transformation of liquid resin to a soldaterial known as'curind’, is an irreversible reaction
producing chemical covalent crekisks that are thermally and mechanically stable. It is an exothermic
reaction, and its rate and magnitude are temperature dependemtaningthe cure temperatures

the crucial parameter to control the reaction of the liquid regirhightemperature chamber or mould

is typicallyused to cure the resin to reach the maximum physical and chemical properties. This
temperature is usually higher for the ornpart epoxy type thaithe two-part group. For example, two

part types aretypicallycured around 100 to 130 ?r one-part ones this number is about 200 °C.
Resins can also bpartially cured at room temperature However,they tend not to obtain their
maximum cure state and mechanical durability. The possibility of experiencing some level of curing at
room temperature raises concerns about the resin storage instruction and applichtiéact, epoxy
polymerisation can themtically commence as soon as the hardener is present. This presents a greater
challenge for ongoart epoxy systems, which may undergo partial curing even at room temperature.
As a result, these systems demand stricter storage conditions, often requefiigeration or freezing,

to prevent premature reaction and preserve shelf life. By contrast-fhax epoxies remain stable

until the resin and hardener are intentionally mixed, offering greater flexibility in handling and storage.
Due to the chang@ chemical and mechanical properties of the resin and its significant effect on the
manufacturing process angroduct quality this topic should be considered carefully. The storage
temperature and the timegap between mixing and using the epoxy resin solution are the main

parameters that need to beonsidered

2.1.2 Gelation
During the cue rection thermosetsexperiencea similar changeegardless of their types and groups
The chemical reaction starisimediatelyafter mixing the epoxy and hardendrfowever,no specific

changes can be observed since it is at the initial stAge reaction continues, small (micro) polymer



chains formthroughout the mixture which causesn increase in the resin viscosity and molecular

weight. This process continues and reaches th®©d¢of ft SR a ISt GA2Yyé LRAYGZ &I
have at least one chemical bond to the network, and the material phase chémoges liquid to a

rubberlike solid Atthe gelation point there is no increase in molecular weight, jastincrease in

crosslink density[36]. Knowing the gelation point is critical fibre-reinforced polymers (FRPSs)
YIydzZFl OGdzNAYy 3 Fa AdG RSGSNX¥AYySa GKS a2LISNI A2y O
whichepoxy resin is at the lowest viscosity levdle bw viscosity levedf the resin during the injection

stageis linked to the lower air voids ithhe product by improving the resin penetration through the

reinforcement.

Although rheology is the most common and widely accepted method for determining gel point and
viscosity evolution, other thermnechanical techniques such as Dynamic Mechanical Analysis (DMA)
and Thermomechanical Analysis (TMA) are also employed in campeséearch. Rheology directly
measures the viscoelastic moduli and viscosity under controlled oscillatory shear, providing a sensitive
and reliable determination of the gel point. By contrast, DMA and TMA offer more indirect
measurements: DMA tracks the@ution of storage and loss moduli during curing, while TMA records
dimensional changes associated with resin shrinkage and solidification. These techniques are often
used when rheometers are unavailable or when the research focus lies in mechanicagerte

and dimensional stability rather than flow behaviour.

The gelation is a nereversible eventhat usually accrues around 50% to 60% during cyBay At

the gelation point there is no change in chemical conversioaré reaction) therefore, it does not
appear in thedifferential scanning calorimetrfDS¢dynamiccurve[36]. However, the onset of the
exothermic reaction is typically identified as the gelation pdime old methodslsoillustrated the
connection between the change in theaction ratein isothermal conditiosand the gelation point

of epoxy resij40], where the gelation point is the stage at the rataedctionstarts to slow down in

the DSC isothermal curvéhe choice of method may depend on factors such as the specific epoxy
formulation, equipment availability, and desired accuracy. It is worth mentioning that the gelation

point can be influenced by curing conditions, cure agents, and resin chemicals.

2.1.3 Electrical andlielectricproperties

The electrical properties of the epoxy resin are usually considered indicators for detecting the cure
state of the materialThe dielectric analysis (DEA) technique is a-keivn method of measuring

and monitoring composites iline (in situ)with the epoxy resin matrixDielectric properties of

YFEGSNRALFE NAAS TNRY 62GK FTNBS A2yQa Y20SYSyid | yR
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are influenced by the cure state dfie material and change by chaegin the viscosity of the
thermoset. In other words, crodiks between monomers and polymer chains hinder the ionic

movement anddipolar rotation of molecules.

In general, ashe cure proceeds anthe material phase changes from liquid to solid, the electrical
conductivity, permeability, and loss factor decreab@y(re2.1) while electrical resistivity (inverse
parameter of conductivity) increasgg1-44]. In addition to the dielectric measurement, direct
electrical measurement of the epoxy resin during the solidification can also provide information about

the gelation poin{45] and degree of cur@46].

Degree of cure: 1.0 4 Degree of cure
7.0 0% A 0%
A x 11% 0.8 : 4 X 11%
A % ® 35% A X ® 35%
X
6.0 A °47% A X o 47%
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. . o  $8% 0.6 4 a X . o X 58%
& * o o 79% C x * & 0 79%
50 A X - ‘X
o A X . ° x +85% o & . ¢ x +85%
8 o x X ' x . ° x
x * g x <o - X
i x
. L™ o .
) X
4.0 4 %0 x o 5 o o CI+ + 0.2 <o ” x o o
o o + + + + Clx o o o o o "
+ + + + + + +
3.0 ; . . , 0.0
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I'emperature (°C) I'emperature (°C)

Figure2.1 a) Dielectric constant and h)ss factor of epoxy resin during the g procesg41].

2.1.4 Viscosity variation

Due to molecular crosknking and reduction in molecule movementise viscosity of the epoxy resin
is expected to increase as solidification progresddéswever, the material behaviour before the
gelation point is differentAt the very starting poindf the cure the resin viscosity starts to drop under
heat from an external sourcguch as heater or due to the exothermic reaction. Despitee micro
polymeric network within the resin, the epoxy viscosity is not dominated by, #ethe polymeric
network is not big enougat this point. Therefore, the resin solutidollows the generabehaviourof

all liquidsand experiencedrops inviscosity Asthe cure proceeds, the molecular network grows until
it becomes the dominant parameter and influences the viscosity of the mabsrtak rise in viscosity

level. After this point, viscosity increas continuously until the cuendsand the material reaches its

11



maximum rigidity.Researchers have studied the viscosity of epoxy resin under different curing
temperatures widelyand the results follow a similar patteras shownin Figure2.2. Higher cure
temperature resuls in a more considerablénitial drop in viscosity which is followed laysharper
increaseln resin transfer moulding, the injection process is carried out when the resin is at its lowest
viscosity levelln principle, this leads to shorter manufacturing times, improved fibre wettability, and
reduced air void content in the final product; however, in practice these outcomes may not always be

achieved to the desired extent

106 5

105 o

104 o

Viscosity, 7 (mPa * 8)

50°C
80C -
- = = =70C 3
80C

102 T T T T T T T T T T T
0 25 50 75 100 126 150
Time (min.)

Figure2.2 Viscosity profile of the epoxy resin under various cure temperatj4'éls

2.1.5 Glass transition temperature (Tg)

Epoxy resimndergoes a glass transition when it changes from a glassy (or brittle) solid to one that is
NHzo 6 SNBE YR NBflIGADGStEe a2FGd ¢KS GSYLISNI GdzZNB O2N
GSYLISNI GdzNBE 6¢30€d | 02 @S tharBet polyrmelsiie rubbedy yedakisé A 2 y (i S
sufficient thermal energy is available to increase the flexibility of crosslinks, while below Tg the
polymer is rigid. The glass transition temperature increases with crosslink densigoatiduesas

the cure progressesAsshown in Figure 2.3, the glass transition temperature can be consigered

indicator of the cure state of the materifd8]. TheTg of a material is directly related to the quality

and quantity of molecular bonding. The higher number of ctowdsed molecules results in higher Tg
temperature which is also a parameter f@redicting mechanical properties. The Tg depends on

different factors, including the composition of the resin molecule, curing agent, curing time; cross

linking density, and temperature. Therefore, by considering and controlling these parameters, the

12



maximum Tg of the epoxy resin armbnsequentlythe highest thermal and physical properties can
be reachedSincethe heat capacity of the resin varies during the glass transition temperature (due to

changesin cooperative mobility of molecules) tgpical Tg can be detected by the change in the heat

flow of the DSC curvaes illustrated irFigure2.4.

1,0
0,8 -
0,64
3
0,41 “ —— Pascault—Wiliams model
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024 /£ Oleinik model
® FExperiment
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Figure2.3 Cure degree as a function gliss transition temperature for EPY epoxy sysfé&j.

Heat flow (W/g)

Exothermic

Temperature ("C)

Figure2.4 A typicalillustration of a glass transition the DSC curve.

2.1.6 Cure kinetics

CKS g2NR G lAySGAOaéd Aa (y2ey a4 GKS OoNIYyOK 27
which can be defined as a relationship between parameters such as time (t), temperature (T), and
conversion (curing). This subject is crucial in eEigyageand fibre-reinforced composites for two

main reasonsThe frst is to choose the best reservoir temperature for premixed or prepregs to

13



increase their lifetime. The second is to understand and predict the cure stalte afiaterial under
specific operating conditions to achieve maximum reaction conversime) level andin turn, the
highest mechanical properties of the composite. In general, as is shdiquation(2.1, the cure rate
(dn/dt) is dependent on temperature (T), reaction modeh)f(and pressure (P)lhe pressure
parameter is mainlyeglecteddue to its minimal influence on reaction kinetics; therefdaguation

(2.1 will simplifythe generaEquation(2.2.

Q - -
2 oy b @1
Qo
Qo 2.2)
0o 2 Y

The temperaturedependent aspect of theeactionrate is typically determined by Arrhenius law,

presented agquation(2.3.

x von ., O .
QY GR6 R, (2:3)

Where:

Q"Y: Specific rate constant at temperature T

@: Preexponential factor or Arrhenius frequency factor (1/sec)
‘O : Activation energy (J/mol)

'Y: Gas constant (8.314 J/mol K)

2.1.7 Reaction type

The dependence of the process on the extenthafreaction is presented by the reaction modeh,)f(
which could be different foeveryreaction. Despite the various typ®f reactions, they all can be
classified into accelerating, decelerating, and sigmdi#iil A general methodhas been widely used
to identify the reaction type for the material under the test. this method the type of reaction can
be found by plotting the conversion versus the reaction tumelerisothermalconditiors, where the
slope of the plotted lines indicates the change in reaction rkigure2.5 illustratesthe isothermal
curve forthree generalgroups of reactions The type of reaction can be found by comparing the

isothermal result of theemployedepoxy resin with Figure 2.5
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Figure2.5 The results of the isothermal analysis for 1) accelerating, 2) decelerating, and 3) sigmoidal
group (mode)49].

2.1.8 Cure kinetic model
Knowing the type of reaction frorigure2.5 assiss with finding the suitablekinetic model for the
material under the testThe governing equations (models) the three generalreactiongroups are

as follow.

2.1.8.1 Accelerating model
The model of this group is exemplified by the povax modelshown byEquation(2.4, where n is a

constant.

Q) gl T (2.4)

2.1.8.2 Decelerating model
Thereactionorder model is the most common example in this groEguation(2.5 is the general

illustration of this model.

Q) p | (2.9)

Here, n is therder of thereaction
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2.1.8.3 Sigmoidal group

The AramiErofeev models ara typical example of this categorys presented b¥Equation(2.6.

Q Ep | 1 Tp | 7 (2.6)

SestakBerggrenS/B)model suggestthe empiricalEquation(2.7, whichcan be used for a wide range
of reaction types. This method considers the impact of the pressuar¢he cure kineticswhich
normally can be neglected (depending on the experimental pressiirg.S/B model can handée

sigmoidal group andwide range of reaction typeincluding acceleration and deceleration reactions.

QA | p 1 Tp | 2.7)

Where m, n, and p are constantheycan vary for each reactioithisis also known as the modified

ProutTompkins (PT) modethere the original PT model is defined by Equatia8.

Q | p (2.8)

There is another popular method for predicting the reactianodel and calculating the pre
exponential facto]l Y26y | a & oho0o 2NJ 1 hieefollowhgequaton) LI 2 (& é =

Q| @) . (2.9)
W 0o Ao ~ 0 Q
5 Q o 0 (2.10)
4 a o Q| vy “ W (2.11)
| | | 90 T

The calculated values frolquation(2.9 and (2.11 are normalised irthe range of 0 to 1 and wibe

compared with the master plots shown rigure2.6.
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Each line irFigure2.6 indicates a different reaction modékinetic model)including A2 and A3 as
AvramiErofeev models for nucleation and growth, R2 and R3 as contracting radius models for 2D and

3D phase boundary reactions, and D2 and D3 as diffugiatrolled models for 2D and 3D diffusion

where the and| are the corresponding peak valules y( 0 y(yOR® . @ dz@eBahd@ 91 dzl @
(2.11and plotting the graph for themployedepoxy resinfinding the| and| and comparing

with values inTable2.1, the type of reaction model can luetected.

Table2.1 Values of theé and| for different kinetics modes.

Kinetic model o )
R2 0 0.750
R3 0 0.704
A2 0.939 0.632
SB are a ®
D2 0 0.834
D3 0 0.704

2 SB stands for th8estakBerggren model.

® There is no general analytical solution|for.

It is worth mentioningthat although some basic approachaee suggested for each specific group,

several modified versiorshould be considered for the most accurate results.
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2.1.8.4 Borchardt and Daniels (B/D)

The Borchardt and Daniels model for epoxy resin cure kinetics is widely used in the polymer science
and materials engineering fields to characterize and predict the curing behaviour of epoxy resin
systemsResearchers can gain insights into the reaction kinetics by fitting experimental data to the
model and estimating the model paramegeiThis method substitutes the Arrhenius behawianto

general heat rate Equatio2.13. Temperature dependency of the cure reaction #mellinear relation
between the reaction rate and temperature aresad main assumptiongn this method, leading to
Equation(2.14.

QY o (2.12)
Q. (2.13)
06 QYp |
o ] I © 1 T (2.14)
e 116 o 81 To |

Where:

‘Q|7Q o Reaction rate (1/sec).

| : Fractional conversion.

"Q"Y: Specific rate constant at temperature T.

¢ : Reaction order.

@: Preexponential factor or Arrhenius frequency factor (1/sec).
'Y: Gas constant (8.314 J/mol K).

'O w Activation energy (J/mol).

Having théQ|7Q @nd| from the DS@estand considering Equatiof2.14 as a linear equation ithe
formofmt & @& & d@nd plottingthe values of) £€Q"Y versuspX'Y the activation energy and
pre-exponential factor can be found\s shown inFigure2.7, several pointsusually 20 points)re
selected from 10% of the maximum height of the peak (first point) to 50% of the area undezdke p
(twentieth point). If the initial assumption igalid, the relation betweed TQ"Y andp¥ Yshould be
linear (seeFigure2.8). The slope of the extrapolation line and its interpolated point WitfQ"Y axis,

represent the activation energ¥(¢pband preexponential factor (Zespectively Byintroducingthese
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values into Equatio®.13we can have isothermal (time and temperature for a particular isothermal

level) and iseconversion (time and temperature for a particular conversion level) @otslar to

Figure2.9 [50].
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Figure2.7 Point selection interval for the Borchardt and Daniels (B/D) method.
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Figure2.8 Linear relation between the rate constant of reaction and temperature (Arrhenius

behaviou) [50].
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Figure2.9 a) Isothermal and b)so-conversion graphs from Borchardt and Daniels metfy.

Although B/D technique is relatively straightforward, it cannot be appteautocatalyzedsystems,

where reactions often exhibit nonlinear kinetics and may require different mathematical models to
describe their behaviour adequatekutocatalytic behaviour during curing is common for eparyin
systems. Each epoggmine reaction produces hydroxyl groups that promote further reactions,
leading to a sel&ccelerating mechanism. As a result, the reaction rate follows a characteridiiepro

slow at the beginning, increasing rapidly as catalytic species accumulate, and then declining at high
conversions due teitrification and diffusion limits. This produces the waiown bellshaped rate

conversion curve.

2.1.9 Measuremenimethods

2.1.9.1 Isoconversional Kissing8kahiraSunose (KAS) method

Because of the simplicity and accuracy of Kissiddg@hiraSunose (KAS), it & commonly used
method based on the dynamic heating (nd@sothermal) technique.Like other isoconversional
methods he KAS main principle is based on the relation between temperaturéhenstate of cure.

In this method, the reaction rate at a constant extent of conversi@sssimed to benlythe function

of temperature[49]. The activation energy of the reaction can be determined by applying the KAS for
FGd €SFad GKNDBBhe KASIméthog iddeimidibBEquathins)

b & f b & 0'Y (2.15)
Y 0

0
Y'Y
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Wheref @ ¢ TY are the experimental heating rate and the peak temperature from the DSC curve. By

plotting thed &€ — versus—, a linear relationshipetween the state of conversion and temperature

can beobserved. The slope of the line and the interceptionhatt with the 0 € — axis provide the

values of activation energ¥§ and the preexponential factor (A) respectiveljn KAS method, the
activation energy is assumed to be constant during the whole curing process. Also, the model only
considers the peak temperature ftre analysis whichdepending on the reaction typean cause the

deviation for some casg51].

2.1.9.2 OzawaFlynnWall modelfree method

In this method, the activation energy of the epoxy system is not assumed to be constant and can vary
during the conversion. OzawdlynnWall technique represents a simple relationship between the
heating rate i), activation energy @}, and the isoconversional temperature)(Ehown in Equation

(2.16.

m8 L @x (2.16)

a € Qg VY

C2NJ S OK RS3AINBS 2F O2y@SNREA2YZ !'Q Aa |
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<,
[aN

.. 00
0 II% C®pu (2.17)

Where ¢{) is the conversion dependent function. The plotiof "@ersuspX’Y provides the values

for pre-exponential factor and activating energy at each degree of faftp

2.1.10 Characterization, techniques, and principle

Characterization methods for epoxy resin typically involve assessing various properties related to its
chemical structure, physical properties, mechanical properéesithermal behaviour. The methods

play essential roles in understanding the properties and behaviour of epoxy resin materials, guiding

the formulation and optimization of epoxy formulations, and ensuring the quality and performance of
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epoxybased products in various applications. From the long list of existing methods, here we explain

three methodand their principlevhich were accessible for this study.

2.1.10.1 Differentialscanningcalorimetry

Differential scanning calorimetr{pS¢is the most common and widely used thermal analysis method
for measuring the temperature and heat flow of the sample under different heating cycles with very
high level of accuracyhe device hagvo chamberswith identical boundaryconditions GeeFigure
2.10), subjected toanidentical temperature profilaluring the test In this way the temperature and

heat flow of the sample can be measured by compattiregrecorded valuewith the reference.

A newmodulated temperature DSC or MDSC techniduss alsdbeen introduced with high sensitivity
and resolutioncompared to the conventional DSC and the capability of riudtimal effects.
However, for applicatiors such asthe determination of glass transition temperature (TgQ),
crystallization temperature (Tc), melting temperature (Thegat capacity (Cpgnthalpy changes, cure

percentage, and released energy during the exothermic readii@DSC works perfelgtfine.

Chamber _~ Heater -_

- Sample
Reference —_ -

\\_

/
7

/
Thermocouple

Figure2.10 Schematic illustration of a DSC device

There are two main measuring principkes DSCpower compensation and heat flux. DSC consists of

G2 OKFYOSNB 6AGK Gog2 aSLINIY¥GS KSFGSNE FyR GSYL
LINARYOALX Sé¢> GKS YSIFadzaNBR aAadyl t Atkatinickss oflayLJ A SR
temperature difference between the sample and reference chambers, the device adjusts the applied

power of heaters to regulate and keep the temperature at an equal level on both sides. For example,
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in the event of an exothermal reaction, the temperature inside the saf@bhamber increases
therefore, to keep the temperature equal to the reference, the device reduces the heater pfmwer

the sampl€ éhamber, resulting in a drop in the DSC cuRigyre2.11a). Ini KS a KSI G Tt dzE€ |
the measurable parameter is the heat flux related to each chamber, resultingse in the DSC curve

for an exothermic reactionfjgure2.11b). Both principles can beised Howeverz G KS G KSIF G Tt
more commonthan powercompensated designbecause they have a simpler construction, are
mechanically more robust, and are less expensive to manufacture and maintain. This makes them

versatile for a wide range of materials and routine analyses.

Exothermic

Exothermic

Temperature u Temperature

Figure2.11 DSC curve for an exothermic reaction in a) power compensation and b) heat flux
principles.

DSC has a wide range of applicatigwgeh as quality contrppharmaceutical purposes, apdlymer
characteristics. DSC curves change due to molecular and thbahaVviourand are specific for each

material. Table2.2 liststhe possible DSC quantitative measurements

Table2.2 Quantitative measurement by D$&2].

Measurable parameters and application of the DS
Heat capacity
Enthalpies of transition and transformation
Purity
Chemical kinetics
Vapour pressure
Thermal conductivity

The temperature range of DSC operation depends on the manufacturer and device specification, but

overall,the temperaturerangesfrom -150 up to 1600 °C is applicabiowever, ér hightemperature
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applications, the sensors and device parts are made fiboys that are different from those ddw-
temperature applications. Also, for analysis at sumbevated temperaturs, the material of the
sample pan and its melting point should be considerBite melting temperature of the crucible
(sample pan) should be higher than that of the experiment environni@8C crucibles caypically
sustain a pressure of 0.3 MPa, but there is a steel type with a firm lid connection which can withstand

10 MPa. Aluminum, gold, platinum, silver, quartz, graphite, and glass crucibles commercially exist.

DSC records the material response as a function of varying temperatures, typically employing different
time intervals or heating rates ranging from 0.5 to 50 °C/min. This method allows for the measurement
of thermoset cure kinetics and propertidsast heating causes a thermal lag between the material and
the furnace resulting ininaccurate measuremen# heating rate of 10°C/min anastarting point of

at least 30°C below the desired temperature is recommendhedvever, it can be varied for different
materials and applicationsThe experimental environmentgst chamber) istypicallyfilled with an

inert gas (normally Nitrogen or Argon) to reduce the chance of any chemical reaction with the
atmosphere at high temperatuse The thermal conductivity of inert gasn alsareduce or increase
(dependng on the ga's thermal properties) the time and temperature lag. Also, DSC deviceawith

pressurized chamber and UV illumination exist for particular applicaf&#tjs

Heat capacity measurementasotheruseful functionof DSCThe applicatiormonsistsof three cycles

at the same temperature range with the same heating rate. Each cycle is carried out separdatedy for
empty crucible (pan), crucible with calibrgior Sgphire), and crucible with the sample. The result of

the heat capacity of the sample can be defined by comparing the DSC curves of those three cycles.

Further information and description of this application can be found in detail in refefj&2te

The anount of energy corresponding to eaelxothermic or endothermic curvean be measured by
calculating the area enclosed the peak andhe baseling/53, 54] Comparing the amount of release
energy during the cure of the epoxy resin with a fully cured sample is an easy and accurate way to
estimate the state of cure (degree of cure) of the epoxy resin under the Festinstance, the DSC
curves presented iRigure2.12illustrate the released heat of a material at different cure statdere

the fully cured case's overall heat 320 J/gThe cure percentage of each case can be measured by

comparing the released energy using Equation 2.18 for plotted curves

<

P61 QP Lo zZpmm (2.18)
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2.07 DSC Conditions:

1.51

145.4 J/g §
5 54.55% cured Jndercured
= 1 Sample
= 101 12,61 °C(H) P
B -~ : \l‘
o e . ) %
o Sy rmmemmmao L
@] 0.5 b
[
T
00 79.33 J/9 Optimally-cured
~1 5.27 °c(Hy 75.21% cured Sample
05 NOTE: Curves rescaled and shiffed for readability

Heating Rate = 10 °*C/min
Temperature Range = -50 °C fo 250 °C
N2 Purge = 50 ml/min

-50 0

50 100 150 200

Temperature (°C)

250

Figure2.12 DSC curve for cure percentage measurenjbi.

2.1.10.2 Dynamiamechanicabnalysis

The principle of this method is to measure thaterial's mechanical propertiess a function of time,

temperature, and frequency. The sample goes under sinusoidal mechanical, sinélsits critical
&ddzOK |

LI N YS{GSNA

& adG2Nr3IS Y2RdzZ dza a Q=

f2aa
further calculation.Dynamic mechanical analysiSMA) provides different mechanical properties

Y2 F

including glass transition temperature and cinehaviourof resing[56]. The mechanical response of

the material to sinusoidal load (stress) directly depends on molecular bonding and motion that can

translate to glass transition and the cure state of the thermosEigure2.13 presents the typical

results of DMA and the parameters that can indicate theafgchisusually the peak point of the loss

FTHOG2NI ol kyt o | yR

f2aa Y2RdzZ dza 6aé¢ 0vd ¢KAA

gelation point, and activation energy with considerable agreement with DSC rEsI63]
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Figure2.13 Typical DMA graph and Tg indicat{s9].

Samples for different deformation (three bending points, tension, and singular and dual cantilever)

under controlled and programmable temperature experience oscillating loading with different

frequenciesThe measurable parameters mentioned earlier have special relations with each other as

illustrated inFigure2.14 and Figure2.15¢
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higher loss modulugqualsa higher viscosity level and damping properties. The ratio of elastic to
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Figure2.14 Geometrical relation between the three moduli and the loss aftefé
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Stress ort) = gp sin af = Fx/A4 sin ax

Strain £(t) = g4 sin(ax + ) = La/Lo sin(ax + )
Modulus M*w) = o(f)/&(t) = M'sinax + M'cosox
Value of the modulus | A = Oa/&a

Storage modulus M( @) = Ou/&s COSO

Loss modulus M'(w) = Oa/€a 5N

Loss factor tan o = M"(@)/M(w)

Figure2.15 Summary definition of parameters for DMA measuremiéit.

In the DMA method frequency is the most effective parameter compared to temperature,
displacement, and load. Many studies have népd that the increase in Tg islated to an increase

in frequency[60, 61] Also, tle frequency dependency is uséal calculatethe activation energy dahe
reaction by employing a specific meth®]. However, the frequency of 1 Hz is widely recommended

and recognized abe bestsettingthe literature [60, 61]

The mpact of the thermal lag on the DMA resuilisa high heating rateand deviation in resultseed

to be considered. For instanm, about8 °Cdeviation in the value of Tg is expected for heating rates
between 0.1 and! °C /min. e lower heating rate results in lower thermal Jagd the recommended
heating rate is below 2 °C/min in masasesA technique to interpolate Tg at a zero heating rate is
suggested by plotting a graph for values of Tg versus frequency and takiagtage of the linear

relation between theni63].

