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Abstract

With a growing interestor lightweight designn the automotive irdustry, carbon

fibre reinforced composite materials haveattracted considerable attention from
manufacturersas a means to save energy and improve vehicle performance.
However, high material costs and long processing times for conventional carbon fibre
fabrics limit their application to niche vehicle applications (<5,000ppa) where the unit
costs are typically michigher than mainstream alternatives. Directed Carbon Fibre
Preforming (DCFP) offers a kmest and short (5 minutes) manufacturing cycle to
produce semstructural components from discontinuous fibres for volumes of up to
100,000ppa. However, conventionkquid moulding routes, such as resin transfer
moulding or vacuum infusion are unable to match the sloydietimes possible with

this preforming step.

This thesis seeks to optimise the DCFP process to produce preforms suitable for serial
production processes, such as Higinessure Resin Transfer Moulding {RIPM).
Preforms are optimised to achieve low areal mass variability (< 5%) for both simple
2D and complex 3D components, whilst ensuring they can withstand higiourtd
pressures (up to 150 barp study of binder type and binder content is presented
which demonstrates that optimal binder parameters can lead to higher overall
mechanical properties compared to plaques produced by conventional RTM. Higher
binder content prevents the preform from storting (washing) when subjected to

high injection pressures, which consequently results in lower void coctanpared

to standard RTMUsing higher injection pressures daerefore effectively increase

mechanical performance.



However, increasing binde content to 10%.vol significantly affects the preform
permeability, reducing it by approximately 30% when the target fibre volume fraction
is 31%. A permeability model has been developed using a-tbreeted algorithm

to create representative 3D volumaements of the preform architecture to include
realistic throughthickness fibre distributions. The effect of binder content has been
incorporated by adjusting the principal permeability values of the mexsade tows,
using experimental permeability measments from unidirectional nowrimp
fabrics. The model provides an upper boundary for the permeability of DCFP

architectures.

Hbre homogeneity directly influencethe tensile strengthof DCFPwhich can be
controlled through tow size, fibre length aremponent thickness. However, the
ultimate tensile strength is typically limited t6300MPa for an isotropic fibre
distribution at 50% volume fractiorwhen using industrial grade fibres (UTS
~4900MPa) Thisthesisinvestigates the opportunity for using highperformance
aerospace grade carbon fibres to increase the ceiling tensile strength for plaques
made from randomly orientated bundlesd an epoxy matriResults indicate that
using fibres with higher strengths do not necessarily result in higher catepos
component strengths, due to resin dominated failures. However, significant
improvements in stiffness can be achieved, with the most -eff&ctive solution
(stiffness pe£)achieved by blending two carbon fibre grades together in the relative

volume @tio of 10/90 (high stiffness fibre/low stiffness fibre).

Commercially availabléoam cores are unable to withstand the high moulding

pressures encountered with HRTM, thereforat is difficult to producdightweight



hollow sections using DCFP preformstigh volume applicationghe development

of a lowcost watersoluble core materiak presented in this thesisvhich is suitable

for producing hollow composite structureshe bulk material of the core is sodium
chloride (NacCl), which is held togeth®r a watersoluble trehalosesugarbinder. The
composition of the core has been optimised to provide acceptable dissolution rates
and mechanical properties for high volume structural composite applications. The
compressive strength of the NaCl cass57 MPa at ambient temperature, which
reduces to 20 MPa when tested at 120°C. The compressive strength at elevated
temperatureisapproximately 4 times higher thahat of a watersoluble commercial
benchmark and 33 times higher than a conventional structcigdedcell foam. The
specific dissolution rate of the NaCl coiebetween 0.14 t 1.23 kg/(min-nd),
depending on processing parameteend the coefficient of thermal expansiaa
approximately 43 19/K. A practical example has been presented to dematstr
how the removable core can be used to produce a representative hollow section of

an integrally stiffened panel.
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Nomenclature

Abbreviations

AFP Automated Fibre Placement

ATL Automated Tape Laying

BMC Bulk Moulding Compound

CFRP Carbon Fibre Reinforced Plastic

CESMC ggrgggulzigréheeﬂvloulding

CTE Coefficient of Thermal Expansion

DCFP Directed Carbon Fibre Preforming
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OEM Original Equipment Manufacturer