2.1.10.3 Thermomechanicainalysis

Thermomechanical analysi¥NIA is another well-known and available option for measuring the
coefficient of thermal expansionyhichcan be used to determine the Tg. Measuring the changes in
material dimensions under different thermal conditions is the principle of this methimdmally, a

load (using weight or electromechanical coil) is used to have a firm connection between the sample
and sensors, which hasagligible impact on the resultsependngon the device and measurement
method, the sample can experience compression, tension, flexuperatration(Figure2.16). When

the materialreachesthe glass transition region, a steghangecan be observedn the expansion
coefficient. Inthe case of amorphous or serniystalline materials, a dramatic increase in linear
O2STFFAOASY G GKSNXYIf SELIyaazys h3s o6ftAYSIEN YSIya
in the same direction as the applied load) is considered as the main ptram@ued the material

response for measurement. Also, to prevent any oxidation inside the chamber at high temperatures,
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inert gases such as Nitrogen, Argon, atetium areused The calibration of the device also should be

carried out and considered as a critical aspedhefmeasuremen{54].

A typical TMA curve an indication of glass transition temperature for expansion and penetration mode
are plotted inFigure2.17. Some unusuabehaviourlike Run 1 in Figure2.17 might occurs, which
normally are due to settling, stress relief, or alteration of sample morphology. In event of that, the
process should be stopped about 20 °C above the observation point, then the device should cool

down and the sample needs to be-meeasured54].
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Figure2.16 Schematic illustration ofitferent operation mods for TM[54].
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Figure2.17 TMA thermal curve for Tg region in a) expansion and b) penetration fsdde

Several parameters such as heating rate, sample geometry, loading, and moisture that affect the
assignment of Tg. The results of TMA have compared with DSC and showed acceptable agreement
which confirms the TMA as a reliable technique for thermoset rg#is|t is important to note that,
compared with DMA and DSC, TMA generally provides lower accuracy in determining the glass

transition temperature, as the dimensional change associated with Tg is broader and less pronounced.
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2.2 Evaluatiorof employedepoxy system

From several commonly used methods explained above, the( DS Q20 DSC thermal analyseas
employed inthis study for all measuremestelated tothe cure kinetics of the epoxy resin. From a
wide range of epoxy systems with different chemical and mechanical properties suitable for different
applications availabla the market the IN2epoxy infusion resin was purchased from Easy Composite
Ltd. This epoxy system is specifically designed for resin infusion and héaswltriacositywhich leads

to shorter injection time and better penetratiomto the reinforcement.The system comes withfast
(AT30 fast) and slow (AT30 slow) hardener. Basedemanufacturer data sheet, the pot life ftme

fast and slow hardenerss 12-17 minutes and 9815 minutes respectively. Consideringthe
equipment and theselectedmanufacturing method, the slow hardener was selected to be used
throughout this studyThisprovided enough time for resirinfusionand gavehe operatora working
window long enougho degasthe epoxyhardener mixture before the infusion stage The mixing
ration for this system is 100 parts of epoxy to 30 parts of the hardeftee manufacturer data for

uncuredIN2 epoxy resin andT30 slow hardenezombinationare listed inTable2.3.

Table2.3 Typical properties of uncured2epoxy resirwith slow hardeneby manufacturer

Viscosity @ 28C(mPa.s.) 200- 450
Density @ 2@C(g/cm3) 1.12-1.18
Potlife @ 25aC(min) 80-100
Gelation @ 2%8C(hrs) 8-11
Mixing ration (by weight) 100: 30
@ 25¢C @ 60eC @ 100C

Curing time (hrs) o4 6 3

The curing time iTable2.3 after whichmaterial can be denoulded and handled, not the time that
full cure is achievedIf required the postcuring process can bearried out to maximge the
mechanical properties of the materi&meof the mechanical properties of the culéN2 epoxy resin

with the AT30 slow hardenday the manufacturecan beseen inTable2.4.

Table2.4 Properties of cured IN2 resin with AT30 slow hardelyethe manufacturer

Density @ 2%C (g/ml) 1.08¢1.12
Hardness @ 2&C (Shore D/1b 84.5¢ 88.5
Maximum TgdC) 92¢ 98

29



2.2.1 Released heat of reaction

The cure reaction of the epoxy resireisothermic The generated heat is indicated as an increase in
the heat flow signal in the DS0rve andthe amount ofthe heat can be measured by calculating the
area below the exothermigpeak. The measurement can be carried outder both dynamic and
isothermalconditions, however, dynamic heating is more common duétte simplicity of calculating

andshorter analysis time.

First, the correct temperature range is needed to be set for the DSC analysigfore, some initial
runs were carriedoutaaK ST G Ay 3 NI S P F wmizh) SulderthikrgfenBNd@rvbe

seen inFigure2.18, the cure reaction slowdownda A Iy A FA Ol yGf & G §SYLISNI GdzNJ

The convex line ifigure2.18 indicates that the cure reaction starts around dD and finishes about

270 C. Howeverthe recorded heat flow signahows another rise After 270 aC, indicatingthe

decomposition (burningdf the sample® ¢ KSNBEF2NBX n e/ YR wyn e/ S

maximum temperature limits for the DSC test.

The heating cycle consisted of several dynamic and isothermal anéligted inTable2.5) that were
created to ensure the epoxy sample was fully cured during the test. At the end of each stage, the
samples were subjected to a fiveinute isothermal stage to ensure a uniform temperature
throughout the samples. The heating cycle started at roemperature and then instantly dropped

to 0 °C to reduce the reaction rate. At this temperature, the cure reaction was almost stopped (or
slowed down significantly). After five minutes of isothermal conditioning at 0 °C, the DSC chamber
temperatureroseteiy n ¢/ + G F KSFGAY3 NI GS 2F mMn c/ KYAYy®
NJ ( SFigureR.§0. At this point, the cure reaction accelerated, and the polymeric chains began to
form; as a result, an increase in the heat flow signal was recorBiglire 2.20 compares the
temperature values for the reference with the samjpbe a dynamic condition witha heating rate of

M n ¢ [ Theteingerature (solid line) valuesn the right-side axis are thaeferencetemperature,
whereasthe recorded values for the heat flow per gram of the sample can be seen on tHealadt
vertical axis (dashed line)he area surrounded by¢ parabolic curvea{so known ashe exothermic
curve)and baseline shown iRigure2.20 indicate theamountof heat flowing out of the sampléw/g)

during the resin polymerisation known asthe released heat of reaction (J/sJhe baseline is a
hypothetical line connecting the exothermic curve's start and endpoinfde calculation for the

released heat of the reaction was carried out by TA Universal Analysis software.

In this study, the reaction enthalpy was measured by DSC in accordance with the general
recommendations of the ICTAC Kinetics Committee for thermal analysis. While hermetic crucibles are

generally preferred, fully hermetic sealing equipment was not avialedy the DSC system employed.
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Instead, standard sealed aluminium crucibles were used, which is consistent with common practice in

kinetic studies of thermosetting epoxi¢g5].
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Figure2.18 Initial DSC results for the IN2 epoxy resin
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Figure2.19 DSC heating cycle and results for IN2 epoxy resin
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Figure2.20 DSC curvand furnace temperaturéor dynamic heating rate of 1&C/min.

Table2.5 DSC heating cycilasnderpurge gas ofitrogen

Stage

Isothermal at @&C for 5 min

Isothermal at @C for 5 min

~N o o WN PR

Thermal Condition

Cooling to @&C at a heating rate of 5C/min

Heating to 28Q&C at a heating rate of 1dC/min (first heating)
Isothermal at 28@C for 5 min
Cooling to @C at a heating rate of IdC/min(cooling)

Heating to 28@&C at a heating rate of 1dC/min(second heating)

The epoxy resin and hardener were precisely measuitdg a scale with an accuracy of 0.01 mg

following the 100:30 mixing ratio (30 g epoxy: 9 g hardeard) mixed for two minutesThe sampling

was thencarried out by droppinghe mixed solution on a DSC aluminium crucible aittaluminium

lid on top. The weight of the droplet was kept between 5 to 10 milligrainecommended for the

isotherm reactionsuch as epoxy cure, accordingtie TA user manualpince theoreticallfthe cure

reaction starts right after mixing the epoxy and hardernbke sampling ppcesswvas performedn less

GKFYy FTAOGS YAydziSa

I (i CoNgderivg thie S/ofkidgindbwiod ASEL5 Rifutest H

6/

at room temperature for this epoxy system, the impact of the sample preparation stage on the

measural value for the total heat othe reaction is negligibleThe cruciblesvere thenplaced inside
the DSC chambetaid S Y LIS NI ( diNBR 2FY¥MIIRElI (St &

022t SRabB2 gy

2.5). The total heat reaction (THR) valweas selected as the average value of fiest runs listed in

Table2.6.
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Table2.6 Valueof heat of reactiorfor the IN2 Epoxy resin

SampleNo. THR (J/g)

1 454.2
2 455.2
3 448.3
4 452.4
5 451.3
Ave 4523

2.2.2 Glass trangion temperature

Glass transition temperaturd §) is the tempeature at which the glassy amorph® polymer change
from the glassy statdo the rubbery state. The chemical properties of tmaterial do not change
before and after Tgand the only change will bén mechanical propertiesAs mentioned earlier in
section2.1.5 the value of the Tg indicates tteample's mechanical propertiesnce higher glass
transition temperature indicates more crystalline regions or more secondary interactions between
molecules in the material. Therefarthe higher the Tgthe higher the mechanical properties. Also,
the impact of variougparameterson the Tg is discussed in secti@.1.5 among them, the cure
temperature is the parameter we are more interestedTime studies show link between aring the
resin above the maximum Tg aadirop in the mechanical performan¢é6]. Therefore, to reach the
maximum Tg and mechanical properties for thimployedepoxy system, the curing temperature

should besetascloseas possibl¢o the Tg.

To find the Tg for theN2 epoxy resin, as can be seeritie designed curing program ifable2.5, the
sample goes through a secohéatingcycle(Stage no. 7 iTable2.5). This stagewassetto ensure
the material was fully cured during the first heating rate (Stage no. 3}afidd the vale ofthe Tg
for the fully cured sample Asshown inFigure2.19, a step change irthe heat flow valueof both the
cooling and second heating cusfglue tothe change in the heat capacity of the materjdpwever,
the value of the Tg is read from the heating curve. Theas measured for several samplesng TA

Universal Analysis softwarand the averagamountwas announce.

Table2.7 The measured value for Glass transition temperature.(Tg)

Sart Mid End
80.97 87.65 91.08
83.26 89.01 92.26
79.84 86.79 90.48
83.18 87.77 90.93
5 81.61 87.24 90.57
Ave 81.7 87.69 90.06

A WNPRF
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2.2.3 Gelation

The @lation point ofthe materialis an important factor as it pradesinformation aboutthe working
window of the epoxy systemét the initial stages of cure and before the gelation point, the reaction
between resin and hardener (curing agent) is quick, and the rate of solidification is dominated by the
reaction. This is known as the reactioontrolled condition. As the reactionontinues, the
concentration of the crosslinked structure increases and overtakes the remaining reactive species.
Therefore, it is much harder for molecules bétepoxy resin and cure agent to contact and bind with
each other. This stage is known as the diffusiontrolled stage, as the molecules should diffuse

through the cured or partially cured material to react.

Among various existing methodisr finding the gelation pointthe changein the reaction rate in the

isothermal DSC curve wasdl in this study The method monitors the state difie cure versus the

reaction rate Ptting the state ofthe cure versus theeactionrate indicates a linear relation at the

beginning of the reactiomhile the reaction is in reacticoontrolled conditions When the reaction

reaches the diffusiomontrolled stage, the change in th&ope is noticeable on the graph. The

interaction of the slope of the lines dhe diffusioncontrolled and reactiorcontrolled phassis the

gelation point of the epoxy resiim order to find thegelationpoint of the resin, lhe reducel reaction

rate, Vr, and the mole ratio of catalyst to epoxidB (constant) need to be calculated. For the
autocatalyzed reaction (such as epoxy cure reactite)value of B is calculated froBguation(2.19,

wherethe] A& GKS adlrdS 2F OdaNBE Ay 6KAOK GKSheNBIl O A:

isothermal curve.

o] ¢ p 6 Oem (2.19

Also, the reduced reaction rate;,\¢an be foundy Equation(2.20

0170 ¢
o — T2 (2.20)
p | 6 |

Figure2.21 shows the change in the reduced reaction ratg at different isothermalconditiors. The

conversion levetorrespondingo the gelation point forboth isothermal conditios is around0.41.

The recorded valusfor the gelation time and conversion are listedTiable2.8.
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Table2.8 The measured values for and| for IN2 epoxy resin at different isothermal

temperatures.
Isothermal temperature €C) 1 o ¥MiN) Nam
60 34.3 0.42
80 13.5 0.41
6 ]
[} -==80°C
‘_:‘_\ 'l, ......... 60 “C
~ 4 :
= t
2 i
’f’ Gelation point
0 pE=momT —;J——f--'-:"i"::—‘. _— . }
0.0 0.2 0.4 0.6 0.8 1.0
a

Figure2.21 Reduce reaction rate (Vr) versus reaction conversioh fior IN2 epoxy resin at different
isothermal temperaturs.

2.2.4 Type of reaction
The isothermal methodit 80aCwascarried out for the IN2 resin to plot the isothermal curve shown

in Figure2.22. By comparindrigure2.22b with Figure2.5, the decelerating behaviour of the IN2 epoxy

system can be detectedlhis behaviour normally can be explained by the SeB&akgren model.
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2.2.5 Cure kinetic model

The decelerating behaviour of the IN2 epoxy resin, confirme®.2r, is normally defined by the

SestakBerggren model defined by Equatid®.7. Parametersin Equation (2.7 were measured in
sections2.2.6 2.2.7, and2.2.8and were substituted in the Equatig®.7 to ensure that the model can

adequately define the cure reaction of the IN2 epoxy system 2s26)

2.2.6 Activation energy
Activation energy @ ) is the minimum energy required for the chemical reactions involved in the
curing process to occufhe KissingefAkahiraSunose (KAS)efined by Equatio(2.21is a weHknown

way of finding the activation energyith a low error. Based on this method, there is a linear relation
betweenl T— and—, where thel and"Y represent the heating rate and the peak temperature

of the dynamic DSC curwespectively.

il 0
Y (@) Y'Y

(2.21)

0
0558%

The results of at least three dynamic DSC aralwsth different heating ratearerequired to find the
linear relation betweenthé T— and—. ¢ KA & &G dzReé OF NNASR F2dzNJ RAFFSN
' M2 HI pX wmn 6/ k Yhepgeak tampaiakire of ndlIBSE cunBslwasiplottedia§ainst

thel T— . The slope of the fitted line is the value of the-, where the R is the global gas constant.

The peak temperature points for each test run and calcadle value for thel 1t j “Y is listed in
Table2.9. Also, the expected linear relation between thd — and— , and the slope of the fitted

line can be seen iRigure2.23.
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Table2.9 Recorded peak temperature values for IN2 epoxy resin at different heating rates.

51 (C/min) 1= (k) T4 _x10° i 1o
1 351.95 2.841 -11.727
1 352.45 2.837 -11.730
1 352.35 2.838 -11.729
2 365.25 2.738 -11.108
2 363.95 2.747 -11.101
2 364.45 2.743 -11.103
5 381.25 3.622 -10.277
5 381.95 2.618 -10.281
5 382.35 2.615 -10.283
10 394.35 2.536 -9.652
10 395.05 2.531 -9.655
10 395.35 2.529 -9.657

y =-6.7352x+7.3801

-10

In(B/T})

-12

-14

25 26 2.7 28 29

1/T, x 1073

Figure2.23 Calculating the activation energy of the IN2 epoxy resin using KisgikgéairaSunose.

Thevalue of the activation energy then can be found as fattow

0O : Mg
O OV G ¥ O O v @mlhe a (2.22)



It should be noted that since the activation energy changes during the conversion (laiigties

beginning and lower by the end of the reaction), it is recommended to calculate the activation energy

Fd RAFFSNBYyld RSINBSa 2F OdzNB o6 SP3Id andmMI ndmpIn
only be employed if the deviation the activation energy at different degrees of cusdess than 10

%. Table2.10 confirms the deviation of 7.5 % for the activation energy throughoutdhee for IN2
resin.Figure2.24 illustratesthe I T—) versuspj "Y and deviation in the measured activation energy

at different degrees of curéY is the temperature at the state of cure)

Table2.10 The calculated activation energy for the IN2 resin at diffeceme levels.

) o I 4. P T4,
1 330.8 111.603
2 341.4 110.973

0.1 5 356.3 110.142 57.2
10 367.7 9.512
1 3395 111.655
2 350.5 111.026

0.2 5 366.5 110.198 56.9
10 378.5 19.570
1 345.2 111.688
2 356.7 111.061

0.3 5 373.2 110.234 56.6
10 385.8 19.608
1 349.9 11.715
2 362.0 -11.090

04 5 379.0 -10.265 56.3
10 391.9 19.639
1 354.6 11.742
2 367.2 11.118

0.5 5 384.2 110.295 55.9
10 397.9 19.670
1 359.7 11.770
2 372.9 111.149

0.6 5 301.2 110.329 55.5
10 404.5 9.703
1 365.9 111.805

0.7 2 379.9 111.186 54.7
5 399.3 -10.370
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10 412.9 -9.743
1 374.1 -11.848
2 388.9 -11.234
08 5 409.7 -10.421 53.7
10 424.0 -9.796
1 386.2 -11.913
2 402.2 -11.301
0.9 5 424.8 -10.494 528
10 440.3 -9.872
g;g -10 = ;:Ei = . G, Grrrrny. ]
é‘} w0 oa=05 -g. """"""" o 7.5%
E u ma=06 Eﬁ 54 ‘9
115 Aa=07 e
a | 7 1/Te % 1073 (b |

Figure2.24 a) Activation energyand b) deviation in the valuder the IN2 epoxy resin at different
cure states

2.2.7 Preexponential factor

The pe-exponential factor (also known #se pre-exponential constant or A factor) is a fundamental
parameter inthe Arrhenius equation. This is a factor which indicates the frequency of the collision
between two moleculesand can be calculated both experimentally and numericdiiyom the
intersection point of the fitted line with the vertical axiskigure2.23 and Equation(2.21, the value

of the preexponential factor, Acan be calculated.

. .0'Y L
X& Ympl IH © 0 phnmnm

(2.23)
2.2.8 Constantmand n

¢ KS YI f S Bdallywdhonwvk &R method for investigating the reaction type and kinetic
model. It uses two special characteristic functionsuof andd | , definedby Equationg2.24 and

(2.25. The shape of the armalised graphs of thew| and &| between 0 and 1, provides
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information regarding the possible kinetic models for the reac{@r]. However herethe method

was used only to calculate the m and n constanth@SestakBerggren model.

. Ql

W | 96 Q (2.24)
. W QLY
Q| oY) (2.25)

where thew Oj'Y"Yand“ w isintegral for temperature and can usually be calculated using
Senum, I y3 Q& SELINDBAdefiredasfoliop 8 6 KAOK Aa

W (WM pc@ T PCT (2.26)

The value of the constant n can be found from the slope of the linear relation between the
I1T—Q andi 1 p | ,wherel and| arethe maximum valuén DSC curvand |

graph respectivelyHaving the values of n and , the parameters m could be calculated by Equation
(2.27.

. a
"o T (2.27)

Figure2.25a and b present the results for four different heating rates for calculating n andrhe
summary of the determined values for ,| , p, m, and n are listed ifable2.11. The average of the

listed values imable2.11 was used for the kinetic model.
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Figure2.25 a) Finding the value of the n, and/b) for different heating rates.

Table2.11¢ KS YSI adzZNBR @ f dzSa F2NJ LI NI YSGSNB NIBIj dzi NBF

I (eC/min) o o n m p
1 0.10 0.48 1.7 0.19 0.11
2 0.11 0.47 1.9 0.23 0.12
5 0.09 0.48 1.9 0.19 0.10
10 0.08 0.47 2.0 0.18 0.09
Average 0.09 0.47 1.8 0.2 0.1

2.2.9 Kinetic modehndverification

As the finabktage the selected kinetic model's accuracy mistconfirmed Therefore, the calculated
cure parameters listed iflable2.12 were substituted into the SestalBerggren model (Equatiga7)
and cure kinetic equation (Equati@2.2)) and form Equatior2.28.

2 5Apa
90 0 Y.,YI p 2.28

Thesummary of thaeaction typeandselected kinetic modeadnd the calculated values factivation

energy, preexponential factorm , andn parametersfrom previous sectionare listed inTable2.12.

Table2.12 Reaction type, kinetic model, and values for the model parameters.

Reaction type Decelerating
Kinetic model SestakBerggren model
Activation energy(Ea) 56.00 kJ/mol
Pre-exponential factor(A) 10,800,000

m 0.2

n 1.8
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The modé¢ performance and accuraoyere tested by comparing the modelutput with the DSC
results.Figure2.26 demonstratesa very close agreement for theaction rate(Q|¥Q ¢ valuesand
degree of curd] between the model and experimeffor a wide range of heating rated, 2, 5, 10

6 / K YThig dorbrms that the suggested mode @aturately predict the actual curing condition

2.5 ot
10°C/min 1.0 [10°C/min 7 -
5°C/min
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Figure2.26 Comparinghe kinetic model outputs with the experiment results for a) reaction rates
and b) degree of curfor 1, 2, 5, and 1@C/minheating rates
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3. CFRPs manufacturing

This chapter begins with a brief overview of autoclave processing, highlighting its widespread use in
composite manufacturing and the challenges posed by temperature overshoot in thick laminates. The
discussion then considers how both research and indusdnye approached this issue, focusing on
strategies developed to improve thermal management during curing. Building on this context, a wide
range of outof-autoclave processes is introduced, with their advantages and limitations critically
assessed, partidarly in relation to their potential for achieving improved temperature control within

the laminate thickness.

This progression naturally leads to the consideration of liquid composite moulding techniques, with
particular emphasis on resin transfer moulding (RTM) as a promising alternative. RTM is discussed in
terms of its potential to deliver more cosffective manufacturing while ensuring accurate and
uniform temperature distribution throughout carbon fibre reinforced polymers (CFRPSs). Following this
background, the chapter shifts to the experimental work carried out in this study, describing the
equipment and poduction processes employed. Finally, methods for monitoring temperature and
state of cure through the laminate thickness are presented, together with an evaluation of key

material parameters, including density, void content, thermal conductivity, and degadcity.

3.1 Literature review

Carbon fibrereinforced polymers (CFRPSs) represent a class of composite materials highly regarded
for their exceptional mechanical properties, including high strength, stiffness, and low weight. These
characteristics make CFRPs valuable in a wide rangelastries, including aerospace, automotive,
marine, sporting goods, and renewable energy. The manufacturing methods employed in producing

CFRPs significantly influence their properties, production efficiency, anefifestiveness.

Autoclaving and oubf-autoclave (OOA) processes are two prominent methods used in the
manufacturing of composite materials, including carbon fibre reinforced polymers (CFRPs). These
methods play a critical role in determining the mechanical propertiesligp) and production
efficiency of composite parts. This literature review examines the principles, advantages, challenges,
and applications of both autoclaving and OOA manufacturing techniques, offering insights into their

respective contributions to theomposite industry.
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3.1.1 Autoclave

The autoclave is a chamber with controllable temperature and pressure capable of manufacturing
parts Figure3.1b) with the highest aerospace standardéhe pressurised environment reducthe

void content in the compositandimprovesthe bondingbetween the matrix and the reinforcement

The temperature inside the chamber is controlledaimglectric heating element with a fan for uniform
temperature distribution insidéhe chamber andhroughthe thermal mediumbetween the part and
theheater,Ly | SNR&ALI OS | dzi20f | @S LINROSaaAy3ds yAIGNR3IASY
circulating medium instead of air. This practice has several advantages. First, nitrogen is an inert gas
and therefore greatly reduces the risk of fire or explosidmew curing flammable polymer systems

such agpoxy resins under elevated temperature and pressure. Second, the absence of oxygen in the
chamber prevents unwanted oxidation reactions, which could otherwise lead to resin degradation,
discolouration, or deterioration of material properties. Finally, fiaore reactive or oxygerensitive
chemistries, nitrogen provides a stable processing environment that improves reproducibility and

quality.

This method is significantlpnore labourintensive if done manually, as complicated geometries
require high accuracy and precise pleaisavoid bridging over the edges and have the best results.
Alsq dueto the low thermal conductivity of thenediumgas the temperature lag between the heater
and the part isenhanced Despitethe high-pressureworking environment positively reding the
thermal lag,coolingand heatinglamps should be applied slowty keep the temperature inside the
chamber uniformIn general, long manufacturing time and relatively high energy consumption on the
autoclave make icostly. However, thehigh-quality outputs still make autoclaving a popular and

trustworthy method.

Themanufacturingprocess otarbonfibre reinforced polymer composites (CFRRs)be broken up
into almost four suksteps astacking (layup), fibre impregnating(for dryfibres), auring, demoulding
and st curing In the following sectionsthese steps arexplainedmainlyregardingthe autoclaving

process However, these substeps should be followed regardless of the manufacturing method.

3.1.1.1 Sacking(lay-up):

Layup can be performed either manually or automatically, as in most composite manufacturing
methods. Manual layip involves lower initial equipment and setup costs but is more {mesuming,
labourintensive, and carries a higher risk of defects due uman error. Automated layp, while
requiring significant capital investment, reduces labour demand, shortens cycle times, and improves

consistency, which can lower overall costs in lesgale production That is why, nowadays,
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automated operationsare becoming more popular, especially in the big industrial manufacturer. The
fibre orientation is the most important parameter at this stags it directly influences thmechanical

properties of the part

3.1.1.2 Fibreimpregnaton
There are several manufacturing types with different impregnation methods for carbenciiths.
All techniques could fall into three main groups: wet-lgy, injection/infusion, and pregg (pre

impregnated).

3.1.1.2.1 Wet/Hand layup

Ly daoSiwWHI¥R (KISE NBAYT2NOSYSyida | NB Lidzi Aydh?2
impregnatedby epoxy resirseparately up to the desired thickness using a brush or roller. The hand
lay-up parts usually suffer from high void content and heterogeneous resin distribution-(relsiand
resinpoor regions) since it entirely relies on the operator's §&8]. This technique usually applies to
the compresanoulding manufacturing process, where pressure pushes the resin through carbon fibre

cloths. It is a relatively easy, lesost, and conventional method for levolume production.

3.1.1.2.2 Resin injection/infusion

In this technique, the fibres are laid in the mould and then sealed by closing the mould or cawering
with a vacuum bag, depending on the selected method (positive or negative pressure). For the
injection technique, the epoxy resin is injected (positive pressure) through the predesigned injection
port(s) into the mould, while in contrast, in resin infusione tresin is driven into the laminate by
applying vacuuming to the mould cavity (negative press{68). These methods provide a much
better product quality but are relatively expensive compared to the handumyJsually, additional
clothes (bleeder and breather) are placed on top of the fibre to create space for the rdkitand

prevent blockage, resulting in everdistributed resin within the laminate.

3.1.1.2.3 Prepreg (preémpregnated)
The prepeg (preimpregnated) carbon fite is another alternative for CFRPs manufacturing. Inis a
excellentsolution to reduce void defestaind norruniform epoxydistributionthrough the part, which

leads to the superior quality of the produch@shortens manufacturing time. The idea behind this
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method is to saturate the files with partially curedepoxy resin in a controlled condition withhigh
saturation levéand low air trap These prampregnatedsheetsare stored atfreezing temperature

and dry environment to stop/delay the curing and prevent any volatile and imeshiefore usd70].

One of the biggest challenges associated with prepreg technology is its high cost compared with other
composite manufacturing approaches. Prepreg materials are significantly more expensive to purchase
than simply acquiring dry fibres and liquid resin sepely, as they require specialised processing
during manufacture, including controlled impregnation with resin and strict storage condi#ana

result, prepregs are more likely to be used in the aerospace indugtrigere the superior mechanical
properties and quality assurance outweigh the cost penaltye totheir advantagessuch as easaf
handling, uniform filbe alignment, resin content control, low void content and low processing time
[71].

Before placing the part into the autoclave, it should be covered by bleeding and breathing cloths and
then wrapped up int@vacuum bag (vacuum bagging process). These covering,lalieven inFigure
3.1a, cause even resin distribution within the fés and uniform pressure on laminate surfaces,

resulting in higkguality products.

It is important to note that in aerospace manufacturing, autoclave processing is predominantly applied
to prepreg layups and, more recently, thermoplastic tape consolidation. While infusion processes
exist, their use in conjunction with autoclaves is rameaerospace, where prepreg remains the

benchmark route for producing higherformance structural componenig2].
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Figure3.1 a) Component and tooling prepared for autoclave processing atyplwal autoclave
processing73].
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3.1.1.3 Curing

The curing of epoxy resin at elevated temperaturescrucial for several reasons. Firstly, higher
temperatures provide the necessary thermal energy to activate and accelerate the chemical reactions
between the resin and curing agent. This thermal activation leads to increased reactivity, allowing for
faster curing. Additionally, elevated temperatures reduce the viscosity of the resin, ensuring thorough
wetting of reinforcement materials. Moreover, curing at elevated temperatures promotes greater
crosslinking density within the polymer matrix, enhancing the overall strength, stiffness, and
resistance to heat and chemicals of the final prod#bperheating during curing helps minimize
internal stresses within the composite, reducing the risk of defects such as warping or delamination
[74-76]. It should be mentioned that her¢he elevated temperature refers to the temperature close

to the glass transition temperature of themployedepoxy resin.

The selected heating cycle for the autoclave is a-staliied approach to control the part temperature
during the procesdy researcherg11-13, 16] The teating cycle is typically divideidto several
dynamic (ramp) and isothermal sectigs shown irFigure3.3. This stegstair pattern is a common

method whichis usually placed where significant acceleration in the reaction rate is expected.

Pressuredsthe second mosimportant parameter in autoclavings itdecreases the void content and
eases the evacuation of trapped air inside and betwpkes[77-79] and improves the mechanical
properties of the produc{80]. However, the application of pressure not only fesimpact on the
bonding of the matrix and reinforcemeibiut also can contribute toeducing the peak temperature
values during the process by changing the heat transfer coefficient of the workind lgaheat
transfer coefficient (HTC) inside the chamlhers been reported as a governing parameter in the
autoclaving process by many research@4-83] as it directly influences the control over the
temperature of the part Likewise, pessurizing the autoclave chamber increases the effective heat
capacity of the gas within the chambeamablingthe autoclave system to absorb and distribute heat
more effectivelyand reducing temperature fluctuations during the curing proceSer autoclave
processing, convective HE@nvary from 60 to 200 W/nt K throughout the chambdi73, 83] andas

a result,part quality varies from point to point due to position, thickness, and shape of the part and
tooling [83]. Figure3.2 shows the impact of the different HTC on the thermal history of the 15 mm
AS40/8552 on an Invar tool.

47



200 ! ! ’

180 : ; T

: : Air Temperature

Lo H top=300 H bottom=300
—~ H top=200 H bottom=200
O 1o H top=100 H bottom=100
et H top=50 H bottom=50
3 120 H top=300 H bottom=25
o
@ 100
£
© 80
=4

60

40}

20

0 50 100 150 200 250
Time (min)

Figure3.2 Evaluate thermal histories for a 15 mm thick AS4/8552 part on a 15 mm Invaj8®jl.

© 177°C - 2 hours
2 /
@ 1.2°C/min
g /  375kPa
= 107°C-1h
[ &
2 1.2°C/min
5 170 kPa —
= Vent bag
Full vac. —
Time

Figure3.3 A typical cycle of the autoclave procgg8]

3.1.1.4 Demouldingand postcuring

When the composite reaches the green strength (hard enough to stay in shapai, lite removed
from the mould (known as demouldingifter demoulding, the laminate is often subjected to post
curing at room temperature or under controlled environmental conditions for several hours or days.

This additional curing step allows the epoxy matrix to continue dinksg, thereby enhancingst
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mechanical strength and increasing the glass transition temperature to its maximum achievable value.
At the same time, the gradual pestire provides an opportunity for residual stresses, which develop
during the initial cure due to shrinkage and thermeddjents, to relax. This stress relaxation reduces
the likelihood of warping, cracking, or premature failure, thereby improving the dimensional stability

and longterm performance of the laminate.

3.1.2 Out-of-Autoclave

Autoclavingis the reference for reliability and stability when it comes to kiglality and performance
topics. However, this technique has limitations whighkeit unfavourable fora part ofthe industry.
Long cycle timehigh pressure massive investmentoostly tooling low-temperature control (high
latency) aubstantial cost for lost nitrogerhuge footprint and excessive energy consumptif#d] are
factorsthat result in an expensive and slow procdssaddition to these limitations, the government
policies about carbon emission as a global issue regarding the CFRP rRmyket3(4) is another

reasonforcingthe industry to find more efficient and shorter cycle alternatives
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Considering the nature of CFRPs manufacturihg strategies for having an efficient OoA method

could becategorizednto three main areas:
1- Applyingthe automated layup method(automation)
2- Reduce the heating and cooling rate by changing the energy transfer méthedyy transfer)

3- Modify the resin formulation or apply conditions to the resin to reduce reaction {rasin cure

kinetics)

Existingechniques basgon those three main categories anamedin Table3.1. However since the
present study is more aligned with the energy transfer and resin cure kinetics strategy, only the pros

and cons of the existing techniques for these two categories are erplairthe following.

Table3.1 OoA approaches by categdBA].

Energy transfer Resin cure kinetics Automation

* Induction heating * | CM also called * Preforming

* (Gas nozzles infusion and (stitching, binder,

* Vibration injection AFP, braiding)

¢ Ultrasonic * Room temperature  * Roll forming

¢ Electromagnetic Resin systems * Pultrusion
radiation (laser, infrared, * [Insitu * Press technologies
microwave, radio Polymerization (double-belt, semi-
frequency) * E-beam curing continuous and

* Oven heating, for static press, injection
example, VBO molding)

* Fluid curing (oil heated « ATP
tooling, Quickstep and * Filament winding

others)

3.1.2.1 Oven/vacuum bag only

3.1.2.1.1 Oven curing

This technigue is mainly focused on getting away from the-piglssureenvironmentof the autoclave

to reduce cost and energyn the oventhe thermal boundary conditions of the samples are identical

to the autoclave However, the aiat atmospheric pressures used as the heat transfer fluid, which

has a lower specific heat capacity than pressurized nitrogen (in autoclave), resulting in a slower curing
process. As a general rule, a heat trangfedium with lower thermal conductivity needs more
caution(slower heating rampto control the part's temperatureand reduce therisk of temperature
overshootng. In comparison to an autoclave, the oven is much cheaper and still capable of batch

processingA siammary of he pros and conesf the ovencuring methodcan ke seenin Table3.2.
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Table3.2 Oven curing pros and cof34].

Pros Cons

* Low investment * Lower heat transfer rates than an

* |arge number of parts per cure autoclave
possible (good for high variety of parts * Long process time (heating but
but low volume each) especially cooling!)

* Easy to use * Relatively high energy

* Long history of experience in industry consumption (a lot of futile

* Applicable for perform and infusion thermal mass, air and tooling, is
processing heated)

* Space limited (like autoclave)
* Batch processing (like autoclave)

3.1.2.1.2 Vacuum bag only (VBO)

Prepreg filoes were initially designed to be used in the vacuum bag only (VBO) metlooektieeven

resin distribution within the laminates. These prepreglies canbe cured at lower pressure
(atmospheric pressure) and temperature (12Q%@ichis usually applied in the autoclave process (7

10 bar at 180°C). Several generations of prepreg carboa lidve been produced to minimize the
existing gap between VBO and autoclave products, and their mechanical properties have been
compared wih autoclave. As a result, equivalent propertigsre reported [84-88]. Also, regarding

VBO and the method improvemesthe effect of part geometry, vacuum time, process temperature,
and fibre pattern for this method (VBO) have been published by some researchers with positive
outcomes[85, 89, 90] The VOBmethod is not necessarily a fast processnpared b autoclaving

since in the absence of a highressure environment, vacuupumpsassist in removing the voids,
which is a timedependent process. The vacuum process avesdsto be continued after debulking

for several hours. Vacuum time is a factor of laminate size, and it could be from 4 hours to 16 hours

[84].

The VBQ@emandsa low heating ramp (longer cycle time). A fasatingcan impact the resin viscosity
(decrease the viscosity) and overwhelm the resin penetration, which leads to ag itrsige the
laminate (it does not give enough time for air evacuation). Also, the relative huncdigiityiderably
influencesthe laminate propertieg91] because the epoxy resitends to absorb moisture The
removal process of the absorb@doistureis quitechallengingas it requires heating and vacuuming.
Table3.3 presents the positives and negatives of The VBO technigitieough this method initially

was developed aimedt Prepregs, it can be expanded to be used for dry fibres as well.
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Table3.3 The pros and cons of the VBO technidj4].

Pros Cons

* Low investment * Lower heat transfer than

* Large number of parts per cure autoclave
possible (good for high variety on * Long process time (heating but
parts but low volume each) especially cooling!)

e Easy to use ¢ Relatively high energy

consumption (a lot of futile

thermal mass, air and tooling, is

heated)

Space limited (like autoclave)

Batch processing (like autoclave)

Extremely long debulking time

Often special (expensive)

bagging needed

Automation seems challenging

* Material cost and availability

¢ Qualification needed (new
materials)

3.1.2.2 Fluid heating

An effective strategy for shortening the cure cycle of CFRPs involves optimizing heat transfer between
the heating element and the part within the mould. Hence, the fluid heating technique has been
introduced to refine temperature regulation by utilizindiguid medium. Typically, fluids with higher
thermal conductivity enable more precise temperature control and quicker heating and cooling rates

during the curing phase of CFRPs. Two-lalwvn methods of fluid heating are explained in following.

3.1.2.2.1 Liquid heating tool

This technique originally came from traditional closeduiding, where the partare made by a pair

of moulds. closed moulding equipped with rapid heating and cooling module was introduced as a
solution for the low heating and cooling ramp in oyatwcessesAs it is shown irFigure3.5, in this
techniquethe working liquidis circulated inside the mud bodyor a heatsink connected to the ratul,

leading toa better heat transfer from or to the composite.

When this method was firghvented high-pressurewater was used as the working fluid. However,
later it was replaced by oil. Choosing oil instead of water can effectively improve the process efficiency
due to the higher heat capacity of oil as well as the deletion of the pressure module. Nowadays, this

technigue is being used widely in the thermoplastic injectmouldingprocess[92]

In contrast to gas heating (like in autoclave and oven), liquids are more likely to have a large degree

of nonuniformity around the tooling surface, which should be considered before the operation
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(usually by assisting computer simulation). Positive and negative aspects of the liquid heating tool

method are listed irmable3.4.

Hot fluid circulation channel Cold fluid circulation channel
R i
_— laminate
Mold pairs . =g
~
+e

Figure3.5 Schematic illustration of liquid heating tool.

Table3.4 Pros and cons of the liquid heating tool meth@d] .

Pros Cons
* Precise temperature control * High investment for larger tools
* Heating and cooling possible and for each part
* Higher heat transfer rates ¢ Complex prediction of heat
* No need for an oven distribution
¢ Lower energy compared to autoclave ¢ Higher maintenance costs for
(for larger parts) metallic tools
¢ Line production vs. batch processing * Tool insulation required (heat
* Combination with other heating radiation)
methods possible (mainly used as * High thermal mass
cooling then) * Mostly pressure vessels

(certification)
¢ Limited to geometry and
complexity

3.1.2.2.2 Quickstep

Quickstep imnotherintroduced alternativeDoAfor autoclaves, which was first presented in Australia

in 1996. It offers short cycle timandlower cost with higkguality productsFigure3.6 briefly explains

the processing principle. The major advantage of the Quickstep to shorten the curing time is the better
heat transferfrom the mould In this method by floating the mald in between a high thermal
conductive heat transfer fluid with adjustable temperature and mass flow, a much faster curing
process can happen compared to the autoclave. Adsity the use of fluid with a high maglow, the
temperature of laminatecan be controlled betteduring the exothermic reaction of epoxy resin. The
vacuumbagged mald (such aghe preparation steps of autoclave but a little bigger to allow the

vacuum pump connection) is placed inside thed but separated with a flexible bladder. Quickstep
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has a heating and cooling radéup to 15 k/min (autoclave rate is normally32k/min) and works with

a significantly lower pressure level (aroufd kPa) than autoclave (hormally around 700 KF4&).
Despite significant pressure differerszehe quality of the manufactured part byQuickstep is
interestingly comparable with the autoclaj@3, 94] The composite strength, stiffness, finish surface,
and void content (less than 2% the Quickstep productioall can meet aerospace standards. High
pressure in the autoclave is critical to remove voids, baihéncase of Quickstep, vibration technique

is used Studies have confirmed the impact of vibration with different frequencies on void content up
to 60%[95-97].
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Figure3.6 Schematic illustration of Quickst¢pl].

Another applied strategy in the Quickstep method is to employ three reserve tdnksrking fluidat
different temperatures to shorten the cycle (usually efioeirth of autoclave). The tanks are filled with

high (185190 °C), medium (13040 °C), and low temperature (BD °C) fluid and are ready to use.

Since theepoxy resin market mostly aims fautoclave processg, the epoxy companies formulate
their products to correspond tdhe heating and cooling rates of autoclasaround 23 K/min.
However, this number for Quickstep can reagito 15 k/min. Thereforewhenusing the autoclave
compatible epoxy product for Quickstefhe behaviour of theepoxyand its properties during the
process should be taken into accouftl, 79, 98] For instame, the epoxy resin viscosity drops
significantly, and crystallization starts faster thamautoclave due to the high heatp rate.Figure

3.7 shows the drops in epoxy viscosity under various heating rates.
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Figure3.7 Viscosity profile of typical epoxgsinas a function of heating rafé8].

The lower viscosity level of epoxy improves thedivettability properties and decreases void content
Ay | avkrRingd 5 WR A% rule of thumb, the lower the viscosity, the bettie fibre wet

out and, consequentlythe better the mechanical properties of the laminate. However, a very low
viscosity level canegatively impact the production of CFREdow-viscous epoxy will not saturate
the composite properlygpoxy does not remain within reinforcement and outppand leads to dry

spots. Therefore, the minimum optimum viscosity for the epoxy should be considered.

Despite its potential advantages in reducing cycle time and improving temperature uniformity, the
Quickstep process has not become a mainstream composite manufacturing technique. One of the
main reasons is that it competes not only with autoclave curingattso with welestablished resin
infusion methods such as RTM and LCM, as well as with oth&f-@uttoclave prepreg systems that
require less specialised equipment and infrastructure. In addition, the Quickstep process shows its
best performance when anufacturing relatively flat or moderately curved parts, which limits its
applicability to more complex geometries. This combination of high infrastructure requirements and
restricted geometric versatility has constrained its scalability and hindered iderwndustrial

adoption.Table3.5 represents the pros and cons of the Quickstep method.

55



Table3.5 Pros and cons of the Quickstep technida8].

Pros Cons

e Higher heat transfer rates e Heat transfer rates are

* Lower energy consumption (especially dependent on fluid domain
24/7 processing) ¢ Part specific trays required

¢ Multiple parts can be cured in a single tray for complex 3D components

e Low pressure process ¢ Restricted to medium

¢ Elimination of standard process steps (e.g., complexity parts (low
core stabilization) pressure process)

¢ Lower NRC and RC compared to autoclave e Cure cycle optimization

¢ Use of autoclave materials maybe required

e Useable for prepreg and infusion ¢ No serial production data
processing available

¢ Flexible membrane processing (different ¢ Restricted life time of flexible
geometries in the same pressure chamber membrane
system) ¢ Extensive CFD for complex

e Accurate temperature control trays

¢ Restriction of exotherm
¢ Heating and cooling possible

3.1.2.3 Electromagnetic heating
The conceptn this section is the use of electromagnetic waves to cure (heat) thermoset composite
Several reported methods under this topic ar@duction heating infrared, microwave and

radiofrequency.

3.1.2.3.1 Induction heating

CKA&d GSOKYyAIldzZS Aa olFlaSR 2y (GKS 9RRE uldgdandNdey G &
heated by exposure to the high frequen&yzelectric magnetic field99]. The applied frequency
dependson part size, material, and the surface connection betwdle®m mould and part.In this
method, maulds are heated by electric conductitmcure the part Induction heating provides a very
quick heating ramp (up to 250 k/mir)owever, the heat penetrations a matter of laminate thermal

conductivity, which is normally low for epoxy resins and their composites.

The nould materialis also critical in induction heating as materials with different characteristics
respond differently (heat up) to the magnetic fiel@therefore, high electromagnetic conductive
materials aredesirablefor an efficient process. Since, during the process, the other parts of thdmo
need to be keptold by the cooling system, theigasignificant energy losgvhich makes this a costly
method. In general, induction heating would be suitable for a small part with low to medium
performance Induction heatindghas alsdeen usedor many otherindustrial applications due to its
advantagessuch as localized heating, fast heating rate, safety, and cleafb@8402]. Likewise,

localized heating can also be appliedAacuumAssisted Resin Transtdoulding(VARTM) to enhance
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the resin movement through the regions with low permeabil@g]. Table3.6 presents a summary of

the advantages and negatives of this technigue.

Table3.6 Inductive maild heating pros and cor{84].

Pros Cons

* \ery high volumetric heating rates
* Inverters of different frequencies can
be used (depending on heating need, Precision tooling is mandatory
localized heating) Tool size is restricted by induction
* Rapid ramp-up rates (up to 250 K/min) capacity
* Extremely short cycle time * High to very high energy
consumption
* Automation and handling is
complex
* Heating rate depends on
electrical conductivity of the
material
* High equipment cost
* Health implications
* Limited serial production data
available

Heat uniformity hard to predict

L]
* Part specific tools required
L]
L]

3.1.2.3.2 Infrared (IR) heating

This method is based on radiation with the wavelength between visible light and microwaves. The
direct radiation to the laminate surface increases the surface temperatuaccelerate the curing
process. IR techniques require a smaller space than an oven and provide a better uniform heating
pattern for thin laminates. Alsothis method makes localized heating for joining and repairing
purposes possibleFast heating ramp, programmable, and accurate heating rate are sonie of
advantages of the IR technigue. Numerical simulation studies have confirmed a close agreement with
experimental results, making IR heating a very predictable apprfiE@® 104]especially for thin

laminates The pros and cons of this technique are liste@able3.7.

Table3.7 Infrared heating pros and cofid4].

Pros Cons

e |ocalized heating to exact amount ¢ Uneven heating of complex
(tape laying) component

e Fast heating rate e Heat penetration through thick

¢ Energy efficient (flat and thin part is difficult (surface to
laminates) thickness heating)

e Easy to install * Very high energy consumption

for large components
Extra cooling strategy needed
Issues with exotherm control
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3.1.2.3.3 Microwave/Radiofrequency (RF) heating

Among other electromagnetitelated heating technigues, Microwave/REating has been more
popular. The principle of these techniquessimilar to what happens in kitchen microwave devices
but with different frequenciesThe allowable frequency bands for industrial usage are 433 MHz, 2.54
GHz, and 5.8 GH&4]. When the material is exposed to an oscillating electromagnetic field, molecules
try to align with the field direction by rotation, which creates heat due to moleesdaite friction. The
amount ofthe generated heat and the efficiency of the microwave are related to dipolar length,

bipolar mobility, and the mass of the dipole, which arevalterial characteristics.

The difference betweethe microwave and RF metheds the frequency range. For each individual
material, a specific frequency can be used concerning the material dielectric projé@tssBecause
carbonfibre has a very low relative loss factdogs factor presents the influence of material by the
electromagnetic fieldandahigher loss factor means higher heat generation), epoxy resin is the main
target of this method.Since microwave frequencies are regulated and fixed to specific permitted
bands, only resins that exhibit a strong dielectric response at these frequencies can efficiently absorb
the electromagnetic energy and convert it into heat. If the resin has a ieledlric lossdctor, it will

not couple effectively with the microwave field, leading to poor or uneven heating, which makes such
systems unsuitable. However, it is possible to processpadar materials or those with a low loss
factor by incorporating microwave susdeps or additives that strongly absorb microwave energy.
These additives convert the electromagnetic energy into heat and transfer it to the surrounding resin,
thereby enabling the curing. This approach broadens the range of resins that can be proceksed wi
microwave or RF heating, although it adds complexity to material formulation and process control
[106-109].

Hot spots during the curing are the common issues in this process, mainly due to the fixed frequency.
Many studies have reported inconsistées in the production quality of microwave curing, but at the
same time, they have confirmed the advantages of this method in shortehmgure cycle time.
[110-112]. In general, microwave heating (curing) is the most efficient technique due to the nature of
electromagnetic waves and haWwey influence the materials. However, several parameters should be
considered to make this technique more applicabkor instance the changes in microwave
absorption properties of laminates during the curidge to thechanges in the epoxy phaggll].

Table3.8 presents the positives and negatives of microwave heating.
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Table3.8 Pros and cons of microwave heating technidgu].

Pros Cons

* Very well known technique * Medium to high equipment cost

* V\ery fast heating rates + Uneven heating and hot spots (in

* Direct heating of the resin case of fixed frequency system)

* No material modification is mandatory ¢ Specific tooling material is
mandatory

+ Safety risk involved; health issues

* Processing of thick laminate is
very difficult

+ No cooling

+ Not suitable for all resin systems
(sometimes additives needed)

+ Heating and burning of
consumable stack

+ No serial production data
available

3.1.2.4 Curekinetics

3.1.2.4.1 Liquid Composite Molding (LCM)

Liquid compositemouldingis a revolutionary technique and potentially the best answer for autoclave
process alternativeby offering high fibe volume fracture (60%), low air void level (1%), arfdst

cure cycle. The capacity of this technique as a-hjiggdity process has been proven by many studies
[113, 114] To improve the efficiency of the LCM method, the manufacturers have produced
compatible epoxy resin with proper viscosity (between 0.1 to 1 Pas), wettability, uniform and rapid

curing, low thermal expansion, and high glass transition temperdiig].

Proper knowledge and understanding of the cure kinetics of epoxy are critical for these techniques.
For examplethe change in the viscosity under the manufacturing temperature can be used to detect
when the resin is at its lowest viscosity level and perform the resin injedftuinincreases the epoxy
penetration, lowesinjection pressure, shortesthe injection time andreducesthe void content. The
low-viscosity stage of epoxy continues with sudden increradaading to gelation and curing onset
Proper viscosity level andlong enough working window are sometbg key parameters that need

to be considered to achieve theestquality for the parf116, 117] Depending on the mald structure

and resin injection methodhe liquid composite moulding isategorized into three: Resin Transfer
Moulding (RTM)VacuumaAssisted RTM (VARTM), a@ompression RTM (CRTM)L8-120].

3.1.2.4.1.1 Resin Transfer Molding (RTM)
RTM is a common and widely spread technigueure kineticcategory It mainly includes two halves
of mould in which preforms are placed. The resin is then injedbggésitive pressurento the mould

cavity to wet out the dry fabric and reache outlet vent. The filing speed for RTM (and other LCM
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methods) isan importantmeasuresince the injection process should be carried out within the working
window of the epoxy. Based on Equati8rl, thelength of the flow (length of part), the permeability

of reinforcement viscosity of the resin, and injection pressure define the resin injection speed
o Yn T 31

where ¥1 is the pressure differencé&is medium permeability, is liquid viscosity, andis theflow
length ¢ KA & F2N¥dzZ I 61 & LINBaSyiSR o0& | CNBYOK &aOASy
between each effective parametandthe speed of epoxy through theinforcement It should be

mentioned that filve orientation also influences the permeability thie laminate

The resin may be prepared manually and loaded into the injection tank prior to processing, or it can
be mixed automatically by a machine immediately before being delivered to the mouldimkste
latter case the proportion of epoxy resin and cure agents can be changed during the process to
compensate for the effect of injection time on product qualif20]. Reservoitemperature and
targetedinjectiontemperatureof the resinareimportant parameters for both ongart and twopart
epoxy resinsthat need to be controlled while the process is runninthe targeted injection
temperatureof the resin is the temperature at which the epoxy resin experiences its lowest viscosity

level.

Pressurecontrolled and flow rate-controlled are two strategies for resin injection. thre pressure
controlled method the injection pressure is retained constant during the whole process. Aténe
of the injection the speedf the resin fbw is at the maximum level, but as resin movesugh the
fibres, permeability, epoxy flow rate, and injection speed decreagigich cancause unsaturated

fibresin the areas with higher injection speed (the resin has not enough time to penetrate properly).

In contrast, forthe flow rate-controlled technique, the injection pressuchanges (increases) keep
the resin flow rate constant as the procepsoceeds High injection pressure may causerdib
displacement (wash away) and oid leakageFigure3.8 illustrates the pressure level and the resin

flow rate for the pressure and flow rate control injection techniques.
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Figure3.8 Pressure and flow rate of resin during injection for a) pressar@rolled and b) flow rate
controlled strategie$121].

Racetracking channels are also very common in the RTM method. Because resin naturally passes
through areas with higher permeability, bulk areas (which generally have lower permeability) might
stay dry even aftethe resin reachesite outlet vent.Racetracking channels are unintended gaps that
form along the edges of the preform or between fibre bundles and the mould, creating preferential
flow paths. Resin travels more quickly through these channels than through the fibre bed, leading to

uneven inpregnation awl potential voids in the laminate.

Another key consideration in RTM manufacturing is the common assumption that resin injection can

be treated as a twalimensional flow problem. While this simplification is often valid, it breaks down

in cases where the laminate has significant thicknesgtians or contains embedded materials.

Under these conditions, the throughlane permeability decreases sharply, which can lead to the
F2NXYI GAZY 2F YAONR @G2ARa 2NJ WRNE aLRiaQ sAGKAY
as applying vitation or reversing the resin flow by alternating inlet and outlet vents may be employed
Computer simulation is a wethown methodfor finding the right manufacturing parameters and

predictingpossible defects prior to manufacturing, assisting RTM procefk22el 25].

61



3.1.2.4.1.2 VacuumassistedR™ (VARTM)

This techniquevasintroducedto manufacturdarge complexhigh-quality parts such asind turbine
blades and boahulls The difference between VARTM and RTM is the use of negative pressure
(vacuum) instead of positive pressure (injection) to pass the resin througfibttes. Normally,the

lower half of the maild is solid, while the uppéralf is replaced bg vacuum badsimilar tothe VBO
method). This type of design reduces the tooling costlallows the visually detected trapped air to

be removed by @acuum needleln contrast, lower fibe fraction than the RTM (normally VATRM 50%
and RTM 60%) and higher void content due to lower pressure difference are the main disadvantages
of this techniqueThe se of peéply, breather,andinfusion meshs common in VARTM to improve

the air extraction and resin flow through the reinforcememhetravelling speedf the epoxyhas a
serious role in the air traps and micro voids inside the laminate and should be consideimasly

For a given preform, the resin front flow speddpends on its viscosity, while the viscosity itself is
related to temperature and pressure as two other dominant paramef{é26, 127] VARTM has
various modified typessuch as SCRIMP, VIPR, and FASTRAD are slightly differenfrom each

other, which can be found in referenf&21].

3.1.2.4.1.3 Compression RTM (CRTM)

In this approach, rather than using pressurized rasialiquid is introduced into the preform through

the action of mould pressing. A cavity is incorporated within the sealed mould, corresponding to the
volume of epoxy resin needed for the preform. Initially, the inlet gate is opened, allowing the epoxy
resin © fill the designated space. Subsequently, the gate is closed, and the mould compresses the
resin into the preform.This method isuitablefor preforms with high threplain permeability and

partswith noncomplicated geometries.
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Table3.9 Liquid composite malding (LCM) positives and negatives.

Pros Cons

* Cheaper materials (compared to e Resin flow prediction critical and very
prepreg) difficult

* High level of automation possible e Preform process most quality
Discrete fiber orientations possible defining and still immature
Large, oversized, complex and * For pressurized systems:
integral structures possible - extremely high invest on tooling

¢ Reduced bonding and assembly and presses
efforts - Race tracking effects

* One-Shot and near net-shape - Extensive tooling rework (tolerance
possible limits and tool degradation)

* Lless scrap cost - Often very long cycles (thermal

* Can be combined with a high mass of the closed pressure
variety of curing / heating processes toolings)

* \ersatile fields of application * For vacuum based systems:
Different fiber volume fractions - Single sided tooling results in only
possible one tool face on the part

- Lower fiber volume fraction
achievable

3.1.2.4.2 In-situ polymerization

In-situ polymerisation is a process based on the characteristics of thermoset polymers and involves a
chemical reaction between monomers and nanoparticlile it is most commonly associated with
thermosetting resins, it is also used in certain thermoplastic systems such as Elium®, CBT, and PA6
Unlike conventional thermosetting processes that typically usefpmn@ed resins or partially cured
systems, irsitu polymerisation begins with monomers that polymerise directly within the final

environment, suclas around nanopatrticles or within porous substrates.

This approach enables uniform nanoparticle dispersion and strong interfacial bonding between the
Ll2f @YSNJ YFONRE FyR GKS FAttSNE 6KAOK OFly &AA3IYAT,
and electrical properties. In practice, nanoparticles &t flispersed evenly in liquid monomers, and

polymerisation is then initiated by heat or light (often with an initiator). In some cases, a curing agent

may also be used to promote crekisking.

Key advantages of this method include its low resin viscosity (typically below 1 Pa-s) and rapid curing
time (often within a few minuteywhile maintaining desirable mechanical performance. Owing to
these features, irsitu polymerisation is particularly wedlited for producing polymer composites

with high nanoparticle loadingdowever, precise temperature control is crucial due to the short

working window.The pros and cons of this technique are listed ale3.10.
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Table3.10 Pros and cons of in situ polymerization method.

Pros Cons
* Cheaper materials (compared to * High equipment cost for accurate
prepreg) and ultra fast cure
* High level of automation possible * Only very little materials available
¢ Discrete fiber orientations possible (therefore restricted fields of
* Reduced bonding and assembly application)
efforts (thermoplastic material after * Issues with material shrinkage
reaction) and creeping
* One-shot and near net-shape possible ¢ Fiber print through
* Less scrap cost * Drying of material quality and
* Can be combined with a high variety time critical
of curing/heating processes * Fiber impregnation difficult
* Resin flow prediction critical and
very difficult

* \ery narrow process windows
* Preform process most quality
defining and still immature
* Extremely high investment on
tooling and presses

* Race tracking effects

* Extensive tooling rework (at least
every 80 parts)

* No relevant serial production
data available (immature
process)

3.1.2.4.3 Electrebeam curing (EB)

Electron beam curing is a process usedananufacturingCFRE which involves using higgmergy
electron beams to initiate and accelerate the curing of resin systems within the composite material.
The electron beam curing process typically involves a specialized chamber or systesing the
composite materialto the electron beam. The composite layup, consisting of carbore fib
reinforcement and uncured resin, is placed within the curing chambed the electron beam
generator emits higkenergy electrons thatre focused and directed towards the composite material

The curing process occurs rapidly and can be precisely controlled by adjusting parameters such as

beam energy, beam intensity, and exposure time.

Electron beam curing enables rapid curing of CFRP composites, significantly reducing production cycle
times compared to conventional curing methods. Also, the electron beam can penetrate the entire
thickness of the composite material, ensuring uniformegrihroughout the part and minimizing the

risk of uneven curing.
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In contrast, there are some drawbacksd limitations associated with this methoduch aghe high

cost of installation and maintenance, safety hazardous to personal, and limited range of compatible
resins[84, 128, 129]Iin addition, due tahe possibility ofthe destructive impact of the electron beam

on reinforcement, the material should be selected accordifiB0]. Table3.11 shows the positives

and negatives afhe EBeam technique.

Table3.11 Ebeam curing pros and cons.

Pros Cons

e High level of automation possible Deadly radiation

(AFP) e Extremely high cost for

¢ Very low energy consumption infrastructure (safety measures)
(theoretical) e Limited availability

® Direct initiating the reaction on ¢ Limited materials tested
molecular level (no heat losses * Often additives (photo initiators)
through tools) needed

* Immature process

* Material quality issues still
unsolved

* No serial production data
available

In summary, although autoclave processing remains the benchmark for producing aergspdee
composites, its significant drawbacks, including high energy consumption, long cycle times, and
expensive tooling, restrict its viability for largeale and susinable production. Oubf-autoclave
methods such as oven/vacuum bag only, fluid heating, or microwave/induction curing offer partial
alternatives, but these techniques often face challenges relating to process control, resin
compatibility, or scalabilityln contrast, Resin Transfer Moulding (RTM) and its variant, Vacuum
Assisted RTM (VARTM), represent a more positive and sustainable pathway for the future of
composite manufacturing. These liquid composite moulding processes combine relatively low tooling
and operational costs with the ability to achieve high fibre volume fractions, low void content, and
laminate quality that can approach aerospace standards. The use of conduction heating through the
mould body, as opposed to convection heating in autodapeovides more efficient thermal transfer,
reducing thermal lag and enabling tighter control of the curing cycle. Furthermore, RTM/VARTM are
highly adaptable to different fibre architectures and resin systems, offering greater versatility across
aerospae and noraerospace applications. Their scalability and lower energy requirements align with
industry priorities of cost reduction, sustainability, and increased throughput, making them a strong

candidate to replace or complement more traditional procegsioutes.
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3.2 PerformingRTM manufacturing

Among existing OoA manufacturing methods for carboribre-reinforced composits, Liquid
Composite Mouldinghowsquality potentialup to the Aerospace standardBlus,the compatibility
of the method with a wide range of epoxy systesrand reinforcementas well as the minimum
installation cost and maintenance compared to the other existing methodsse it desirable for

different industries.

In the literature review (sectioB.1.2.9, the RTM wasntroducedunder the cure kineticsategory
however, inthis study we are investigatinghis method fromthe energy transfer point of viewn

other words,we arelookingat the areasvherethe energy transfer in the RTtring the curing stage

can be improved tadvancethe process efficagyespecially for thick CFRP laminatisshould be
notedthat regardless of the selected manufacturing process from the LCM category, the curing stage
is identical in all casg meaning any method under the LCM canusedfor the study.Due to the
existing facilities in our research lathet VacuurrAssistedResin Transfer Mdding (VARTM)was

selectedfor this project

TheLCMprocessing provides much better temperature contookerthe CFRP partsecause othe

direct contact of the part with the mould bogdgompared to theautoclave However, manufacturing

thick laminates remains challenging, not only because of the risk of temperature overshoot during
curing, but also due to the large residual stresses that arise as a direct consequence of these thermal
gradients, which can significtiy affect part quality and performancé wide range of studies have

been conducted in this area to prevemierheatingin the thick laminate$9-18], andas an outcome,

the staged temperature ramp is accepted as a rthwn method to employ.

Some ofthe main prameters involvedwith the temperature overshoot in composite laminatase
the thermal onductivity of themould, the thermal conductivity of theepoxy esin,andthe thermal
conductivity of thereinforcement éspeciallyateral thermal conductivity)Also,in VARTM processing
the part is heated from one sidghrough the mouldyandis exposed to the ambient from the other
side from the vacuum bag sideThis addthe ambient temperaturdo the list of effective parameters

on the temperature contour within the laminate.

In this present studythe curing satus and temperatureof the CFRP laminatesere analysed
throughout the processo identify the impact d manufacturing factors such as part thickness and
thermal conductivity, curing cyclenould thermal conductivitypne-sided and twesided heating

pattern, and ambient temperature
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3.2.1 Materialsand equipment

3.2.1.1 Glass fibre

Biaxial glasfibre cloths (UE592 g/m2) shown inFigure3.9, were purchasedrom Cristex Composite
Material, Ltd. The producis compatible witha wide range of epoxy systems. Due ttze high
mechanical properties of the -B592, it isin demard for wind turbine blademanufacturing

Additional details for the product by the manufactuime listed inTable3.12.
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Figure3.9 Biaxial UE 592 g/m2 from Cristex Composite Material Ltd

Table3.12 Manufacturer data for biaxial & 592 g/m2

Layer Construction Areal Weight Material

1 906 45 g/m2 Eglass 68 TEX
2 Oe 520 g/m2  Eglass 1200 TE
Stitching 17 g/m2 Polyester 110ftx

3.2.1.2 Carbon fibre

Thel2k PANbased(G34700)carbonfibre cloths (Mitsubishi Chemical CarbBibreand Composites,
Inc) were purchased as the reinforcementhe G34700is idealfor bulking and backing layers in thick
laminates Since we are focusing on manufacturing thick CFRP laminttesuse of heavy
reinforcement suctasG34700 is beneficiahs itreducesthe number of plies angbreparation time.

TheG34700 patternand properties are presented iRigure3.10 and Table3.13.
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Figure3.10 The 12k G3400 carborfibre cloth with 2x2 Twill pattern

Table3.13 The manufacturer data for the G30 carborfibre cloth.

Product name Grafil 34700

Manufacturer  Mitsubishi
Fibretype PANbased

WeavePattern 2 x 2 Twill

Bundle size 12 k
Areal weight 650 g/m2
Thickness 0.6 mm

3.2.1.3 EpoxyResin

The IN2 epoxy infusion res{Rigure3.11) was purchasedrom Easy Composite Ltd. Thigoxy system
is tailored for resin infusion, possessing an ultna viscosity that reducesjection time and enhance
penetration into the reinforcing material. The system is accompanied by two hardener opiitna
mixing ratio of 100 parts of epoxy to 30 parts of harderefastcuringvariant (AT30 fast) and a slow
curing varianfAT30 slow). According to the manufacturer's dslt@et(seeTable2.3 Table2.4), the
fast and slow hardeners offer pot lives of12 minutes and 98.15 minutes, respectivelfonsidering
the manufacturing facilities and selected methods for the study, the sloring option was selected.
The long working window of the AT30 provides the operator enough tinearmy out the degassing

and resin infusion well before the gelation poirfttbe epoxy.
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Figure3.11IN2 epoxy resin infusion with AT30 slow hardener (1 kg kit)

3.2.1.4 The hleating matand temperature controller

Curing of theCFRPaminateswas performed under one-sided heating condition A silicone heater

mat (Figure3.12a) was placed under the mould plate to heat the p&iticon mate provides grecise

and uniform temperature throughouts area.The size of the silicomat wasselectedto be slightly

larger than the mould plate Also, to control and set any desired heating cycle to the mat, a digital
CAL 9500P programmable temperature controliég(re3.12b) was used to control the temperature

of the heater mat. Due to the wide range of program options and reliability, the CAL 9500P is widely

demanded in such applications where precise temperature profile control is required.

Figure3.12 a) The silicone heater mat and b) CAL 9500 programnt@imiperaturecontroller.

Table3.14 Properties of the PS Pro silicon heater mat

Brand PS PRO
Power rating 1.665 kwW
Dimensions 500x 500 mm
Peak temperature + 180eC
Supply voltage 240 V (ac)
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3.2.1.5 Data Acquisition

In-situtemperatureand curemonitoring was onductedusingthe National Instrument (NI 9211) Data
Acquisition System (DAQ). NI 9211 is-éhdnnel, 80 mV temperature input module with cold
junction compensation for highccuracy thermocouple measurements. Also, the device is compatible

with the LabView (2019 SP1) software package, which was the working software in this research.

3.2.1.6 Thermocouple

Thermocouples are wellnown took for temperature measuremerdnd have been widely used for
almost any application due to their variety and models. In this stR&E/,PRO type K thermocouple
wire was purchased to measure the material, mould and ambient temperature during the curing
processGenerallyK-type thermocouples perform in a wide range of temperatiesually from200

C up to around 125@C with reasonableaccuracy. Also, they are compatible wihvariety of
instruments and data acquisition systespmaking them easy to integrate into different setup$he

employedthermocouple and its technical information are showrFigure3.13and Table3.15.

Figure3.13RS PROtype thermocouple wire

Table3.15 Technical information for the RS PR@ e thermocouple

Type K
Operation temperature -75to +250C
Core Strands 1.02 mm
Cable shape Multicore
Insulation material PFA
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3.2.1.7 Vacuum pumm@and vacuum chamber
Figure3.14 a showsthe EC20 professional and industrial vacuum pump by DVP. This vacuunispump
known for its high performance and capacityd isdesigned for fast degassing, extensive vacuum

bagging, an@stablishingentralized vacuum system&dditional specifications for the EC2listed
in Table3.16.

Table3.16 EC20racuum pumpspecification by manufacturer

Manufacturer DVP

Nominal capacity 20 mé/hr
Motor power 0.75 kW
Total final pressure (Abs) 99.95 %
Time to 99.9 % vacuufor 26L chamber 1.5 min

The DC26 degassing chamber wathapacity of 26L was purchabséor degassing of the epoxy resin
for 20 minutesunder full vacuumlt is recommended for degassing around 5 Litethe resin,which
issuitable for the lab scale projects. The sturdy 4mm +add| body, pressurgauge, andransparent
lid with silicon seaknsurereliable performance from the chambélhe manufacturer's specifications

for the DS26 vacuum chamabcan be foundn Table3.17.

Table3.17 DC26degassinghamber specifications by the manufacturer

Manufacturer ECP industrial
Construction 4 mm milssteel
Internal capacity 26 Liters
Recommended degassing capacity 6 Liters

Lid material Acrylic

Lid thickness 20 mm
Seal material Silicone
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Figure3.14 Employed a) EC20 vacuum pump and b) DC26 degassing chamber for resin.infusion

3.2.1.8 Vacuumbag
The aerospacgrade VB20QFigure3.15) multilayervacuum bagging film frorAerofilms Ltd, suitable
for highpressure and temperature vacuum bagging applicatioves purchased. Saeradditional

details of the product are listed ifiable3.18.

Figure3.15VB200 nylon vacuum bag

Table3.18 VB200 Nylon vacuum bag specification

Brand Aerofilm®
Material Nylon (PAG)
Max service temperature 200eC
Film thickness 50>m
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3.2.1.9 Infusionmesh
The FM100 infusion meskFigure3.16) from AerofilmsLtd, was employed tassistthe resin flow
inside the mouldiuring the resin infusion process. The mesh ensuresdkin flow path rerains open

even under the vacuunT.echnical information mthe FM100 infusion mesislisted inTable3.19.

Figure3.16 FM100 Infusion mesh fromerofilmsLtd

Table3.19 Product specification for FM100 infusion mesh by manufacturer

Material Polyester
Maximum service temperature 60eC
Thickness 0.8 mm
Areal weight 120 g/m2

3.2.1.10 Vacuum bagging sealant tape

The ST150 gum sealant tapbpwnin Figure3.17, is a higkperformance solution for vacuum bagging.
This tape, often referred to as tagkape or pressure tape, serves the purpose of establishing robust
andconstantseals between sections of vacuum bagging fitrs.designed for both room temperature
and elevated conditions, witla working temperature of up to 150 °@dditional information o

FM100 infusion mesis presented inTable3.20.
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Figure3.17 ST150 sealant tape

Table3.20 ST150 sealant tape specification by manufacturer

Material Polyisobutylene
Maximum service temperature 150C
Width 12 mm
Thickness 3 mm

3.2.1.11 Peelply

Non-stick general purposéerofilm PP180(Figure3.18) economy peel ply black tracer suitable for
resin infusion, vacuum bagging and way applicationgor awide range of resin systemcluding
epoxy, polyester andinyl esterwas used to ease the demould process of the CHR®® details

about the PP180 peel ply alistedin Table3.21.

Figure3.18 General purpose pp180 polyester peel ply
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Table3.21 Product specification for pp180 polyester peel pjymanufacture

Manufacturer Aerofilms
Material Polyester
Format Woven fabric
Maximum service temperature 180<C
Thickness 0.15 mm
Areal weight 85 g/m2

3.2.1.12 Breather/ Bleader fabric

Breather cloth, alternatively referred to as breather fabric or bleeder, is a type eivowen material

with a feltlike texture. It finds application in various vacuum bagging scenarios, such as in the vacuum
bagging process for wddly laminatesresin infusionand curing prepreg laminates. In the context of
vacuum bagging, the breather cloth serves a dual purpose. Firstly, it establishes a pathway for air to
be extractedfrom the laminateunder the vacuumSecondly, it functions as a bleeder or absaitbe
material, taking in excess resin that gets pressed out of the laminate due to the vacuum pressure.

Figure3.19and

Figure3.19 BR180 breather / bleeder cloth
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Table3.22 The product specification for the BR180 breather / bleeder cloth by manufacturer

Manufacturer Aerofilms Ltd
Material Polyester
Format Nonwoven fabric
Max service temperature 180C
thickness 1.8 mm
Areal weight 140 g/m2

3.2.1.13 Hose andee connectors

The 6 mm ID PVC vacuum hose, illustrateBigure3.20a, wasusedfor the infusionprocess The
product purchased fronkasy Compositektd. perfectly fits the silicon connectovgcuum mmpand

degassing chamber valve size. Likewise, to createswadtium point, push fit-€onnector shown in

Figure3.20b was used

PN

L0
a

Figure3.20a) 6 mm ID PVC vacuum hosel &) Fconnectors

3.2.1.14 Resin infusion silicone connector
Reusable silicone connectoshown inFigure3.21, sit inside the vacuum bag and provide a good resin
flow and an easy and sealed connection for the injection hose. The connectors were designed for the

6 mm vacuum hose.
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Figure3.21 Reusable silicone connector

3.2.1.15 Acrylic sheet
A 3mnithick acrylic sheet was cut in size and placed on top of the cdibmnstack Thisprovidesa

flat surface on top layer of th€EFRP laminates.

3.2.1.16 Mould cleaner and release agent
The MC1 mould cleaner and CR1 elasgs chemical release agent from easy composite Ltd, were
purchasedBoth productsare design to beon-aggressive andpplicable for commonly used mould

materials.

3.2.1.17 Vacuumassistedesin transfer mouldingf/ARTM)

The adjustable cavity RTM todM-XM-5103 from Composite Integration Ltd, UWas usedor the
vacuumassistedresin transfer moulding proces$he equipmenshown inTable3.22 is specifically
designed for moulding fibreeinforced composites using VARTM and RTM procéssies industrial

environment.

3.2.1.17.1 Mould properties and dimensions

The50cmx 50cmmould cavitywith adjustable depthallowsfabricatingcomposites witha maximum
thicknessof 5 cm. The equipmentonsistsof abased metallic plate (lower tool) and a solid glass lid
(upper tool) The heating program can be set to the tool by the digital controller through the
embedded electric heating elemeritsthe metallic mouldThe tools general state and mould details

are shown irFiguresrigure3.22 and Figure3.23.
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Figure3.23 RTM mould details

The VARTM wagserformedby connecting the central veiftesin outlet)to the vacuum pumpwhere
the resin was injectethroughthe injection port located in the resin runner channigure3.23). The
resin runner around the metallic mould guides the resin to flow from the edges toward the centre of

the composites. Thigreates a fast and uniform injection pattern asignificantly reduces the
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likelihood of a dry spot inthe composite Additional tool specifications for th# ARTM toolby the

manufacturerarelisted inTable3.23.

Table3.23VARTM tool specifications by manufacturer

Equipment dimension and mass 1500x 1000x 1200-550kg
Mould panel nominal size 500x 500 mm
Fabric/preform cutting size 495x 495

Tool cavity dept 1to 50 mm
Maximum tool temperature My n e/
Maximum injection pressure 4 bar

Material construction (Lower tool) Aluminium (6082T6)
Material construction (Upper tool) Heattoughenedglass

3.2.1.18 Vacuum bagging only

In-situ temperature and cure monitoring are the backbone of this study, and the VARTM mould with
a solid glass lid proved unsuitable for that purpose. Thermocouples had to be embedded within the
laminates and wired out of the mould for precise temperatiistory records along the laminate
thickness. This caused major issues with sealing the mould cavity, making thédrigilRTM
configuration impractical for this study. Therefore, the VARTM mould with a solid glass lid was
replaced with the simpler vacuu bagging only (VBO) method. While VBO and VARTM are not
identical processes (the main difference being that VARTM involvaguimesin infusion into a dry

fibre preform, whereas VBO does not) the focus of this study was on thermal and cure monitoring
rather than flow dynamics. In this respect, the VBO setup provided representative ththigness
thermal and cure data while allowing reliable integration of thermocouples. The VBO method is widely
used in the manufacturing of composites, including carfiore-reinforced composites, and is based

on similar principles to VARTM, except that a flexible vacuum bag replaces the solid upper tool

3.2.1.18.1 Mould properties and dimensions
As shown irFigure3.24, an aluminium plate with dimensions of 2fn x 30 cmx 1.3was used as a
mould. The plate was placed on the heater mat connected to the digital temperature controller.

Symmetricaimultiple-injection port system with four inlet vents at wwers and one outlet at the
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centre and top othe carbon fibre pile(seeFigure3.25) were positioned o create a uniform resin
flow through preforms Also, b reduce the material consumption and labour during the
manufacturing, the carbon file plies were cutl5 cmx 15 cmmuch smaller than the ones in VARTM.
This setup was used to manufacture numerous samples with different thisen€ks cm, 2 cm, and 3
cm) while the temperature and sate of cure were monitor€dble3.24 presents the number of plies

for each thickness.

The thermal behaviour of CFRP laminates is strongly influenced by their anisotropic thermal
conductivity. The throughhickness conductivity is relatively low, which limits vertical heat dissipation
and leads to noticeable temperature gradients across thiekness. In contrast, the -4plane
conductivity is much higher, allowing heat to spread laterally toward the edges. This difference means
that specimen size can affect the peak temperature at the centre: larger panels tend to retain more
heat at their catres because the edges are farther away, while smaller panels can dissipate heat more
efficiently due to their shorter edg-centre distance. Even so, the measured temperature profiles
for the 15 x 15 cm coupons showed close agreement with the thernosalein confirming that any
scale effects are modest and can be accounted for by appropriate boundary condition adjustments.
Therefore, the coupoiscale experiments provide a reliable basis for model validation, and the

modelling framework remains directipplicable to larger aerospaesale laminates.

CFRP laminate

|
Mould plate

Heater mat

Digital temperature
V controller

Figure3.24 Vacuum bagging only manufacturing setup.
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Figure3.25 Symmetrical multiple injection setp for VBO.

Table3.24 Number of plies for the CFRP laminates

Laminate thickness (mm_ Number of plies

10 18
20 36
30 54

3.2.2 Manufacturingthe CFRP laminates
3.2.21 VARTM
3.2.2.1.1 Mould preparation

Before placing the preformthe mould surface was cleaned from any dirt, grease, and other
contaminants using MC1 mould cleaner. Although the meudd pretreated with a sempermanent
release agent (Marbocote 22ZEE) compatible with most resin systems, applying additional release
agentbefore moulding is recommended herefore, the CR1 Ealsgase chemical release agent was

applied to the mould surfaces and let to dry. This process was repeatéthes(recommended by
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VARTM manufacturg¢to ensure the manufactured laminat@ald be demoulded without damaging

the mould.

The depth of the cavity should be dedsed ornthe number of reinforcemersgand thickness of the
laminate. Alsoit is critical to make sure the mould is fully sealed by monitoring the chamber pressure

(-1 bar)before starting the resin injection.

3.2.2.1.2 Resin vacuum infusion

Initially, the objective was to learto work with the tool and develop the required skillSix layers of
the Unidirectional glass fibre cloths {8591 g/m2) from Cristex Composite materials were used to
build afour mm-thick laminate. The layers were altered by thea@d 9@&(Figure3.26a) to develop an
even fibrealignmentin both directions. It should be mentioned that the glass fibres were dried in the
oven & 100gC for 60 minutes prioto placingthem in the VARTM mould. The mould was vacuumed
for 30 minutes witha set temperature of 30C to ensure aiwas removed from the cavity and

reinforcements.

Meanwhile, the epoxy resin and hardener were mixed degassed at room temperature (22) for
twenty minutes. When th@acuum infusin staried, the resin passgthrough the runner chanrieand
overflowedto the main area of the mould chamber. Thevethe resin enough time to reach its lowest
viscosity level by heatg up to 30aC beforeimpregnatingthe glass fibres. Aftethe fibres were
completely wettedout and the resin reachethe vacuum vent at the centre of the mould, the

injection valve was closed.

3.2.2.1.3 Heating cycle

The mould is equipped wita digital controller to set any desid heating cycle fothe metallic part

(bottom half). Right after the resimfusior> G KS Y2dzZ R GSYLISNI ddzNB 41 & NI
Mmnn e/ HYRR ORIGBESIKS 1 SYLI T2 NI (K NiBeSecdnthezbehi gycletbit NE S K ;
the IN2 resin manufacturer for the full cure. Afterwards, the mould was cooled down to room

temperature and the part was removed.
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Figure3.26 a) The number of plies and their angles, b) VARTM mould and glass fibre preform, and c)
the schematics of thelass fibre stack inside the mould cavity

3.2.2.2 VBO

3.2.2.2.1 Mould preparation

In VBQadditional layers such as breather, peel ply, and infusion mesh are negslsbown irFigure
3.27. Using theinfusion mesh at the lowest level creates spacetlierresin to enter the mould from
the bottom and find its way up to the outlet. The breather at the top lafesorbs exceeded resin and
formsapassage for the air and resin out of the mould. Muick pee plies were used at the top and
bottom layers of the cdoon fibre stack to ease the demoulding. Finally, a three-thitk acrylic sheet

at the top helps with a uniform pressure of the carbon fibre pile while keeping the top surface flat.

3.2.2.2.2 Resinvacuuminfusion
Like the VARTM, the plate mould was cleaned with MC1 mould cleaner and treated by CR1 release
agent (six timepg before each run. After ensuring the vacuum badully sealed, the mould and

reinforcement were preheated to the 3QC (the injection temperature of the IN2 epoxy resin) under
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full vacuum(-1 bar)for 30 minutes. Meanwhilghe resin was mixed with hardener and degassed for
20 minutes. After the resimfusion the heating cyclevas seto the mould. The schematic illustration

of the mould layers for VBO is showrFigure3.27.

o Resin outlet
Vacuum bagging film . . Acrylic sheet
| s Breather

Thermocouples ; |- Release film

—. |- Carbon fiber clothes

Release film

-  Infusion mesh
Resininlet

. Resin inlet

Sealant tape
Sealant tape

Aluminium plate

L}

Figure3.27 Schematic illustration of the mould layerstire VOB method

L

Heat
Heat

3.2.2.2.3 Heating cycle

Manufacturing CFRP laminateasaimedto recordthe temperature anccalculate thedegree of cure

through the thickness of the samples with different thicknesses during the process. The recorded

valueswere thenused as a reference to validate the simulation results. Therefamasothermal
curing temperatureofy n ¢/ ¢l a aSid (G2 (GKS Y2dzZ R FT2NJ) bff
KSFGAY3a NI GS 2F pn e/ KYAYZ YSIFEYyAy3 AG GF1Sa
yn e/ @

3.2.3 Temperature monitoring
The temperature was recorded by embedding th¢ybe thermocouplesat the bottom, middle and

top layess of the carbon fibe stack (sed-igure3.27). The heater temperature was controlled based

on the readings from the bottom thermocouple. This ensured that the bottom layer of the composite
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reached the exact set temperatur@he values were monitored and recorded usthg NI 9211

national instrument Data Acquisition System and LabVIEW software (2019, SP1).

3.2.4 Cure monitoring

3.2.4.1 Temperaturebased cure monitoring

Regardinghe cure's temperature dependea@andthe cure kinetics equation for the IN2 epoxy resin
(see sectia 2.2.9), the degree of cure for the epoxy resin cancuratelybe estimated fromthe
temperature history of thepart. The cure kinetic equation (EB.28) and values ifTable2.12 were
defined in the LabVIEW softwarand the temperature signal from the thermocouples was set as the
input for the equation. B doing that,the temperature valus at the top, middle, and bottom bthe

sample under the cure were directly translated to the actual degree of cure at those three locations.

In theory, the cure reaction startthe moment that hardener is addei the resin However, since
the preparation and degassing process was conducted at room temperataravithin the working

window of the IN2 resinthe change in the state of cure is negligible.

3.3 Samples propertieand measurement
Some critical properties of the manufactured CFRP samples were mea3irese valuesvere
requiredfor the development of the numerical modeAlso, comparing the propertiasf the samples

with different thicknesses ensures the consistency between all samples.

3.3.1 Density
I NODKAYSRSAQ YSiK2R ¢l a dzaSR (2 YSIadaNBF G4KS RSya
cure epoxy resin, and CFRP samples. The mesimased on comparing the weight of the sample in
the air and a liquid witlkknown properties. Here, thelistilled water was chosen for the liquiBefore
carrying out the density measurement for carbon and glass fibre cloths, they were dried in the oven
for an hour at 100eC. The density of carbon fib fabric, fully cura epoxy resin, and manufactude
CFRPs were measured usihg Mettler Toledo Density KilThe aerage offive measuremens was

reported as the final value for eagamplelisted inTable3.25.
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Table3.25 Measured density values fonaterials.

Material Density (g/cm3)
Carbon fibre 1.82
Cured epoxy resin 1.154
CFRPs 1.549

The measured density of the carbon filrere may not completely account for air trapped within its
porous structure. To address this, samples were submergdidtiiedwater until the density readings
stabilised, ensuring thorough wetting. Future studies could enhance measurement accuracy by using

low-surfacetension liquids or vacuurassisted saturation.

3.3.2 Fibreweightfraction

Fibre fraction(both weight and volume fraction are used interchangeably) is a fundamental concept
in composite materials, specifically in carbon filseénforced composites. It refers to the proportion

of the total weight (orvolume) of a composite material that is occupied by the reinforcing carbon
fibres, expressed as a percentage. The fibre weight fraction is a critical parameter because it directly
affects the mechanical properties of theinforced composites. A higher fibre weight fraction
generally leads to impreed mechanical performance, including greater strength and stiffness.
Achieving the optimal fibre weight fraction is crucial in designing carbon-fénéorced composites

for specific applications. Too low a fibre fraction might result in a materialdbas not fully utilize

the strength of the carbon fibresyhilst too high a fraction might lead to processing difficulties and
potential brittleness due to insufficient matrix material to absorb impacts and stresses. The aerospace
industrys recommended alue forfibre weight fraction can vary from 36to 70% depending orthe

application[131].

The burroff method is a technique used to measure tfibre weight fraction in carborfibre-
reinforced composites. It involves carefully burning off the polymer matrix material that surrounds
the carbon fibres, leaving behind only the carbon fibres. By measuring the weight loss before and after
the burn-off, the fibre weight fractioncan be determinedAccording to ASTM D2584 (Standard Test
Method for Ignition Loss of Cured Reinforced Regit83]> I (G SYLISNI G4 dzZNB NI y3S
recommended for 30 to 90 minutes, depending on the resin system and sample size, to ensure
complete resin burroff whilst minimizing thermal degradation of the carbon fibres. The standard also
suggests repeated weighing at -bfinute intervals until no further change in sample weight is

observed. However, literature widely reports that a lower temperature range ofg@59n sc / A
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sufficient for the decomposition of various epoxy resin syst§3s$-135]. In this study, we adopted

a conservative approach by starting on the safe side; after three consedQtiminute burn cycles at

nnn c/ X y2 FdNIKSNI OKFy3S Ay &l YLX S ¢ Sthafkré

weight fraction was then calculated in percageby dividing the sample weight after the test over

the sample weight before the buroff test. Figure3.28illustrates the sample condition after the burn

off. The calculated values faixdifferent CFRBamples are listed ifiable3.26.

N

Figure3.28 CFRP sampédter burn-off test.

Table3.26 Calculated fibre weight fraction values for the CFRP laminates.

Sample no.

Fitre weight fraction (%)

1

OO WD

Weight (g)
before burnoff  After burn-off
6.56 4.92
7.88 5.89
9.49 7.15
7.12 5.38
9.86 7.55
10.12 7.71

750
74.8
75.4
75.6
76.6
76.2

3.3.3 Void content

In CFRPs,iravoids are essentially pockets of air that can be found within the CFRP material during

manufacturing These voids can occur for various reasons, such as impegemixing inadequate

compaction of the composite layers during layup, or the release of trapped air or gas during curing.

Air voids can also result fromasing materials with inconsistent properties or poor processing

gl

techniques.Air voids within composite materials can weaken mechanical strength, initiate cracks,
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accelerate degradation, intensify fatigue, cause dimensional instability, and reduce thermal and
electrical conductivity, necessitating their minimization for optimal performanéarious quality
control measures and processing techniques are employed by manufactamneitigate the negative
effects of air voids in CFRPs. Inspection methods such as ultraseayd axd computedmnagingare

also used to detect and assess the presence of air voids within CFRP mii8éials37]

Overall, minimizing air voids is crucial to ensuring the consistent and reliable performance of CFRP
materials in various applications, ranging from aerospace and automotive components to sporting
goods and civil infrastructur@.he acceptable level of void content in CFRPs in the aerospace industry
can vary depending on the specific applicatioomplexity ofthe component, and the standards set

by the relevant regulatory bodies or organizations. Generally, lower void content is desired to ensure
the matetial's mechanical properties, durability, and reliabilBommonly, aerospace standards and

guidelines may specify void content limits in the range of 1284doy volume

In this study,measuressuch as mould layup, location of the inlet and outlet ports, and injection
process weraised to reduce void content within the laminate. For void content measurement, the

destructiveburn-off methodwasused to measure the air void content in CFRPs.

Thestandard method fothe void content of reinforced plastics by the American Society for Testing
and Materials ASTMD273494)[138]was followed in this studyzirst Equation3.2is used to find the
theoretical density of the composittom the measure density valuesn Table3.25, and then the
values ae compared to the actual measured density of the composite. The difference between the

actual and theoretical density values indicates the void content within the part.

" p THW T w F 3.2
where:
" : theoretical density (g/cm3)
w : resin weight fraction (%)
" . density of the epoxy resin (g/cm3)
w : fibre weight fraction (%)

" . density of thdibre (g/cm3)

The voidcontentthen can becalculated byEquation3.3.
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w pmTi & 3.3
Wherewand” represent the void content and actual density of the composite.

The void content of the manufactured CFRP laminates was calculated by substituting the recorded
values in Tables 3.28nd 3.25into Equations 3.2 and 3.3 able3.27 explainsthe measured void

content for six samples

Table3.27 Measured void content for the manufactured CFRPs.

Sample no. ® (%) ® (%) " (g/cm3) " (g/lcm3) ” (g/cm3) ” (g/cm3) (%)

1 75.0 249 1.55 1.59 2.2
2 748 252 1.5 1.59 26
3 754 246 1.54 1.59 3.1
4 756 244 182 115 1.55 1.59 28
5 76.6 234 1.54 1.60 3.7
6 76.2 238 1.54 1.60 3.7

Considering the employed manufacturing method and the equipment in this study, void content

above the aerospace standard level was expected.

3.3.4 Heat capacity

Heat capacity (Cp) represents the amount of energy required to raise the temperature of a substance
by a certain amount. By knowing the heat capacity, we can predict how the temperature of a material
will change in response to heating or cooling proceskiesit capacity is a fundamental parameter
when simulating the thermal behaviour of materia ensure that the model's predictionare

accurate.

The ASTME126911 [139]is astandard method for determining the specific heat (heat capacity) by
differential scanning calorimetryvhichwas used to measure the heat capacity of the epoxy resin and
CFRP samplek this method, he heat flow intothe sampleis measuredas it is subjected t@
controlled heatingprogramand then compared to a material with weknown thermal properties
(Saphire) under identical heating conditian Conducting the method requiragbiree separateDSC
analy®s forthe empty crucible, crucible withapphire, and crucible filed witthe material under the
study (CFR§) through an identical heating cycl€omparing thehree DSCurves the sample's heat

capacitycan be foundFigure3.29 providesa simplifiedsummary of thanethodby comparing three
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DSC analgs. After finding the displacement between the empty crucible, sapphire, and sample and
having thesample's weight, the heat capacity valcan be calculatedsing Equatior3.4.
. Ow

08—— 34
O w

0 i 0 i
Whare:
0 i dspecific heat capacity of the specimen (J/g.K)
0 i dajspecific heat capacity of the sapphire standard (J/g.K)

‘O gverical displacement between the specimen holder and the specimen DSC thermal curves at a

given temperaturgmw)

‘O dyertical displacement between thgpecimen holder and the sapphire DSC thermal curve at a

given temperaturgmw)
® dmass of thespecimenmg)

w dmass of sapphire standafthg)

There are some conditions that must be met based on the ABTR6911, such as using heating

rate of 20aC/minandholding the DSC test chamber isothermal at the starting and ending temperature
for at least four minutes to establish equilibrium. Also, the weight of the specimen holders (crucibles)
tolerance should be limited te: 0.01 mg.Similarly,the mass of the samelfor inorganic material is
recommendedo be 20 to 50 mglf the weight los®f the sampleafter the test is more tha0.3% the
measuranent is invalidFor more information about the method and procedusecASTME126911

[139]. The heating program for the measurement of the specific heat of the CFRP si@ppbsented

in Table3.28.

Table3.28 DSC heating program for heat capacity measurement

Initial temperature 20eC

Cooling to -506C at 50C/min
Isothermal for 5 min at-50eC
Heating to 200<C at 20C/min
Isothermal for 5 min at 20G6C
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Empty crucible

Sapphire

Sample

Heat flow (W/g)

Temperature ("C)

Figure3.29 Thermal curves fathe empty crucible, standaréapphire, andsample

Table3.29 shows the measured value for the CFRP samples as an exa@mgptelar principle was
followed for five CFRP samples and five fully depoxy samplesand the average value was selected

as thematerial's heat capacityit is important to mention that the heat capacity of the epoxy resin
changes during the solidification. The transformation of epoxy resin from a mobile liquid to a rigid
solid involves significant structural changes at the molecular and macroscopk. [Ekieke changes
can influence the material's heat capacity by alteiiisgnolecules' vibrational modes and degrees of
freedom Table3.32 shows the calculated heat capacity foncured IN2 epoxy resin at different
temperature istwo times higherthan that ofthe fully cured sampleHowever, the assumption of
constant heat capacity for epoxy resin during the curing proces€FERPs$s often made for
simplification and practicality reasoifi$40]. Also, when dealing with composites where the weight
fraction of the epoxy is only around 25% of the composites, the assumption of constant heat capacity
remains reasonableThis can be confirmed from the measured Cp values listd@lote3.29, where

16% changén the Cp can be seen within the temperature range of 26a850 96.85C for CFRP
sample In contrast the value of Cp for fully cured epoxy resinTable 3.30 within the same

temperature range experience change over 50%.
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Table3.29 Measured values and parameters for calculation of heat capacity of the coRRI®sites
within the temperature range o60¢C to 200C.

DSC DSC pan Sapphire CFRP
temperature  Heat flow w Heatflowd i 6 @ Heatflow 6 i O (0]

(© (Wig) (mg) (W/g) (@J/g.K) (mg) (W/g) (I/g.K)

-50.00 -0.008052 99.23 -0.00160 0.57 31.29 -0.00548 0.72 -0.01 -0.00
-43.15 -0.008683 -0.15860 0.60 -0.20178 0.76 0.15 0.19
-33.15 -0.005483 -0.19999 0.63 -0.22796 0.80 0.19 0.22
-23.15 -0.003552 -0.21297 0.66 -0.23984 0.83 0.21 0.4
-13.15 -0.002733 -0.22238 0.68 -0.25004 0.87 0.2 0.5
-3.15 -0.002334 -0.23208 0.71 -0.25965 090 0.23 0.26
6.85 -0.001917 -0.24023 0.73 -0.27196 0.93 0.24 0.27
16.85 -0.001719 -0.24751 0.76 -0.28463 0.9% 0.25 0.28
26.85 -0.001768 -0.25488 0.78 -0.29754 0.98 0.25 0.30
36.85 -0.001831 -0.26232 0.80 -0.31144 1.01 0.26 0.31
46.85 -0.001889 -0.26921 0.8 -0.32663 1.04 0.27 0.32
56.85 -0.001906 -0.27576 0.4 -0.34115 1.06 0.27 0.34
66.85 -0.001899 -0.28198 0.85 -0.35410 1.08 0.28 0.35
76.85 -0.001910 -0.28801 0.87 -0.36980 1.10 0.28 0.37
86.85 -0.001914 -0.29402 0.89 -0.40068 1.12 0.29 040
96.85 -0.001906 -0.29939 0.90 -0.41452 1.14 030 041
106.85 -0.001888 -0.30447 0.92 -0.42197 1.16 0.30 0.42
116.85 -0.001872 -0.30970 0.93 -0.42989 1.18 0.31 0.43
126.85 -0.001813 -0.31441 0.94 -0.43757 1.19 0.31 0.43
136.85 -0.001725 -0.31908 0.95 -0.44437 1.21 0.32 0.44
146.85 -0.001641 -0.32343 0.97 -0.45041 1.22 0.32 0.45
156.85 -0.001584 -0.32793 0.98 -0.45444 1.24 0.33 0.45
166.85 -0.001563 -0.33228 0.9 -0.45665 1.25 0.33 0.45
176.85 -0.001585 -0.33629 0.10 -0.45064 1.26 0.33 0.45
186.85 -0.001603 -0.34009 1.01 -0.43302 1.27 0.3 0.43
196.85 -0.001623 -0.34385 1.02 -0.39451 1.28 0.34 0.39

Table3.30 Measured values and parameters for calculation of heat capacity of the fully cure IN2
epoxy resirwithin the temperature range o506 / (2. vnn e/

DSC DSC pan Sapphire Fully curedN2 epoxy resit
temperature  Heat flow @ Heatflowd { 0 o Heatflow 6 i O 0

(C) (Wlg) (mg) (Wig) (JgK) (mg) (Wig) (J/g.K)

-50.00 -0.008052 99.23 -0.002641 0.57 39.96 -0.008347 1.24 -0.01 -0.00
-43.15 -0.008683 -0.140523 0.60 -0.255988 1.13 0.10 0.8
-33.15 -0.005483 -0.181254 0.63 -0.302885 1.10 0.14 0.10
-23.15 -0.003552 -0.194335 0.66 -0.318765 1.14 0.15 0.10
-13.15 -0.002733 -0.203705 0.68 -0.332909 1.18 0.16 0.11
-3.15 -0.002334 -0.212367 0.71 -0.346142 1.22 0.16 0.11
6.85 -0.001917 -0.219956 0.73 -0.362049 1.28 0.17 0.12
16.85 -0.001719 -0.226710 0.76 -0.374989 1.33 0.18 0.12
26.85 -0.001768 -0.233806 0.78 -0.390705 1.38 0.18 0.13
36.85 -0.001831 -0.239794 0.80 -0.404170 1.43 0.19 0.13%
46.85 -0.001889 -0.246440 0.82 -0.419423 1.48 0.19 0.14
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56.85
66.85
76.85
86.85
96.85
106.85
116.85
126.85
136.85
146.85
156.85
166.85
176.85
186.85
196.85

-0.001906
-0.001899
-0.001910
-0.001914
-0.001906
-0.001888
-0.001872
-0.001813
-0.001725
-0.001641
-0.001584
-0.001563
-0.001585
-0.001603
-0.001623

-0.252459
-0.258093
-0.264201
-0.270774
-0.276635
-0.281854
-0.287048
-0.292022
-0.296638
-0.301119
-0.305755
-0.310066
-0.314197
-0.318235
-0.322146

0.84
0.86
0.87
0.8
0.90
0.92
0.93
0.94
0.95
0.97
0.98
0.9
0.10
1.01
1.02

-0.438545 154 0.20 0.15
-0.459269 1.62 0.20 0.15
-0.487266 1.71 0.21 0.16
-0.552823 1.93 0.21 0.18

-0.601231 2.09 0.2

0.20

-0.603431 2.09 0.22 0.20
-0.607308 2.09 0.22 0.20
-0.613150 2.11 0.3 0.2
-0.618512 2.12 0.23 0.2
-0.624386 2.13 0.23 0.21
-0.631411 215 024 0.21
-0.636364 2.16 0.24 0.21
-0.642609 2.17 0.25 0.2
-0.647201 2.18 0.5 0.2
-0.651734 2.19 0.25 0.2

Table3.31 Measure values of heat capacity for CFRP laminates and fully cure epoxat E36C.

Sample.no CFRP§/g.K)

Fully curedN2 epoxy resifl/g.K

1
2
3
4
5

Ave:

1.1
0.98
1.12
1.07
1.04
1.07

1.75
1.66
1.72
161
1.67
1.68

The specific heat capacity of CFRP is expected to be lowethdpare epoxy resin primarily because

of the properties of carbofibre. Carborfibres, which make up a significant portion of CFRP by weight

(75% in this case), have a much lower specific heat cagagigally around 0.71 J/g)Kompared to

measure value of 1.682 J/g.K for the IN2 epoxy resin. Since the specific heat capacity of a composite

is influenced by the weighted contributions of its constituents, the dominance of cditm@with its

lower heat capacity brings down the overall value for the composite.

It should be noted that the specific heat capacity is temperatigpendent, generally increasing with

rising temperature and decreasing as the temperature dr&@sce the sample undergoing curing is
G2 SELSNASYyOS
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capacity (Cp) was selected over this range to minimize the impact of its temperature dependence.
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Table3.32 Heat capacity of fully cured and uncured IN2 epoxy resin at different temperature.

Heat capacity (J/g.K)

Temperature (°C) Fully cure IN2 epoxy resin  Uncured IN2 epoxy resir

-33.15 1.10 2.75
-23.16 1.14 2.70
-13.15 1.18 2.71
-3.15 1.2 2.72
6.87 1.28 2.76
16.84 1.3 2.78
26.85 1.38 2.79
36.87 1.43 2.80

3.3.5 Thermal conductivity

Knowing the thermal conductivity of materials is critical for addressing thermal challenges in various
systems. In thermal modelling, accurate prediction of temperatures within a system or component
relies on knowing the thermal conductivity of the matdsianvolved. Thermal conductivity affects how

heat propagates through a material and influences temperature gradients within the system.

The thermal conductivity of the CFRPs varies significantly along and perpendicular to the carbon fibre
axis. The number cadiffer regarding carbon fibre crystallinityibre volume fraction, and matrix
(epoxy resin) thermal conductivityCarbon filres provide excellent thermal conductivity along their
length, which is aligned with the plane of the laminateflane direction). As a result, heat can be
efficiently transferred alonghe fibre length leading to relatively high iplane thermal conductivity
Conversely, the througplane direction involves heat transfer perpendicular to the aligned carbon
fibres. In this direction, the heat must traverse the resin matrix, which typically has lower thermal
conductivity compared to carbon fies. Additionally, the interfaces between tfibres and the matrix

can create thermal resistance, further impeding heat transfer in the threplghe direction.
Consequently, the throughlane thermal conductivity of CFRPs is often lower than thglane

thermal conductiity.

The shematic illustration inFigure 3.30 helps us understandhe heat transfer along and
perpendicular to the fike axis in a CFRP blodke thermal conductivityof the CFRP blodkrough

the Y and X axis {plane) is minly dominated bythe carbon fibres However, through the Z axis
(throughplane) the heamust pass through both carbofibres and matrixwhich eventually results

in lower overall througkplane thermal conductivity for the composite.
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Figure3.30 Schematics of a) a CFRP block and b) thermal conductivity vectors within the block.

The transient hot wire method (THW) was employed to meagheein-plane and througkplane
thermal conductivity of the samples using the XIATECH TC300E thermal conductivity Theter.
method involves passing a shattiration heat pulse through a thin wire probe that is in contact with
the materialunder thetest. As the heat pulse propagates through the wire and into the material, the

temperature rise is measured over time, allowing for the calculation of thermal conductivity.

For XIATECH TC300ts, thin film probe was sandwiched between two CFRP samples to measure the
thermal conductivity. Since great contact between the probe and sample is critical for the correct
measurement, the surface of the CFRP samples was smoothened by thgritGhdpaper Also, a

500g weight (provided by the XIATECH TC3REwasusedto ensurea firm contact between the
CFRP samples and proBer accurate results, the minimum thickness of the samples is recommended
to be 5 mm The length and width of all samples @b cm x 5 cm. The thickness of the epoxy resin
sample was 1 cm, while the thickness of the CFRP samples ranged from 1 cm to 3 cm. Therefore, the
sample thicknesses were well above the minimum value recommended by the manufa&ligree

3.31 shows the thermal conductivity meter and measuring-gptfor thecure epoxy resin an@FRP
samples for both iplane and througkplane directios. Regarding the fite orientation within the
CFRP laminates Figure3.30, after throughplane measurementHigure3.31a), the CFRP laminates
were turned to the side to performthe in-plane measurementHigure3.31b), where two samples

were glued together by epoxy resin to cover the probe surface.

Measurements were performed on samples of three different thicknesses from separate batches, with
six iterations for each sample. In total, eighteen readings were collected for each of G&fejn

CFRP throughlane, and cured epoxy resin, and the ag®s were taken as the representative
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thermal conductivity of the materials under studyrhe results of the thermal conductivity

measurement foicuredepoxy resin and composites (CFRPSs) are lint€édhle3.22.

XIATECH TC300E

Thin film probe

Figure3.31 Thermal conductivity measurement meter component and measuring procedug
through-planeandb) in-plane thermal conductivitpf CFRPs arz) epoxy resin samples.
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Table3.33 Measured thermal conductivity for cutleepoxy resin and manufactured CFRPs.

Thermal conductivity (W/m.K)

CFRP laminates Fully cured poxy resin
Throughplane In-plane Sample thickness (mmr Sample thickness (mm
1.12 2.87 0.19
12 2.77 0.18
1.25 2.2 10 0.20
1.26 2.94 0.22
1.2 2.63 0.23
1.23 2.68 0.19
1.18 2.39 0.21
1.25 2.12 0.21
1.30 21 20 0.19 10
1.24 2.18 0.22
1.23 3.01 0.18
1.24 2.78 0.18
1.20 2.28 0.19
1.24 2.98 0.19
1.27 2.65 30 0.20
1.25 2.61 0.21
1.22 2.65 0.20
1.24 2.60 0.21
Average: 1.23 2.58 0.20
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4. Numerical modelling

This chapter begins with a brief overview of different numerical modelling approaches, such as the
finite element method (FEM) and the finite difference method (FDM), outlining their respective
strengths and areas of application. Based on this compartker,ationale for selecting FDM as the
most suitable approach for the present study is provided. The chapter then describes how the problem
was formulated in Simulink as a edanensional thermal model, including the definition of thermal
boundary conditias for the element under investigation. The functions of the Simulink blocks used in
the model are explained, followed by the integration of the epoxy resin cure kinetics into the
simulation framework. Finally, the performance of the developed model igsass through

verification against experimental results.

4.1 Literature review

The roots of numerical simulation in engineering can be traced back to the@thdcentury, with the
advent of computers and finite element analysis (FEA). Early applications focused on structural
analysis, buthe scope has expanded over the ye#@wsinclude fluid dynamics, heat transfer, and
electromagnetics.In recent decades, numerical simulation has become an indispensable tool in
engineering and manufacturing, revolutionizing varigueduct design, analysis, and optimization
aspects In manufacturig, numerical simulation gained prominence with the rise of compatded

design (CAD) and computaided engineering (CAE) tools, allowing for the virtual testing of product
designs before physical prototypes were bullERP manufacturing is not an exemption and has been
using the aid of numerical simulation ovarwide range of processs, including fibre layup, resin

infusion, curing, and pogirocessing125, 141, 142]

One of the critical steps in CERBroduction is the arrangement of carbon ffis in the desired
orientation and pattern during the layup process. Numerical simulation allows engineers to predict
and optimize thefibre orientation, ensuring that the final composite meets the required mechanical
properties. Finite Element Analysis (FEA) is commonly employed in simulating the cbetgeour

of fibres during layup, taking into account factors such as draping, compaction, and the influence of
tooling. Simulations aid in identifying potentigsues such afbre misalignment, wrinkling, or void
formation, enabling engineers to adjust the layup process parameters for opfiimneldistribution.

This virtual prototyping significantly reduces the need for costly-a&imterror approaches in the
physical manufacturing stag&41]. The numerical simulation facilitatethe design of the mould and

reinforcement,predicting factors like impregnation efficiency, resin distribution, and curing kinetics
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in the infusion of resin into the fibre mat and the subsequent curing process in CFRP profiL2ion
125].

Finite element method (FEM) is more common method for stress and structural analysis agheell as
complex behaviour of the compositds discretizes a domain into a collection of finite elements and
considers the spatial variation of the solution within each element. It is particularly versatile for
handling complex geometries and irregular boundaries by adjusting the mesh density ificspeci
regions such as structural analysis, heat transfer, fluid dynamics, electromagnetics, and other fields

where the geometry is intricate and vari¢tB, 104, 143]

Apart from the FEM, therfite difference method (FDM) is another popular numerical methodafor
varietyof problems. FDM focuses on discretizing the spatial domain by dividing it into a grid of points
where the solution is computed at specific nodds.s particularly valuable for solving partial
differential equationsn various field, such as physicand engineering The FDM is straightforward

and conceptually simple, making it easy to implement and suitable for problems with regular
geometries and siple boundary conditiongs well as quick prototyping and testing of numerical
solutions FDM is particularly advantageous in solving parabolic partial differential equations (PDES),
commonly applied in problems such as heat conduction, fluid flow, and diffusion, where the geometry

is relativelysimple,and the solution varies smoothly across the donfasd].

While both FEM and FDM have become indispensable tools in engineering analysis, each carries
certain limitations that must be acknowledged when critically reviewing the literature. The finite
element method (FEM), though extremely versatile for handlingymex geometries and irregular
boundaries, can be computationally expensive. Lagme threedimensional problems with fine
meshes demand significant memory and processing power, making FEM less attractive for rapid
prototyping or optimisation studies #t require thousands of iterations. In addition, FEM results can

be highly sensitive to mesh quality; poorly constructed meshes may introduce numerical instabilities

or convergence issues, requiring careful meshing strategies and often substantial usisexp

By contrast, the finite difference method (FDM) is straightforward to implement and efficient for
problems with simple geometries and structured domains. However, this simplicity comes at the cost
of flexibility. FDM struggles to accommodate irregular getims, curved boundaries, or highly
heterogeneous material properties, limiting its applicability in many practical composite
manufacturing scenarios. Moreover, FDM typically requires uniform grid spacing, which can restrict

resolution in regions of inte&st unless computational cost is increased substantially.
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It's essential to recognize that the choice between FDM and FEM depends on the specific
characteristics of the problem at hand. FEM remains the method of choice for problems with complex
geometries, irregular boundaries, and a need for adaptability in tleshmwhile the FDM is the
efficient method for problems with simple geometigoth methods have their places in the toolbox

of numerical analysts and engineers, and the selection is often guided by the nature of the physical

problem and the desired balaadetween accuracy and computational efficiency.

As computational capabilities advance, the importance of optimizing simulations for speed and
efficiency becomes increasingly evident. One strategy to achieve this optimization involves reducing
the dimensionality of simulations. In many cases, transitignfrom a 3D simulation to lower
dimensions, such as 2D or 1Dy, reasons related to computational efficiency, simplicity, or specific
characteristics of the physical problgmoves advantageous. This reduction not only streamlines the
computational workbad but also simplifies model complexities without compromising the accuracy

of results.

In this study, a onelimensional (1D) heat transfer simulation along the thicknessx{@ of a large
CFRP laminate was conducted, assuming that temperature variations alongpla@éndirections (X

and Y) are negligible. This assumption is valid becthes selected point is located at the centre of

the laminate, far from the edges, where lateral heat dissipation is minimal. Given the large aspect ratio
of the laminate, heat conduction primarily occurs through the thickness rather than in-thelxne.

Snce the heat source is uniformly appligffom the bottom)across the surface, each point at the
same thickness level experiences identical thermal conditions, further justifying the 1D
approximation. Since the temperature gradient in the X and Y directions is effectively zero, heat
NI yaFSNI T2 inzhg ZdireCtidrdzNagki®MIDE sinfulktign an appropriate and accurate
approach foranalysingtemperature distribution through the laminate thicknesSchematical
illustration of the temperature gradient and the location of the selected element are sliowigure

4.1 andFigure4.2.

A wide range of commercializesoftware packages can be used for either FEM or FDM analysis
method. For instantthe ABAQUSANSYS, COMS®ultiphysics, and Open FOAM are somehs
common toolghat offer a range of capabilities for finite element analysis across different engineering
disciplinedor FEMmodelling.However partial differential equations can be solved for FDM analysis
in dedicated simulation software packages, such as MA&hABython (utilizing libraries like NumPy
and SciPy), or throigcustom implementations in programming languages like C++ or Fortran. In this
study, we selected the MATLABImulink to model the heating and curing process of the CFRPs.

MATLAB provides a powerful scripting language that allows for complex mathematical calculations,
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data analysis, and algorithm developmeS8imulink is a graphical simulation tool thatseamlessly
integrated with MATLAB. This combination allows users to integrate mathematical models,
algorithms, and simulations in a unified environmefie blockdiagram modelling environment of
the Simulink madsit easy to represent and simulate dynamic systems. Simbésla comprehensive
set of block libraries containing wide range of préuilt blocks. These blocks represent different
components, operations, amathematical functions within a system. For ingtanthe conduction
block in Simulink includes the heat conductieguation, allowing the user to model the heat
conduction between differentthermal system componentsAll parameters such as area,
temperature, thermal conductivity, and heat capacitan bedefinedto matchthe test conditions.
Overall, the integration of MATLAB and Simulink, along with thedellingflexibility, extensive block
libraries, and simulation tools, makes them powerful todts process simulation in various

engineering and scientific applications.

4.2 Defining the model

When a system has a dominant behaviour or variation along a single dimension, similaatts w
shown inFigure4.1, a onedimensional (1D) simulation can capture thygstem's essential features
without the needto undertakea large threedimensional model. Alsoggarding the benefits of the
FDM over the FEMind the geometry of thegroblem the FDM was selectetbr the modelling
purposes.

Convection
with ambient

T

Conduction i
Conduction
. ) » PN AYAVAVAN A X
W|thba||cljicent NS with adjacent
oc block
z
Vi S
/" $
X 2
Conduction
with mould

Figured.1 Schematic illustration of the temperature for an element at the centrthe CFRP
laminate.
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4.2.1 Selected element and boundary conditions

The elemenunder the studywas selected at the centre of the laminafar from the laminate edges,
where temperature along the X and Y aienot affected by the thermal condition at the edges of the
laminate.Figure4.2 shows thethermal boundary condition of theelected elemenat the centre of
the CFRP laminate.

Selected element

CFRP aminate Convection with ambient.

Conduction with
adjacent element

_ Conduction with
7T adjacent element.

Carbon Fiber
bundles

\
Conduction with
adjacent element.
'

Conduetion with™ - _

T -
acjacent element.  conGcfish with mauid wall,

"X
.x

Figure4.2 Thermal boundary conditions of a) the CFRP laminates and b) the selected element.

The width (w) and length (L) of the elemenens selected equal to 1 cm, where through-out
thickness (d) varies from 1 cm for the thinnest samples up to 3cm for thee8tidaminate This
creates a rectangular meshs shown in Figure 4.3, in which each cell of the mesh can be considered
a grid point for the FDM analysiBor the tcm thick elementthe number of the grid points is 10,
meaning each grid repsents a mesh cell witla thicknessof 1 mm. Similarlythe number of grid

points for 2 cm and 8m-thick elemensis equal to 20 and 30.
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Figure4.3 Schematic illustration of the grid points for the selected element witmilthick
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The poperties of all grid ndes (or points)are identicalexceptfor the top and bottomnodes €.g.
nods 1 and @ in the case of 1 cm thick eleménthe bottom grid nodgnod 10)has a conduction
heat transfer fromthe top with the node above(node 9)and a conduction heat transfer with the
mould from the bottom(orang node)Also, he topnode (note 1 has conduction with the nodeelow
(node 2)and convection heat transfer to the ambient fraitme top. The rest of the grid nodes have

identical heat transfefrom top and bottom with the other nodes.

4.2.2 Simulink model structure
The sructure of the Simulink model foa 1 cmthick element is plotted irFigure4.4 where the

componensin Figure4.4 are as follows:

1: Simulink solver

2: Heating cycle inptime and temperatureralues for the mould are defindtirough anExcel sheet)
3: Heat source blodtt translatesthe set values of the heating cydie the mould.

4: Temperature monitoringomplexfor the heater output.

5: Conduction heat transfer block. This blaskdels the heat transfer from the heaternbugh the

mould. It containstemperature,thicknessthermal conductivity, ancheat transfer crossection area

6: Mould componentthis is the orange node iRigure4.3). It containgnass area, ancheat capacity

of the mould.

7: Condudbn heat transfer for the epoxy resin. This block was added to model the thin epoxy layer
inside the nfusionmeshbelow the carborfibre stack(seeFigure3.27) with a measurecdthickness of

1.8 mm.

8: Composite nodesEachnodeis a subsystem containing different compongat shown irFigure
4.5,

9: Convection heat transfer from thgpernode (node 10jo the ambient. It contains temperature,

heat transfer coefficient, and crosgction area.

10: Temperature source. This block is used as ambient temperatur@egthstant temperature value
of 30°C
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Figure4.4 Structure of Simulink model fan element withthe thickness of 1 cm.

Composite ndesin Figure4.4 are identical subsystegrontainingthe propertiesof CFRRsuch as
mass area,heat capacity, and thermal conductivity. The cure kinetic equation Beation2.2.9was
defined in the subsysteato model the heat othe cure reaction and the state of cure for the epoxy

resin. The componesf nodesshown inFigure4.5 are explained as follosv
1: Input. The leat entersthe nodefrom the previousnode,

2: Mass block defining the mass of tmaterialproportional to the mass presented by the nogkeg.

mass of 1cm x 1cm x 1mm

3: Conduction heat transfer block. This defines the heat transfer paramétessigh the material,

such as thermal conductivity, thickness, and cresation area ofhe node
4: Temperaturesensor It providesthe temperaturevaluesof the node.

5: Heat sourcelt adds the heat of the cure reactiaralculated ircomponent6 to thenode. This isn

addition to theheatenteringthe nodethrough component 1.
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6: The heat of the reaction is calculated in this subsystefthe @mponens of the subsystem are

shown inFigure4.6.

7: Gain block. The generated heat is calculated based on the weight of the mdtdiredd inthe
node. However, since thheat of the reactioris due tothe reaction of the epoxy resin and the resin
weight fraction is 25%the gain block multiplies the output of component 6 by 022&eight of the
CFRP.

8: Extractthe state of the curdor the epoxy resirtalculated in component.6
9: Extract the temperature of the nodgor monitoring purposes and plotting

10: Heat output to the nextode.

Conn2 Conn1

=K~ P
€|a |

Thermal Reference2

Figured4.5 Structure of acompositenode.
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Figure4.6 a) Structure of the heat generation subsysteand b) cure equation parameters defined
by Simulink blocks.

Figured.6aillustrates the component of subsystem 6kigure4.5a and how the cure equatiofiqg.

2.28) was defined using the Simulink blocksglure4.6b). The components are as foll@w

1: Constant blockit holds the initial value 60.01 forthe degree of curgh). Setting the initial degree
of cure to 0.01 instead of 0.00 helps prevent numerical instabilities in the nmmedatdingterms like

in the reaction rate equation
2: Temperature of material in theodefrom component 4 irFigure4.5.

3: Cure equation complexyhich translates the selected cure equation irttee form of Simulink

blocks.
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4: Constant block holding the calculated value of total heat of reaction
5: Amount of generated hegter second

6: Delay block. This blopgombinedwith component 6 provides the value dhe overall released heat

of the reaction tlrough the process.

7: Thisblock complexdivides the overall heat ahe reaction from block 5 by the total heat ttfie

reaction and calculates the degree of cure for the epoxy resin.

8: Extract thereleased heat ofhe reaction and send to component 7 irFigure4.5.

Properties of the Simulink modélockswere defined and controlled through the MATLAB editor
window. This way, wide range of material properties, curing cycles, and boundary conditions can be
studied through the commands from MATLAB. TWdsan essentiahpproach for studying more than
2300 cycle$rom the Response Surface Methday the Simulink modeto investigate andinderstand

the effect of wide range of parametersn the CFRPs internal temperature and degree of cure.

4.3 Model performance and validation

4.3.1 BEpoxy resin

The rformance of theMATLAB_Simulinkhodel was tested againshe experiment. Initially the

model was designed to simulate the temperature of an epoxy block with dimensions of 1 cm x 1 cm X
3 cm asshown inFigure4.7. Themodel was set to beonducted athe ambient temperature of 2@C

where the mould temperature was set at 40 throughout the testAlso, the mitial temperature of

the epoxy resin was 2fC.The temperatureof the epoxy resin sample was recorded at the top, middle,

and bottom of the valme understudy.

A similar condition was set to the test setup to cure the epoxy resin with a thickness ofRBgeme(
4.7). The grformance of the numerical model the prediction of the temperature for the epoxy resin
was validited by comparing the simulation outputs with the actual test restlteecomparison results
in Figure 4.8 shows a close agreement between the test and simulatspecially before the
temperaturesrise sharplharoundat 3840, 3960, and 4.30 secondfor top, middle and bottom layers
with recorded temperature of 214C, 230C, and 6 C respectivelyThe da& collection frequencyor

the test valuesand solver step size were setd@oe second

The differences in peak temperature timing and maximum temperature observed at the three

measurement points are primarily attributed to the thermal characteristics of the mould, the

107



exothermic nature of the curing reaction, and the substantial changes in the heat capacity and thermal
conductivity of the epoxy resin during the process. The bottom layer closely follows the mould
temperature, as the mould acts as a heat sink, dissipiiag to the surrounding environmeifivhen
composite temperature is abovambienttemperature). In contrast, the middle and top layers are
subject to less thermal regulation, which allows the curing reaction to progress more rapidly. This
leads to a fastetemperature risewith heating rate of over 28C/minand higher peak temperatures

in these regions. As shownfiigure4.8a> G KS G 2L YR YARRES fF28SNA NBI C
YR mMpwMm ¢/ KAIKSNI b Kidrghe simiilation resdits G KS o2daG2Y 1 & SNJ

After this point the difference between thesimulation and testvaluesincreaseswhich can be
explained bythe change in the thermal conductivifincrease)yand heat capacityof the resinduring

the solidification procesgdecreases when resin change phase from liquid to solid but afterward
increases with temperaturat different rate. These changes reflect the energy absorption associated
with chemical cros$inking reactionslt's important to note that the change in heat capacity can vary
significanty depending on factors such as the curing temperature, curing time, epoxy resin
formulation, and the presence of additives or fillis5]. The change in the valuef thermal
conductivity can differ regarding the epoxy systémliterature, anaverage of 15% increase has been
reported [145]. Also experimental studies have reportaise in heat capacity ranging from
approximately 5% to 15% during the curing process of epoxy rd<ib$ For the epoxy resin used in
this study, the calculated heat capacity of the fully curesin(as presented iTable3.30) shows a
goowth2 ¥ 203SNJ prs 06SiG6SSYy wp ¢/ FtYR wnn c/ d® ¢KAA
capacity is likely to occur throughout the thickness of the epoxy resin sangisidering temperature
difference of 167 °C through the part thicknegslditionally, it is worth noting that the heat capacity

of the uncured (liquid phase) and fully cured (solid phase) IN2 epoxy resin (as shoabid8.32)

differs by more than a factor of two

Similarly, the thermal conductivity of the resiflike that of most materials increases with
GSYLISNI GdzNBd® ¢KSNBF2NB=  GSYLISNI GdNBE RAFTFSNBYO
middle and top layers exhibit higher thermal conductivity compared to the bottom layer. Additionally,

it is important to note that the rapid tempature increase observed in the middle and top regions

indicates that the bottom layer cures more slowly. Consequently, it remains in the liquid phase for a

longer period and eperiences lower thermal conductivity values as a reslilthe epoxy resin had a

higher glass transition temperature (Tg), the rise in thermal conductivity would likely occur at higher
temperatures. In practical terms, this means the bottom layer would stay in the liquid phase for a

longer duration, maintainingts lower conductivity and further amplifying the througickness

temperature differences. However, this effect primarily applies when considering the same epoxy
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system with an elevated Tg. For different epoxy formulations, the relationship is more complex, as
variations in the heat of reaction and the rate of crosslinking with temperature can significantly

influence the cure kinetics and thermal response.

In contrast, the numerical modelling assumed constant values for both heat capacity and thermal
conductivity throughout the curing process. This means that the effects of temperature variation and
the state of cure (i.e., phase transition) were not incaigted. The model used the heat capacity of
the uncured epoxy resirfrom Table3.32) and the thermal conductivity of the cured resin at room

temperature (se€Table3.33).

Although the simulated temperature profiles at all three measurement points show reasonable
agreement with the experimental data during the initial stages of curing, notable deviations occur
after the peak temperature is reachegarticularly when the resin undergoes its phase transition.
According to Chapter 2, the peak temperature corresponds to a state where more than 50% of the
polymeric network has formed, reflecting the energy absorbed during chemical -lonkisgy
reactions.This phase also represena point where the epoxy resin reaches elevated temperatures

that significantly influence its thermal properties.

The rapid decline in experimentally recorded temperatufeempared to the slower temperature
drop in the simulatiohfurther confirms this shift in thermal behavioaf the resin This suggests that,

in reality, the resin exhibits wer heat capacity(compared to its liquid phagend higherthermal
conductivity at this stage, leading to a faster temperature change than predicted by the model with

constant thermal properties

Another notable difference is that, in the simulation, the maximum temperature ocautise top

layer of the sample where for the experiment, middle layer experiences the highest temperature
value. This discrepancy can also églainedby changes in the thermal properties of the resin,
particularly after gelation and at elevated temperatures. Tiereasedthermal conductivity due to

high temperature at top half of the sampleads to more rapid temperature changes in this region.
Additionally, the top layer is exposed to convective heat transfer with the surrounding ambient air,
which further influences its thermal responsghe difference between the experimental and test

result decreases as the temperature of the sample get closer to the room temperature

It should be noted that the IN2 epoxy resin used in this study has a relatively low glass transition
temperature (Tg) compared with aerospageade epoxy systems, which often exhibit Tg values more
than twice as high. However, the developed thermal mosdeidt restricted to the IN2 resin system.

Its framework is general and can be applied to any epoxy formulation, provided that the corresponding
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cure kinetics are known. In practice, this means that the kinetic parameters of the resin, which govern
the degree of cure and heat generation, can be substituted within the model without altering its
structure. As a result, the model can be readily addpter higherTg aerospace epoxy systems,

ensuring its flexibility and broader applicability beyond the specific case of IN2.
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Figured.7 Test setup for temperature monitoring inside the epoxy resin at three locattorgy the
part thickness.
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Figure4.8 Comparison o&)temperatureand b) Do@alues olsimulation and experiment.

110



4.3.2 CFRPs block

Similar processvas carried out for the CFRifocks (laminates) with different thicknesses. CFRP
laminates with 1 cm, 2 cm, and 3 cm in thicknessramabricated and the througlhickness
temperature at bottom, middle, and top layer was recorded during the curing proEégsre4.9).

The test was carried out at ambient temperature of@Dand constant mould temperature of 80/

for threereplicatesto each thickness.

The results for the 3 crthick sample irFigure4.10a demonstrate much closer agreement between

the simulation and experiment compared to the pure epoxy case showigime4.8. Such deviations

between test and simulation results, observed in the pure epoxy, do not occur for the CFRP sample.

This can be explained by considering the material properties: in CFRP, the resin constitutes only 25%

2F GKS 02YLRaxrdSs s, the SHam i ®alcylatzt Jhdat uEpacifyTor the CFRP
0SG6SSY Hp c/ | YR MH fseefable3R9), compared td &/& 5080For thedlydzi  H s8>
cured epoxy resin(se€able3.30) indicating more stable thermdehaviourfor CFRPOverall, the

thermal properties of the CFRP are less sensitive to temperature changes during curing because (1)
GKS NBaAy O02yiSyid A& NBtIGiAGSte €262 6HU GKS YIE
f26SN) GKIFIy GKIFG 2@),and KSR dzSdzNB2  NBKaSmgsh@het abeimal a A E

conductivity compared to epoxy resin.

Similarly, for the 1 cnfFigure4.12) and 2 cmthick (Figure4.11) samples, comparisons were made at
the top and bottom surfaces, further highlighting the accuracy and reliability of the developed model

in predicting both the degree of cure and temperature evolution through the CFRP laminates.

This consistent agreement across different laminate thicknesses confirms the validity of the Simulink

model in predicting temperature and, consequently, the degree of cure for CFRP laminates. It also
demonstrates that assuming constant values for thernwadduictivity and heat capacity throughout

GKS OdNAyYy3I LINRPOS&a KIFa YAYAYLFE .AYLIOG 2y GKS Y2F
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Figured.9 a) Test setup for temperature monitoring within the CFRP laminates and b) manufactured
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Such anumerical tool pavsthe way to investigate theemperaturecuring stage of the CFRP laminates
for different scenariosFor instance, the impact of the material of the mgude-sided and twesided
heating, thermal conductivity of the composite, ambient temperature, different heating cyfites,
volume fractionand so on Thetemperatureand stateof cure through the thick CFR&#ninates can

alsobe studied.

A summary of the calculated/measured values from this chapter, along with those from the previous
chapters, is presented ifable4.1. Combining these values in a single table provides a clear and
convenient reference, allowing for easier comparison and analysis of the results across different

stages of the study
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Table4.1 List of the parameters and values used in the MATLAB_Simulink model.

Epoxy resin 2700
CFRPs 1200
Heat capacity (J/kg) Aluminium 900
Steel 480
Glass 840
Epoxy resin 0.2
CFRPs 1.2
Thermal conductivity (W/m.K) Aluminium 240
Carbon steel 45
Glass 0.8
CFRPs 0.1548
Aluminium 2.7
Massof the element under the studgg) Carbon teel 78
Glass 2.6
Convection heat transfer coefficient 15
(W/m2.k)
CFRPs initial temperaturgd) 30
Initial degree of cure 0.01
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5. Optimization of manufacturing parameters

This chapter presents the application of the response surface method (RSM) to investigate the
influence of individual processing parameters on the temperature profile and degree of cure within
the laminate. To establish context, the principles of RSM &sndmiode of operation are first
introduced. Several response variables are then defined to ensure that both temperature distribution
and cure behaviour remain uniform through the laminate thickness. The RSM analysis was carried out

using Minitab software, Wich generated a set of test runs based on various curing scenarios

These test runs were subsequently implemented in Simulink, where the corresponding values of each
response variable were obtained. The results were used to develop a comprehensive predictive model
capable of suggesting manufacturing parameters that achithe operatordefined response

outcomes. Finally, the performance of this model was assessed, demonstrating close agreement

between predictions and experimental validation.

5.1 Introduction

Optimization is a fundamental concept in various industtied improves efficiency, reduces costs,
and enhanceperformance.Before the widespread use of computational modelling, optimisation in
composite manufacturing and other engineering fields was largely empirical. Engineers relied on trial
and-error prototyping, fabricating multiple test components, and incrementally atjggparameters

until acceptable performance was achieved. While this approach sometimes yielded workable
solutions, it was timeonsuming, costly, and matergitensive. Moreover, empirical methods
provided limited insight into the complex interactionsttveen process variables, often restricting the

generalisability of the results.

The use of optimization methods has evolved significantly over the years, with diverse applications in
fields such as engineering, finance, healthcare, and logi€iosmization methodsan broadly be
categorized into several types based on underlying principles, characteristics, and application
domains.From the long list of existing methodsathematical models, optimization algorithms, and
machine learning (ML) are more commonbed in engineering problems antanufacturing process
optimisation The toice betweerthe existing methodslepends on the nature of the problem, the

available data, and the specific go&the optimization.

Mathematical methods such d3esign of Experiment (DOfovide explicit mathematical models,
often linear or quadratic, that describe the relationship between input variables and the response.

This leads to highly interpretable models, allowing engineers and practitioners to understand how
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changes in input factors influence the system's behavidine RSM has played a crucial role in
optimizing parameters to achieve desired product quality and efficienoyaiibusindustries. For
example, in the production of electronic components, RSM can be applied to optimize soldering
processes, ensuring the right balance of temperature, time, and material composition for optimal joint
strength [146-148]. Chemical engineers extensively use RSM to optimize reaction conditions,
temperature, pressure, and concentrations in chemical procefist® 150] RSM helps identify the
optimal combination of parameters to maximize yield, minimize waste, and ensure product quality.
This is especially relevant in pharmaceutical manufacturing, where precise control over reaction
conditions is essentigll51). Likewise, n the area of composites and CFRPs manufactibidghas

been used imptimizingthe machining procesd 52-155]and optimizing the mechanicptopertiesof

the CFRRaminates[156]. A key application of RSM in this context is illustrated by Li et al., who used
a combination of finite element simulations and RSM to optimize the cure cycle of large stiffened CFRP
panels[157]. By integrating simulation data into a mitbjective optimization framework, they were

able to significantly reduce temperature namiformity and total curing time two of the most
pressing challenges in thiglart composite manufacturing. Their resuldemonstrated a 20%
improvement in thermal uniformity, offering clear potential for enhanced product reliability.
Complementing this approach, a study published by Ahmad et al., applied RSM alongside a full
factorial experimental design to optimize curing temperature, time, and pressure, with a focus on
improving mechanical performandé&58]. The researchers developed response surfaces for tensile
strength, impact toughness, and hardness, ultimately identifying process windows that yielded up to
a 10% improvement in strength. This empirical validation further underscores the robustness of RSM

in correlating process inputs with performance outputs.

In a study by Daniyan I.A. et |HI59], RSM was applied to optimize the curing temperature and time

to improve the tensile strength of CFRP composites used in railcar applications. The authors used
Central Composite Design (CCD) to investigate the interactive effects of temperature andicwjng
revealing the significant role these parameters play in enhancing mechanical properties. This study
demonstrated that RSM could optimize curing parameters for industrial applications, ensuring that

the resulting composites meet required standardsgtrength and durability.

In another study by Wang et. §160] employedGA was employed to construct predictive models
capable of forecasting the behaviour of the composite during curing by modelling key curing responses
such as viscosity, degree of cure, and modulus development under varying thermal conditions. This
approachallowed for better control over critical process outcomes, reducing the likelihood of defects

such as undecuring or residual stress accumulation in thick sections.
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The RSMprovidesa graphical representation of response surfaces, aiding in the visualization of the
system's behaviour. Engineers can easily observe trends, identify optimal regions, and make informed
decisions based on the visual representatid®l, 162] Genetic Algorithms (GA) and Machine
learning models, on the other hand, are often viewed as "bBlawK' approaches, where the
relationships between input variables and output are not as readily interpretable. Understanding the
decisionmaking process ohe impact of individual variables can be challenging in these methods. GA
and ML often outperform RSM in terms of accuradepending orthe complexity of the problem.
However, ;ice RSM constructs a mathematical model based on experimental data, itegaiyer

fewer data points andewer computational resources compared to ML techniques, which often

require large datasets fdraining.

RSM is weluited for optimization problems where conducting experiments or simulations is costly
or time-consuming. By efficiently designing experiments using techniques, RSM dHtavio be
gathered systematically and cesftfectively to build accurate optimisation problem moddfecent
advancements in data analytics aktl. have influenced the application of RSMhas becomerery
common to use RSM to guide the initial stages of optimization, providing insights into the response

surface and then transitiang to other methods likeGAfor further exploration.

In this study, our objective is to comprehensively assess the influence of various variables on the
temperature gradient within thick CFRP laminates. Employing the Response Surface Methodology
RSM offers a concise and visual meardisoovelthe interactionbetween manufacturing parameters
(variables) even with a limited dataset. Despiteptdential of comparatively lower accuracy when
contrasted with GA andvL, RSM provides invaluable insights into the significance of inputs
(manufacturing variables) aemperature dynamics and the curing state across CFRP components. As

mentioned earlier, the RSkhnbe integrated with the GA or ML for future investigation, if required.

The RSMinvolves a series of steps, including experimental design, model fitting, model validation,
optimization, and verification. Initial experimental points are strategically selected within the feasible
domain to capture the inpubutput relationship. Thesegints are used to build polynomgbr other
functional forms of surrogate modelModel fitting techniques, such as least squares regression or
maximum likelihood estimation, are employed to obtain accurate representations of the system's
responsesurface. Subsequently, model validation ensures the surrogate's reliability and predictive
capability. Once validated, optimization algorithms are applied to the surrogate to determine the
optimal input conditions. Finally, the optimized solution is vedfieither through additional

experimentation or by using the original system.
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A central composite desigfCCDJs a type of experimental design that consists of three parts: a
factorial design, a star design, anccentre point (It is important to note that CCD is a statistical
technique used in the RSM for experimental design and refers exclusively to the methodology for
selecting experimental points, rather than a material or compoheAtfactorial design is a set of
experiments that vary all the input factors at two levels, usually high and Tdw specific type of
factorial design used in CCD is a 2"k factorial design, where 'k’ represents the number of factors being
studied. In a 2"k factorial design, each factor is sewat levels (usually a low level coded-asand a

high level coded as +1jorinstance,if the injection temperature irthe injection moulding process

can be in a range of 28C, and 33@C these values are the levels for the injection temperatdiee
combinations of these levels across all factors result in the factorial points. For example, in a factorial
design with three factor§2”3), you would have a total of 2*3 = 8 experimental runs at the corners of
the experimental spacd ableb.1illustrates the total experimental runs for three factors of A, B, and

C with two levels.

Table5.1 Factorial design for three factors (A, B, and C) with two levels.

Factors Levels Total experimental runs
-1,-1,-1
A (1,41 1,-1, +1
-1,+1,-1
-1, 41, +1
+1,-1,-1
+1,-1, +1

B (-1, +1)

C (1, +1) +1, +171
+1, +1, +1

A star design is a set of experiments that vary one input factor at adimdeatthe extreme level,
usually beyond the high and low levels of the factorial desitne. umber of star poins follows a 2k
relationship with the number of factorgit star pointsone factor is at its extreme valugshere the

other factors are at their midevel. This creates a set of new points to study.

The centre point is a set of experimental conditions where all factors are set at theranué levels.

The centre point is crucial in the design because it allows for the estimation of pure error or
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experimental error. Also, having an additional point at #radge levels helps to detect ndimear
relations between the variables. Using 5 to 6 central psistcommon in the CCD strikes a balance
between accurately estimating error and keeping the total number of experiments manageable
however, the number cahe higher regardinthe number of variables. In this studgminimum of 6
and a maximum of 11 centre points were usedepending on the condition under investigatidh.
should be noted thatiace the RSM was generated using the MATSARUlINK model, no random
variation is expected. Therefore, more than arentre point is not necessary. However, the default

number ofcentrepoints set by Minitab was retained.

The combination of these three parffactorial design, star design, and centre poordates a design
that covers a large and spherical region of the input spébe.space design blockkigureb.1 isvery
usefulin showingthe levelsfor factorial desigrpoints, central points, and star points ftire faced
centre type indesign spac€CDbock The total experimental runs for the CCD for three factors A, B,

and Cresults inanoverall 20 test runsvith sixcentral points andixstar pointsas listed inrable5.2.

@ Factorial point © Central point @ Star point

L, -1, - lpm—m———————— (+1,+1,-1) pmeee——————— . [ P P N T —— (+1,+1,-1)
/’}? P ,*I //E' (+1,0,0) ' ’:: ":? (+1,0,0) ’,-’?
’ rd
(1, -1, 41 mm e 1, 41) e e - (41,1, 41) @ mdmm e e '(+1 11, 41)
] ! 1 H H 1 } 1 1 ! {0,0,-1 ]
HE B oo ! P ol i] ! — P I
LAl dadel e = ] B
1 [ 1 - 1 1 ! g
[ERETET) S - S R - e (b S -
! /’,L v (-1, +1,-1) i o = /J i /)(.D-, T -i- S# L+
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(-1, 41, === —————— 9 (1,41, 41) vl LLos s (-1, +1, .1)‘: ----- {30y (1, +1, 1)
Factorial design Star points Central composite
with central points (face centred) design (CCD)

Figureb.1 Schematic illustration central composite design.

120



Table5.2 The entral composite desigfor three factors (A, B, and C)tato levels.

Factors Levels Total experimental

runs
A (1, +1) 1,-1,-1 2
B (1,+1) +1,-1,-1 3
C  (1,+1) 1, +1,-1 =3
+1, +171 a
-1,-1, +1 g
+1,-1, +1 5
1, +1, +1 S
+1, 41, +1 LL
-1,0,0 )
(]
+1,0,0 8
0,-1,0 £ 2
0, +1, 0 g §
0,0,-1 S
0,0, +1 «
0,0,0 N
0,0,0 £
0,0,0 §
0,0,0 5
0,0,0 8
0,0,0

When the number of variables in an experiment becomes large, using a full Central Composite Design
(CCD) can lead to an unmanageable number of test runs. For example, a full CCD with six continuous
variables requires 64 factorial runs, in addition to axal centre points, resulting in over 80
experiments. To address this, a hatctional CCD is often used, which reduces the factorial points by
half while still including axial and center points. This significantly decreases the total number of runs.
The half-fractional approach is particularly suitable when the primary focus is on capturing main
effects, and quadratic (curvature) effects. Although the factorial core is fractionated, the design still
retains the ability to fit a secondrder model accuratly, thanks to the inclusion of axial points.
Therefore, in this study when dealing with five or more factors, afrattional CCD is used to balance
efficiency with the ability to model complex behaviour. Calculation of the test runs for CCD and half

fraction CCD are explainedTiable5.3.
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Table5.3 Calculation of test runs for full CCD and Hi@ttion CCD.

Designtype Formula
Full CCD ¢ cQ ¢
Halffraction CCD C ¢cQ ¢

"@Number of variables.

¢ dNumber of center points.

5.2 Response surfagaethod.

There are general steps thatust be followedo use the RSM and plan the required test runs

5.2.1 Definingfactors

Factors &lso refered to as independent variables) are the variables that we can manipulate or control
during the experimentandtheir impact on the response varialslés wantedRegarding the objective

of this studythe impact ofthe heating cycle, heating pattern, mould material, ambient temperature,
andthermal conductivity of the laminaten the temperature gradient and cure pattern through the
thickness of the CFRRad to be studied. Each tfie abovementioned parameters has a siist of
controllable variables For instage, in the context of the heating cycléwo heating cycles with

different heating stages, dwell temperatures and dwell timgisofvn inFigure5.3) were defined.

The independent variables can be either continuous or categor@ahtinuesvariables are those
which can be defined with a rangsuch asthe dwell temperature or heating ratesvhereasthe
categorical variables just can havespecific valuegannot be defind with a rang8, such as the
material of the mould or onaided and twesided heating condition of the laminate ull list of the

controllable variables for each conditiemfurther includedn the thesisfor each condition.

5.2.2 ldentifyingthe responsevariables

The response variabléalsoknown as dependent variablesr outputs) are variableghat we am to
control through the controllable variables and need to be defined regarding the study's obj&tsve
are trying to study these variablesd their connection with the controllable variables. Since the
throughthickness temperature gradient is the area of interest in this project, the maximum and

minimumtemperature valueshrough the part thickness are the most importamisponse variabke
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However,additional parameters, such as the location where the maximum temperature occurs and
the degree of cure for every ply, can be useful by providing a better understandihg afiaterial
being processedEventuallygight response parameters were defined in this studyd the desired
condition (or target values) for each of them is explaibetbw. These parameters were selectéal

providecomprehensive insighhto the CFRP laminates duriogring

T_max:Maximum temperature level within the part (alsalledpeak temperature)This parameter

is preferred tobe as close as possible to thigof the IN2 epoxy resin at 8C and notsurpasghat.

n ¢ Y Y Méakivium temperature difference within the part. This parameter is desired to be at low as
possible during the process, meaniagnore uniform temperature through the thicknegthe ideal

value would be zero, ldough it is impossible Depending onthe manufacturing condition, the
neywyYFrE OFy 06S RSGSOGSR I (i agddhdingsaints & BANBringcgdes S Sy
n ¢ ¢ ¥ Makim@imvtemperature difference at the end of the curing process. This value is desired to
be as minimum as possible, meaning uniform temperatureulh the part thickness by the end of

the curing procesPepending on the manufacturing conditidhe maximum temperature difference

can occur at the endfdhe curingprocese ¥ a2 (GKS ne¢yw¥FAYylL £ Aa Sijdz ¢

n 5 2/ Y Waxinym difference in the degree of cure through the part thickness during the curing
cycle This value is desired to be as minimum as possible, meti@part experiences a uniform cure

through the thickness.

n b5 2/ g Maxynbnh difference in the degree of cure at the end of the curing process. This value is
desired to be as minimum as possible, meaning uniform cuaitih the part thickness by the end of

the process.

DoC_crossThe degree of cure awhich the part temperature at the middle ply overpasses the
temperature value athe top and bottom plieslf the detected DoC_cross is below the gelation point
of the IN2 epoxy resin (DoC of 0.42), it can be translatehinsideto-outside curing patternwithin

the part The insiddo-outside heating pattern ithe desired curing pattar for the thick laminates
which leads taa reduction in the inducd manufacturing stresses (residual stre€3¢pending of the
heating pogram and curing conditionhe value of DoC_cross can be anywhere withenrange of
0.05up to 0.9 however the preferred value for the DoCross is as low as possilded not above

0.42for the resin used in this study

Ply_no:This indicates the plgt whichthe peak temperatureoccurs This can provide information
regarding the location of the T_max through the part thickné$swever, since composites with

different thicknesses (and different numlzaf plies) were studied, the number dfe layerwith the
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highest temperatureY A 3K 6S KIFINR G2 dzyRSNREGIFYR F2N GKS NI
defined bydividingthe number of the ply with the maximum temperature by the overall number of

the pliesin the laminate. For instae, if the laminate hagighteenplies and the T_maxsfecordedat

thelZ"LJ 82 GKS / I MHKMYy® ¢KSO3GY R d28d 2 FK & / EINDF §FNIHE R

is 0.5 meaning the maximum temperature appears at ttentre of the element

t_final: Total curing timehat all plies have reached at least 90% cure. Some plies may achieve a DoC
higher than 90%, but none will fall below this threshdldhis valués alsopreferred to be minimum

meaninga faster cure process.

Figureb.2 provides a graphical version of the selected response parameter. The values are marked on

the temperature anddegree of curdor a3 cmthick laminate during curing
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Figure5.2 An example illustration of the selected response parameters-ftm3hick laminate
duringthe curing cycle.

The dependent variables were selected based on their direct relevance to curing behaviour and their
strong correlation with residual stress formation and laminate quality. Maximum temperature

(T_max) was chosen because excessive overshoot acceleratesegetion and contributes to non

uniform shrinkage. Maximum through KA O1 yS&a a4 GSYLISNI §dzNE RAFFSNBY OS
directly reflects thermal gradients, which drive differential cure and residual stresses between core

and surface plies. The dation of the maximum temperature (C) was considered essential for
identifying whether an insidgut curing pattern is achieved, a condition known to minimise residual

stress and warpage. Additional dependent variables, such as degree of cure distrifmudiauring

duration, were included to capture both the quality and practicality of the process. Together, these
variables provide a comprehensive representation of the thermal and chemical phenomena governing

residual stress development and dimensionabdtty in CFRP laminates.

In this study, the primary aim was to demonstrate the feasibility and performance of the selected
optimisation framework; therefore, weighting of the dependent variables was not applied. The
variables were treated equally to avoid introducing subjectiasaind to provide a clear baseline for
assessing the method. However, weighting can be incorporated if specific variables are identified as
being significantly more critical than others in influencing residual stresses or shrinkage. For example,
in future work where the model is extended to predict residual stress formation directly, response
variables closely linked to stress generation could be given greater weight relative tcitopast
variables such as manufacturing time. Introducing weightings waltéd the optimum condition by

biasing the optimisation towards the most heavily weighted factors. For instance, assigning higher
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though at the cost of longer cycle times, while prioritising curing duration would shift the optimum
towards shorter processes but with larger gradients toleratedthis way, weighting transforms the
optimisation from a balanced compromise across all variables into a solution tailored to specific

industrial objectives.

5.2.3 Determiringfactorlevels

We need to @cide on the range of values for each factocludingselecting low, high, and potentially
intermediate levels for the factors based on the system's characteristics and prBoegsstancethe

range of dwell temperature in the selected heating cycle should be selected within the initial

G SYLISNI (dzZNB  2Tgof thenIN2gepoxylregiRatOB K 30 { A YA T F NI @ S 0F 2 NJ (K S
6/ KYAY gl ¥ & tyedminimum and maximum values used by industry in CFRP manufacturing
depending on the partgeometry. The range of theindependent variablesvaiies as different
manufacturing conditios were investigated in this study. The selected range for the varialsles

explainedindividuallyfor each case study

5.2.4 Selecingthe design

As explained earlidn this chapterthe CCDwas selected for this studfzCD is a widely used design
in RSM, which includes factorial points at the corneestre points, and axial (star) pointhat allow

the model to estimate no#linear relationship (curvature) between the independent variables for
complex modelsThe mumber of test runs will be defined based on the number of the selected

independent variables in the CCD, which varies for each case study

5.2.5 Randomiation ofrunorders(Optional)

While randomization might not be explicitly required in all RSM studies, it can offer several
advantages. &domization is important to minimize the impact of external factors or to ensure the
validity of statisticabnalyses. Randomizationdastical when collecting the response variables from

the experiment However, in this studywe are using theMATLAB_Simulinknodel to explore the
influence of the manufacturing condition (independent variables) on the response variables, which
makes the randomizationunnecessaryln real experiments, randomization of the run order is

essential to minimize the influence of uncontrolled factors such as environmental changes, equipment
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drift, or operator variability, which could otherwise bias the results. However, when using a Simulink
model for Response Surface Method (RSM) studies, these sources of variability are absent because
the simulations are based purely on mathematical modmtel run under perfectly controlled,
repeatable conditions. As a result, the order of the simulation runs does not affect the outcomes,

making randomization unnecessatry.

5.2.6 Conducingtests
Next is to grform the tests run accordingto the selected design (here, theCD and record the
observations for the response variablef@) eachtest. SeeTable5.6 as an examplef the list of test

runs for three independent variablémsed on CCD design.

5.2.7 Analyzindata

Satistical methods, such as regression analyaie typically usetb fit a response surface model to

the dataanddescribe the relationship between the factors and the response variabld{g)Minitab
software analyses the data in our studyd generates the regression modelAlso, the software
providesthe values for Bq, Rsq(adj), and RBq(pred) Rsq is the percentage of variation in the
response that is explained by the model and determines how well the model fits our data. Similarly,
the Rsq(ad) is used to assess the goodness of fit of a regression model, which means how well the
model explains the variance in the dependent variable based on the independent variabtgs.di
considers the number of predictors (independent variables) in thedehoproviding a more
conservative and realistic estimate of the model's goodness of fit compared to the R_sg- The R
sq(pred)is another parameter calculated with a formula that is equivalent to systematically removing
each observation from the data setstemating the regression equation, and determining how well

the model predicts the removed observati¢inis an indicatiorof the model predictability).

5.2.8 Optimization

The fitted model can be used to identify the optimal factor levels that maximize or minimize the
response variable(s). In this study, optimization was carried out using Minitab. Within the optimization

menu, it is possible to assign different weights (Isvef importance) to each response variable,
RSWSYRAY3I 2y (GKS RSaAIYySNRa LINSFSNByOSao 126S0S

weight to ensure an unbiased optimization.
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Inthe following sectionsthe abovementioned stepsare followedfor different scenarios to study the

impact of different manufacturing parameteunder specific conditions.

5.3 Impactof heating program

The feating cycle or heating program is a wallownand most common way to controémperature
overshooting within CFRP laminates, and as mentioned earlier in the literature review, it has been at
the centre of researchers' attentioMormally long heating cyckewith low heating rate and several

dwell temperature levels effectivelyinimise thelikelihoodof temperature overshooting.

Previous studiesn the literature review)have demonstrated that introducing cooling or cooling
reheating stages into the curing cycle can effectively reduce temperature overshoot and residual
stresses in thiclsection CFRPs. Such approaches are of clear academic and industrial interest and
couldprovide valuable insight if incorporated into optimisation frameworks similar to that developed

in this work. However, the present study did not include cooling stages for two main reasons. First,
their implementation adds considerable complexity to thegess and is therefore uncommon in
practice for RTM and related OoA techniques. Second, in line with the objectives defined by the
industrial partner (Spirit AeroSystems), the optimisation effort was focused on heatiggcycles,

which were of more diret relevance to their processing setup. Nonetheless, the modelling framework
established in this thesis is wallited to being extended in future work to evaluate the potential

benefits of coolingreheating strategies under industrially realistic condigo

Here, two common heating cyddCyclel andCycle2) are selecteds shown ifFigure5.3to indicate

the impact of different lrating cycles on the temperature and the tdaof cure within the CFRP
laminates.It should be noted that the aim is to cure the part to the maximum possible level before
the cooling down stage, meaning the cooling stage (CR) was not included ioptimeisation
throughout the study The MATLAB_Simulirtool issetto stopwhenthe minimum degree of cure of
90 % is achieved in the CFRP p@itemodellingparameters andonditions for studying the impact

of two heating prograrsare listed inTable5.4.
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Figureb.3 a) Quring Cyclel and b)curing Cycle2
Table5.4 Modellingparameters anatonditions for two heating progrars.
Mould material Aluminium (Al)
Ambient temperature ¢C) 30
Heating pattern Onesided
CFRPhermal conductivity (W/m.K) 1.2
Mould thermal conductivity (W/m.K) 240
CFRHitial temperature €C) 30
Heat capacity o€FRRJ/kg.C) 1200
Heat capacity of the mould(J/kg.C) 900
5.3.1 Cyclel

For Cyclel, heating rate (HR), dwell temperature (D@vell time (DS)and part thicknesgD)are the
potential controllable parametersin terms of thedwell time (DS}he Simulink model is designed to
hold the DS (foCyclel) and DS2 (fo€ycle2) to be as long areededso thata minimumdegree of
cure of 90% is achieved within the pafhereforgthe valuesof DS (foICyclel) and DS2 (foCycle2)

were tobe excludedfrom the controllable (independent) variables.

Nex, a proper range for each parameter must be selecldw leating rate(HR)can varydepending
on the manufacturing metho@nd the part thicknessHowever, to reduce the thermal stress during
the processaindcreate uniform temperature within the part, the common heating ratbeswveen 0.3
C/min and 30 &C/min
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In terms of the dwell temperaturéDT)for Cyclel, it is preferred to be clasand below theTgof the
employedepoxyresinsince the studies have showtime impact of elevated cure temperature on the
crosslinking ratio of the epoxy redih63]. Thereforehere, arange of 106C from 70aC to 80aC was
selectedregarding the Tg of the IN2 resim terms of the part thickness (D) gvare focusing on the

temperaturecontour in thick CFRP laminafesm aminimum of10 mmup to 30 mm in thickness (D).

On the other hand, the response parametershould alsobe defined. All the listed response
parameters are considered fa@verysingleanalysis in this studyHowever, here only the results for
0KS a¢mYyV¥EEEES 38 | YR dio dlustiate théperfor@antdafithenSRod For the
full list ofanalytical plotof the response parametersee AppendiA. A simmary of the independent

variables, the variable range, and the response variable€yolel are listed inTable5.5.

Table5.5 Independentvariables and their selected rangead response parameters f@yclel.

Independent variables (inputs) range
Respons&ariableg(outputs)
Type Description Unit Min Max

Heating rate (HR) &C/min 0.3 -
¢CYYFEZ peuyyYl

Dwell temperature (DT) &C 70 80 n52/ YyYFEZ n
DoC cross, C, t_final

Continuous

Laminate thickness (D) mm 10 30

Thethree continuous parameterand their selected rangrom Table5.5 were enteredto Minitab
softwareto run a response surfacenalysisThe softwaregeneratal alist of 20 test runsased on the
CCDdesign The generatedest runs werethen simulated inthe MATLAESimulink modeland the
response variables werproduced,recorded and fed back to the Minitab to complete the RSM

analysis.
The list of the20test runsgeneratedby the Minitabunder the conditions listed in

Table5.4 and therecorded values for the response variablesng the MATLABImulink model are

presented in

Tableb.6.
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Table5.6 TheRSMgeneratedtest runsby Minitaband the recorded values for thesponse
parametersfor Cyclel.

Controllable variabl Response variables

I I O O — S S S S o o ¢
s X - '3 e o a e 3 =
Z £ € L = PN D
° < —~ = +H 3

- € € > @
1 030 70 10 |69.01 4.30 0.04 0.02 4.30 0.900.10 19201
2 300 70 10 |77.88 9.08 0.06 0.02 4.30 0.880.70 14172
3 030 80 10 |77.81 5.33 0.04 0.02 5.33 0.900.10 15363
4 3.00 80 10 |93.46 9.43 0.09 0.02 5.33 0.850.70 8356
5 030 70 30 |74.44 10.89 0.07 0.03 10.890.570.57 19387
6 3.00 70 30 |113.2530.710.27 0.04 10.310.470.77 9379
7 030 80 30 |78.81 13.29 0.07 0.04 13.290.710.03 16247
8 3.00 80 30 |126.7€33.87 0.37 0.05 5.86 0.570.80 5309
9 030 75 20 |74.24 8.89 0.04 0.03 8.89 0.840.05 17979
10 3.00 75 20 [106.9322.36 0.20 0.02 8.83 0.480.80 7797
11 165 70 20 |95.33 15.49 0.150.01 7.93 0.430.75 12011
12 165 80 20 |110.5118.310.20 0.02 9.31 0.510.75 6483
13 165 75 10 [83.16 5.48 0.06 0.02 4.82 0.880.70 11485

'—\
I

165 75 30 |117.6230.32 0.28 0.05 9.03 0.510.77 7422
165 75 20 |103.5417.100.17 0.02 8.79 0.470.75 8319
165 75 20 |103.5417.100.17 0.02 8.79 0.470.75 8319
165 75 20 |103.5417.100.17 0.02 8.79 0.470.75 8319

e
~N o O

18 165 75 20 |103.5417.100.17 0.02 8.79 0.470.75 8319
19 165 75 20 |103.5417.100.17 0.02 8.79 0.470.75 8319
20 165 75 20 |103.5417.100.17 0.02 8.79 0.470.75 8319

5.3.1.1 Maximum temperature (T_max)

The sandardized effect plot is a commonly used method to illustrate and compare the significance of
the independent variablesn the response value3he term "standardized effect" typically refers to

the effect size of a statistical result that has been standardized to make it more comparable and
interpretable. Effect size measures help researchers understand the practical significance or
magnitude é& an observed effect or relationship in data, regardless of the scale or units of
measurement used in thewgdy. In the standardizd effect dot for Cyclel in Figure5.4, the distance

of the factors from the red line known as the reference ling)indicates the significance of the
parametersThe longer the distance the more significant the impat$g the positioningof the block

on the right or left side of the reference line shows the posiftlieect)and negativgreverse)elation
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between the response variable and the controllable variabileewisethe dgnificant andnsignificant
parameters are shown byed bocks and bkicycles respectively.Since blue circles do not have a

meaningful impact, the software does not assign them labels.

The vertical axis in the chdthe percentage valugsire not absolute measures of variation in the raw
data, they are relative measures of how much each factor contributes compared to the others in the
model.Forexamplejf factor A is shown &0%, that means it accounts for abd¥% of the variation

in the response that the model can explain summary, the purpose of a standardized effect plot is

to visually compare the relative significance of parameters and identify which ones have the greatest

impact

FromFigure5.4, it can be learned thathte heating rate (HRand dwell temperaturdDT)have the
highest and lowest level of significanespectivelyonthe maximum temperaturéT _max)within the
CFRP laminatder Cyclel. The Minitd also provide a separategraph foreachsignificant variable
versus the mean value of the response varighiain effect plot)as showrin Figure5.5a. The curve
line for the heating rate (HRInd straight lines for dwell temperature (DT) and part thicknessn(D)
Figure5.5a, shows the nonlinear relation between th#Rand with value of T_maand linear relation

between the mean value of T_max and DT and D

In RSMresults, curvature appears when the relationship between the input factors and the response
is not simply linear but instead follows a curved, or quadratic, pattern. This curvature indicates that
the effect of the variables changes at different levelfor example, increasing a factor might improve

the response up to a point, but beyond that, the response could level off or decline. A Central
Composite Design (CCD) helps detect and model this curvature by including not only factorial points
(high and lowsettings) but also canter points and axial (star) points, which allow estimation of
guadratic (squared) terms. This richer set of data points enables a more accurate fitting of a curved
surface, revealing the true nature of the respon#éen nonlinear relation is detected such as the Fig

5.5a,bestfitting line (second degregolynomial) is usetb connect those three points

The RSM can also find the interaction between the main input parameterd show that as
interaction plot whichillustrates how two factors jointly affect the response while all other factors
are held constantlf no interaction exists, the contour lines nearly parallel, indicating that the effect
of one factor is independent of the level of the other. When an interaction is present, however, the
lines are norparallel, showing that the influence of one factdramges depending on the setting of
the other. For instancethe AC blockn Figure5.4 represents the effect of the interaction between the
heating rate (HR) and part thicknes9,(& canbe seenin the interaction effect plot inFigure5.5b

(D*HR)When in a standardized effect pla parameter is multiplied by itself, likeA inFigureb.4, it
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represents aguadratic ornonlinear relationshipof the parameter A with the response variables,

T_max

The relationships detected between HR, DT, and D, as shokigure5.5a, are consistent with the
expected process behaviour. The observed increase in the mean vakmaof With greater thickness,
higher dwell temperature, and faster heating rate aligns with both the test results and the simulation
outcomes.Overall, based on the cure kinetics, a higher heating rate results in a faster release of the
heat of reactionHowever, a slight decrease in T_max between heating rates of 2.5 and 3 was not
anticipated. As previously discussed, this outcome is attributed to the model providing the best
statistical fit to the available data points, which introduces a degree of imacg.Figure5.5¢c shows

how best fitting for three data points can result in such pattern as HR bs mean of T_Ihigorab.5a.

This shows that response surface methodology has limitations in delivering highly accurate models
(second degregolynomial fitting model)especially when many parameters are involved. Even so, it

is very effective for quickly producing reasonably accurate estimates with far less computational
demand than methods like machine learning or genetic algorithms. For example, the 20 cycles in Table
5.6 ranin under 20 minutes on a standard laptop (AMD Ryzen 5 3500U with Radeon Vega Mobile Gfx,
2.10 GHz) with 8BBRAM

Also, ahigher dwell temperature provides more energy to the resin, leading to a faster cure rate and
increased heat releag@eat of reaction) In contrast, a thicker part contains more resin to cure and
exhibits slower heat transfer to the ambient environment, resulting in heat trapping and an increase

in the maximum temperature (T_max).

Nevertheless, based ohable5.7 the RSM predicted an overall error of 91.87%, which remains well
GAGKAY | OOSLIitofS tAYAGA YR RSY2yadN)rGSa GKS
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between three data point at minimum, middle, and maximum level for heating rate.

The relation between all controllable and response parameters and their interactions are defined as

the regression model by thRSM The regression model shown Table5.7 illustrates values above

90% forR_sq Rsq(adj),and Rsq(pred).

Table5.7 Model summanyfor T_max

Regression model Rsq Rsqg(adj) Rsq(pred)
T max 2.4 +1.6 HR 40.663DT +0.146D- 7.426HR*HR

+0.295HR*DT 90.5763HR*D

97.236 95986 91.8%%
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Since in this section we are dealing wathly three significant independentariables it is possible to
plot the results of the T_max versus heating rate (HR) and dwell temperature (DT) for composites with

10, 20, and 30mm thickness (D) as showFigure5.6 to create a visual understanding about the

analysis. Theseesultscan be used to understand the maximum allowabletirearate at different

thickneses to avoid temperature overshostvithin the part.For instance, fronfrigure5.6C it can be

learned that to keep the maximum temperature in the part belowg80the heating rate and dwell

temperature should beselected within the triangular region bounded by the 80 °C contour line of

T _maxand the horizontal and vertical axes.
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Figureb.6 Contour plots of T_max vs DT and HRpfmts with a) 10 mm, b) 20 mm, and c¢) 30 mm

5.3.1.2 Maximum temperature difference

thickness.

A smilar principle was followed to analyse the significant parameters on the maximum temperature

difference AT _max) within the laminatesThe normal standardised effect, main effect plots, and

interaction plots are shown ifigure5.7 Figure5.8. Also,Figure5.9 is helpful to realisethe RSM

outputs for thenT_max It clearly indicates how the value of thel_max at different thicknesses

changes andavhat are the values for HR and DT to reduce jifie max toa minimum regarding the

part thicknessIn general Figure5.8 and Figure5.9 showthe increase in the value giT_max by

increasing the part thickness and higgy rate.This trend is attributed to the greater amount of resin

present in thicker parts and the faster release of the heat of reaction at higher heating rates.

In terms of the significance of the independent variables fifeigure5.7, the part thickness (D) is by

far the most significant variabléollowed by(HR) In contrast,the dwell temperature (DTgoesnot

appearasasignifican variable indeterminingthe temperature differencevithin the CFRP laminates.
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The mathematical model for th@T_max shown ifTable 5.8 highlightsthe high accuracy and

predictivity ability of the analysis.
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Regression model

Rsq Rsq(adj)) Rsq(pred)

n ¢ g Y -1E7 +B.43HR +4.72DT- 0.50D- 1.130HR*HR

+0.001HR*DT ©.2918HR*D 40.0105DT*D

-0.0316DT*DT 4.0021D*D

94.54% 93.08% 88.21%
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5.3.1.3 Location of the raximum temperature

As explained in sectioB.2.Z GKS LI NI YSGSNI a4/ ¢é 61 a whedthey SR
maximum temperature occurs within the part thickne3$e value of C is between 0 and 1, wh€re
gets close t@eroit meansthe maximum temperature (T_max)dsttingclose to the bottom layer of
CFRP laminatdt slhould be noted that C never gets to the zero (the lowest vat€ br 10, 20, 30
cm-thick partwould be 0.1, 0.05, and 0.0%spectively. In contrast, C = 1 defines the condition that
the maximum temperature (T_max) is at or very close to the top layer of the CFRP laniimate
normal plot forthe standardized effect ifrigure5.10 highlightsthe significant parameters (red blocks)
on the value of th&C for the CFRP laminateBhe dwell temperature (DT) is an ineffective variable
among the three independent variableBhe heating rate (HR) and the part thickness (D) are the two
significantvariableshowever,the heating rate (HR) has a much higher impact on the valiefoS & / £
compared to the thickness (DAlso, From Figure5.11a, the significance of the heating rate (HR)
throughout its range (from 0.3 to 34C/min) on the parameted / igevidentcompared to the dwell
temperature (DT) and part thickne¢B). Another obvious fact frorRigure5.11a is the polynomial
relation between the heating rate (HR) aad i contrast with the linear relation between the dwell
temperature (DT) and part thickness (Dhe elation between the interaction of dwell temperature

andthe heating rateis alsopresented inFigure5.11b.

An increase in the heating rate is directly linked to a faster cure reaction and a quicker release of the
heat of reaction (as explained in3.1.), leading to a temperature overshoot. In the laminate, heat is
transferred more efficiently to the mould through conduction at the bottom surface, compared to the
less efficient convective heat transfer to the ambient from the top layer. As a resultdiesippates

more rapidly from the bottom layer than from the top. At lower heating rates, the temperature within
the part rises more slowly, allowing more time for the heat to dissipate through the mould, and thus
the maximum temperature (T_max) tends toowir closer to the top layers. However, at higher heating
rates, the internal temperature rises quickly, and causing a shift in the thermal profile. This is why an

increase in the value of C is observed with increasing heating rate (HR).

An increase in part thickness is also expected to shift the value of C toward the upper layers. This is
because a thicker part contains more resin to cure, leading to a greater total release of the heat of
reaction. As the amount of generated heat incressthe laminate becomes more prone to internal

heat buildup, particularly in regions where heat dissipation is less efficient. Consequently, the
maximum temperature (T_max) and the associated thermal effects shift closer to the top layers as

part thicknessncreases.
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The inverse relation between the dwelling temperatureTYand mean of the T_mawas also
expected. The higher dwelling temperature means higher mould temperature (since the heat is

appliedthrough the mould from the bottom to the part).

By increasing the dwell temperature, the temperature difference between the hottest point within
the composite and the mould decreases. This reduced temperature gradient results in lower heat
transfer rates compared to conditions with a lower dwell temgara. Therefore, less heat is
conducted away through the mould, and the location of the maximum temperature (T_max) shifts

closer to the mould surface.

The output of the analysis for CFRP laminates at three different thickngdettied in Figure5.12,
provides information regarding the changetite value2 ¥ (i K&susithe &lwell temperature (DT)
and heating rate (HR) at different thickrses, where the desired condition is when C = 0&hle5.9

presentsthe model performance and accuracy for tharameterd /. €
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Table5.9 Model summary for C.
Rsg Rsqg(adj) Rsq(pred)
72.13%

Regression model
C =1.886 0.055HR-0.02731DT +0.00633D - 0.1564HR*HR
+0.01049HR*DT

92.66% 90.04%

5.3.1.4 Optimum condition
In this sectionthe aimisto find the optimum value for the controllablariablesegarding the desired

values(also known as set targetsf the response variablélhiswas done by setting theresponse
variable's set targets (desired valuésfo the regression modsl(e.g.Table5.7,Table5.8, Table5.9)

and findngthe best combinatiorof independent/control variables (e.g. HR, DT, antbDgontrolling

the manufacturingorocess
Minitab software conductedhe optimisation procesdor each response variablbased on the

desirable values in sectidn2.2 There ardour mainoptions for target values as follav
1. Minimize: Find the minimum possible value for the parameter
2. Maximize: Find the maximum possible value for the parameter
3. Set to target: Find the closest values to the set target

4. Not optimized: Do not optimize the variable.

Table5.10represents the response parameters, target (desired) values, and optimized values for 10,

20, and 3€cm thick laminatesThe optimized value column shows the suggegtgalimized)valueby

the RSMor controllable parameters HR and Ohefit column represents th@redictedvalues for
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responseparameters The value in the desirability column indicateswhat extentthe model can

meet the target valueswhere zero means none aneéne means all the target values arget. For
instancedespite the high Bq, Rsq(adj), and Bq(pred) for T_maxhe fit value i9.27aC(about 12%
offfromthetargets KAt S F2NJ LI NF YSGSNI a/ £ GKS FAG Bt dzS
The desirability factor (also knovas composite desirability$ to understand how well the fit values

meet the target values. Based Giable5.10, for the 10cm thick laminatethe model meets 76% of

the set targes, and it decreases gsart thickness increasedhis type of resulis well expected in the
manufacturingcondition sincdull controlover the processimpossble, especiallincewe haveonly

two controllable variablesheating rate (HR) and dwell temperature (DT) for each thickness.

Table5.10 Optimum values for the response variabfes 10,26 and 36mm thick laminates.

Thicknes Response Optimum value for

(mm) parameters Target  Fit controllable parameterDeS'rab'“t)
T_max(eC) 80 89.27
NT_max(eC) Minimize 7.03
n ¢ Y FoxBY I Minimize 3.36
10 nDoC_max Minimize 0.07 HR = 1.2C/min 0.76
nDoC_final Minimize 0.01 DT =78.2C '
DoC_cross Minimize 0.7
C 0.5 0.5
t_final (s) Minimize 10202
T_max¢C) 80 8441
NT_max4C) Minimize 11.39
n ¢ Y ¥y Minimize 8.14
20 nDoC_max Minimize 0.1 HR = 0.7@C/min 0.69
nbDoC final Minimize 0.02 DT =71.%C '
DoC _cross Minimize 0.62
C 0.5 0.5
t final (s) Minimize 14937
T_max €C) 80 89.58
NnT_max4C) Minimize 18.28
n ¢ Y ¥y Minimize 10.34
30 nDoC_max Minimize 0.16 HR = 0.5&C/min 0.56
nDoC_final  Minimize 0.03 DT =70.2C '
DoC_cross Minimize 0.5
C 0.5 0.5

t final (S) Minimize 15924
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5.3.2 Cycle2

Similar to sectiorktrror! Reference source not foundthe parameters of the heatinGycle2 were d
efined as the independent variables and their range definedin the RSMThe only change here is
the number of controllable variabte ReplacingCyclel with Cycle2 doubles the number of
controllable (independent) variables frothree to six Table5.11. presentghe controllablevariables

and their range andesponse variablefor Cycle2 in Figure5.3b.

Table5.11 Independent variables and their range and the response vasdbteCycle2.

Independent variables (inputs) range
Type Description Unit Min  Max
First heating rate (HR1) &/min 0.3 3.0

Response variables (outputs)

@ Dwell temperature (DT1) &C 40 60 R R
S Dwell time (DS1) min 60 120 CYYrEZ peyylE
= ) . _ ns52/ vYlEZ nps52/ ¢
é Second heating rate (HR: &C/min - 0.3 3.0 C, t_final

Dwell temperature (DT2) &C 60 80
Laminate thicknesgD) mm 10 30

A total of 53 test runs for six continuous independent factessre generated based on thbalf-
fraction CCD by MinitabThis reduction demonstrates a key advantage of Response Surface
Methodology, which can still capture the main, quadratic, and interaction effects with sufficient
accuracy while greatly reducing the number of runs, a feature that becomes especially véduable
more complex geometries requiring longer processing tinvadues of the response variables were
calculated forthesetest runsby the Simulink modednd fed backo RSM for the analysiSable A6

presents the test runs and recorded values for the response variables.

5.3.2.1 Maximum temperature

The normal plot of the standardized effects shoimnFigure5.13 indicatesthe parameters with
signifiant impact on the maximum temperature within the part (T_mawhere the second dwell
temperature (DT2) and part thickness (D) are paramsetgth the highest significance. Alstspom the

list of the main controllable parametersecond heating rate (HR2) and first dwell time (DS1) are not
among the significant parametemshile the interactiosbetween HR1, DS1, DT2, and D are. This again

indicates the capability of the RSbIfind significant parameteramongthe controllable variables and
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their interactions.Figure5.14 provide a clear visual understandingf the connectionbetween the

main controllable variables and their interactiodstected by the RSMTIhe blank boxes in these
figures result from the method used to generate the interaction plots. Minitab produces a grid of two
factor interaction plots, with each box representing the effect of one pair of factors on the response.
In this study, four facts (HR1, DT1, DT2, and D) were considered, and the software generated a grid
encompassing all possible pairwise interactions. A blank box indicates that no interaction exists
between the corresponding factors. For instance, the enlyoty for DT2 and HR1 signifies the absence

of any relationship between these variabl&he same reasoning applies to all other blank boxes
presented throughout the thesig he mathematical model imable5.12 generated by RSM shows a

high precision predictivity above 80%.
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Figure5.13 Normal plot of the standardized effects for T_me&y¢le2).
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Figureb.14 a) Main effect plot and b) interaction effect plot for peak temperature (T_max) within
the part

Table5.12 Model summary for T_max

Regression model Rsq Rsqg(ad)) Rsq(pred)

T_max = 40.8-9.94HR1-3.42DT1 +2.436DT2- 0.208D
+0.0476DT1*DT1 9.1653HR1*DT1
+0.1939HR1*D- 0.02737DT1*DT2 ©.03004DT1*D
-0.01646DT2*D

89.51% 87.01%  79.33%
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5.3.2.2 Maximum temperature difference

The analysis was followed by studying the significaridbe parameters o temperature difference
(nT_maxjinsidethe CFRP laminates f@ycle2. From e standardized effect plot iRigure5.15, in
descending orderthe part thickness (D), second dwell temperature (DT2), first dwell temperature

(DT1), first hefing rate (HR1), and secohéatingrate (HR2pare the most significant variables.

AlsoFigure 5.15showhat2z yf @ (GKS TFTANRG RoeStt GAYS 65{mM0O A& VY7

value among all controllable variable€Similarly, the relation between main controllable values and

their interactionswith nT_max igplotted in Figure5.16 a and b.

The mathematical model defindoly RSM for the impact of independent variables on the response

variablenT_max is presented ifiable5.13.

99
Effect Type
B Significant

937 mF Factor Mame

90+

HR1
Dom
D51
HR2
D12

Tm QO m I

D

Percent
L
[=]

-5 0 5 10 15
Standardized Effect

Figureb.15 Normal plot of the standardized effects foll_max Cycle2).
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Table5.13a 2 RSt &dzYYI NBE F2NI peyYl E

Regression model Rsq Rsqg(ad)) Rsq(pred)
NT_max =10.11- 2.44HR1- 0.226DT1 #.45HR2 40.030DT2

-1.036D +0.1401HR1*DT1
-0.0695HR1*DT2 0©.0726HR1*D-0.0684DT1*HR2 90.09% 87.11%  76.59%

+0.01197DT1*D +0.0557HR2*DT2
+0.01145DT2*D
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5.3.2.3 Location of the maximum temperature

The normal plot of the standardized effect fitie location of the maximum temperature within the
compositein Figureb.17 shows all the main controllable variables and some of the interaction factors
that areinfluential2 y G KS LI Misortkeleffettivedvdridbles are located very cléseach
other, showinga similarsignificance leveDetected relatios between the main variables and their

interactions are shown in Figuréggure5.18a and hrespectively.

From the regression model ifable5.14, despite the acceptable valugf 82% and 72 % fahe Rsq,

and Rsq(adj), the prediction performance-gg(pred)) of the model is around 40%uch lower than
NiKS ¢YPYIFE FYR pe¢yYrE® ¢KA& Oy 0S8 RdzS G2 (KS
variables on the location of the peak temperatunghich can be improved by introducing more

controllable variables to the model
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Figureb.17 Normal plot of the standardized effects for Cy€le2).
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Table5.14 Model summary for C

Regression model Rsq Rsg(adj) R-sq(pred)

C=  2.50+0.066HR1-0.3843DT1-0.01115DS1

+0.420HR2 40.234DT2- 0.0922D

- 0.0823HR1*HR1 6€.004000DT1*DT1

- 0.0823HR2*HR2 0.001500DT2*DT2

+0.002334D*D

+0.00440HR1*DT1 9©.00316HR1*D

+0.000184DT1*DS?* 0.00394DT1*HR2

-0.000531DT1*DT2

+0.000635DT1*D +0.000952DS1*HR2

- 0.000080DS1*D- 0.000281DT2*D

82.87% 72.17%  40.94%

5.3.2.4 Optimalcondition

After analysing the relation between all controllable and response varidtesycle2, the optimal

value of the independent variables regarding the desirable (target) values for response variables can
be found.This was carried out by Minitab software, and the results are showrabie5.15. The
targets are selectetb prevent temperature overshostwithin the part and reduce the temperature

difference through the part thickness, resulting imare uniform temperature and cure pattern

Table5.15 Optimalvalues for the response variablbeased on the target values for 10,20 and 30
mm thick laminates.

Optimized value fol
Target  Fit controllable Desirability
parameters

Thickness Response
(mm) parameters

T_max(C) 80 80.28
nT_maxeC) Minimize 6.35

n ¢ Y F&LY Minimize 4.7 HR1 =_$sC/mm)
S DT1 = 4@Q0)
NDoC_max Minimize 0.05 _ .
10 , L DS1 = 6Qmin) 0.71
nDoC_finall Minimize 0.02 B .
L HR2 = 1.6aC/min)
DoC _cross Minimize 0.8 DT2 = 78.2:C)
C 0.5 0.46 o
t finall(s)  Minimize 13908
T_max(eC) 80 72.3
NT_maxeC) Minimize 12.2 _ :
n ¢ Y FEY Minimize 6.2 HR1 = 1_.'(r£Im|n)
L DT1 = 6@eC)
nbDoC_max Minimize 0.06 _ .
20 : C DS1 = 6Qmin) 0.64
nDoC_finall Minimize 0.02 _ .
o HR2 = 0.3C/min)
DoC_cross Minimize 0.64 DT2 = 64C)
C 0.5 0.5 -
t finall(s)  Minimize 23370
30 T_max(eC) 80 74.7 HR1 = 0.83C/min) 0.65
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NT_maxeC) Minimize 9.7 DT1 =59.8C)
n ¢ Y ¥y Minimize 8.3 DS1 = 6Qmin)
nDoC_max Minimize 0.08 HR2 = 3.0aC/min)
nDoC_finall Minimize 0.02 DT2 = 6@eC)
DoC _cross Minimize 0.4

C 0.5 0.5

t finall(s)  Minimize 26170

Based on the results ifiable5.15, some targetssuch as T_max for 20m and 30mm thick laminates
cannot be met perfectlydue to the nature of the procesand a limited number of controllable

variables

5.3.3 Camparison of the optimization between cycle 1 and 2

The impact ofthe heating cyclen the response variables was studiag definingCyclel and Cycle

2. The results of the analysis for both cycles are presented agsinhktothe in Table5.16 .However,

it should be noted that the final curing time (t_final) is significantly longer for yaidich negatively
affects its overall desirability factor. While Cy2lelemonstrates better alignment with target values
for most response variables indltase of the 30 mrthick laminate, the extended t_final reduces its

overall performance score.

In general, as the laminate thickness increases, the response fdetudd4o deviate from the set
target values This is primarily because it becomes more challenging to effectively control the
temperature and degree of cure in thicker laminates compared to thinner ones. Each curing cycle may
yield better results for certain response variables while performing lyoam others. For instance, in

the case off_max, Cycle2 reaches 8@°C, which is very close to the target value of 80°C, indicating
good performance. In contras€yclel records a highell_maxof 893°C, suggesting that it may be
more suitable for the 10 mrahick laminate. However, when considering the final temperature
RA F T S NBinaQ) Sycleél petforms better thanCycle2 for 10 mm-thick laminate To facilitate

such comparisons, the desirability factor proves useful, as it provides a single metric indicating how
closely each cycle meets the defined target valuesszcall response variabless an overall outcome

from the values of the desirability factaCyclel provides better results (higher desirability level) for

the laminated with low thickness, wheaieCycle2 seens more beneficial when dealing with the parts

with higher thickness (close to 30 mm).

However, it should be noted that the final curing time (t_final) is significantly long€&yide2, which

negatively affects its overall desirability factor. Whilgcle2 demonstrates better alignment with
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target values for most response variables in the case of the 3@hiok laminate, the extended t_final

reduces its overall performance score.

Table5.16 Comparing theptimal response variabkfor Cyclel and Cycle2

Cyclel Cycle2
Target
10 mm 20mm 30mm 10mm 20mm 30 mm
T_max¢C) 80 89.27 84.41 8958 80.28 72.3 74.7
@ Nty Y4CE Minimize 7.03 11.39 1828  6.35 12.2 9.7
E neyYy¥FLy Minimize 3.36 8.14 10.34 4.7 6.2 8.3
g ns52/ ¢y Minimize 0.07 0.1 0.16 0.05 0.06 0.08
(]
g ns52/ ¢i Minimize 0.01 0.02 0.03 0.02 0.02 0.02
§ DoC_cross  Minimize 0.7 0.62 0.5 0.8 0.64 0.4
(04
C 0.5 0.5 0.5 0.5 0.46 0.5 0.5
t final (s) Minimize 10202 14937 15924 13908 23370 26170
2
@ 0.76 0.69 0.56 0.71 0.64 0.65
2
Q

5.4 Impact ofthe heating pattern

In section5.3, the impact of the two heating cycles was investigated while the wagheated from
one side (oneside heating pattern).nithis section, we investigate the impact of tveided heating
against the onesidedpatternon thelist ofresponse variable in sectidn2.2 Figure5.19 presensthe
CFRP laminasainder onesided and twesided heating patters(or conditiors). It is expected to see
a meaningful differencén resultsbetweenthe two heating conditios astwo-sidedheating pattern
potentially provide better temperature control over the CFRP lamindibetwo heating patterrswill
be studied for bothCyclel and Cycle2 heating programsSimilar to sectiorb.3, only the results for
T_maxnT_max, andCE will be demonstratechere. Complete analytical resudtfor the variables can

be found in AppendiA.
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Figureb.19 Schematic illustration of a) orgded and b) twesided heating pattern for CFRP
laminates.

5.4.1 Cyclel
For this analysis, wiaitroducethe heating pattern(HP)as a new controllable parametérs the RSM
model The updated list of the independent and response variables and their range/levé&ydtel

is shown in

Table5.17. It shouldbe mentioned ttat HP isa categorical variable, meaning it has specific values (or
levek) rather than a range in continuous variabl@tevalues ofl and 2in the RSM model foHP
represent onesided and twesided heating patters, respectively.Therefore,for Cyclel overall of
four variables (threeontinuousand one categorical) were defingtthe RSM. The list of 40 generated

test runs by the RSNbasedon CCDand recorded response variables are listed'@ble AL2.

Table5.17 Independent variables and their range and the response vasabl

Independent variables (inputs) range
Response variables (outputs)
Type Description Unit Min Max
g Heating rate (HR)  &/min - 0.3 3.0
>3
% Dwelltemperature(DT) o« 70 80
o
o i i -
Laminate thickness (D) mm 10 30 CUYIES peyy
Levels n¢L|JT7\)/IfZ ﬂ52/l
= DoC _cross, C, t_final
Q
S . one-sided ()
(@]
% Heating pattern (HP) two-sided p)
O
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