P4 Programmable Powered Preforming
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RTM Resin Transfer Moulding

ROM Rule Of Mixture
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SMC Sheet Moulding Compound
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TCP Tool Centre Point
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G Geometry constant
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Average volume velocity
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Preface
Discontinuous fibre composites are relatively easy to process and have much shorter

processing cycle timesompared toconventional fabridbased materials. They are
therefore seen as a potential solution for lightweighting withihre automotive
industry, but there are a number ohallengestillto overcome, as showin Figurel.

Due to the randomly orientated fibre architectund large stress raisers at the
bundle endsthe mechanical properties of discontinuous fibre composites are lower
than those ofcontinuous fibre composites. Their discontinuous fibre structure can
also complicate the moulding process, as severe fibre washing can occur under high
in-mould pressure for rapid moulding processes, such aRH®R and compression
moulding. The high fibrareal maswariability is another major challenge, because it
directlyinfluences thevariability of theinter- and intraplaque mechanical propeads
Typicallymany specimens need to be tested to achieve a representative mean value
for material propertes, which is time consumingnd low confidence in mechanical
performance results in conservative desigAdditionally, local fibre volume fraction
variation makes it difficult to predict the resin fill pattern during infusion, since the
local permeabity is also variable and can lead to high reject rates when components
are improperly filled. Ultimately these challenges can be overcome, but consequently
there are a lack of tools for discontinuous fibre composites to assist with material
and process devepment and component design. This prevents OEMs from
exploiting the full potential of these materials to pursue integratéightweight

designs.

This thesis seeks toptimise the preforming processof discontinuous fibre

composites to reduce preform arael mass variability. The compatibility of
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discontinuousfibre composites witha rapid moulding processes, HFIM, is

investigated aimingto further shorten manufacturingycleand improve mechanical

properties The work is supported by the development of a numerical permeability

model, to provide accurate moulding flow simulatiofi$ie fibore materials are also

investigatedto seek a coseffective fibreto produce high property composites.

Furthermore, a novelremovable core material is developed to create hollow

sections for integrally stiffened panels.

Fibre volume

fraction
variability
Permeability Inter- and
is difficult to Intra-plague
measure and property

simulate variability

Compatibility

process

Challenging to
make complex
3D parts with
sharp male and
female corners

with high- Limited
pressure - . mechanical
moulding Discontinuous properties

fibre

reinforced
composites

Time
consuming
Young's
modulus
measurment

Challenging
to make
hollow
sections

Lack of
design tools

Figurel Current challenges preventing wider adoption of discontinuous fibre composites in

structural automotive applications
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Chapter 1 Introduction

Increasingly stringent emission regulations and global fuel shortages place enormous
pressure on automobile companies around the world. Whilst many vehicle
manufacturers have started to develop and produce hybrid @edtric vehicles (EV)

to overcome these challenges, hybrid powertrains and batteries add significant extra
weight compared to conventional combustion engines, which bratyer® effects

on energy consumption. Hence, weight reduction of the whole vehidausaland
carbon fbre composite®ffer one potential solution because thfeir low density and

high mechanical performance. The main barrier to adoption is the cost of the raw
materials and thdong processing cycle times compared to conventional metallic

solutions
1.1 Drivers of lightweight materials
1.1.1 Development trend in automotive industry

According to the Paris Agreement (2018), the European Union (EU) must achieve

at least a 40% reduction in greenhouse gas emissions by the year 2030, and 80% by
2050,compared to 1990 levels. Hence, the EU has placed increasingly stringent CO
emission regulations on cars, since they contribute ~12% of totaké@@sion in the

EU[2]. Fran 2020, all new cars need to achieve 95 g/Ki®, which is 40% less than

the emission standard in 2013]. This means a fuel consumption of 4.1 1/100km for

a petrol enging2]. Whilst some manufactures such as Tesla have buitledtric
vehicles, the weight of the lithium ion batteries contribute to over a quarter of the

vehicleweight (~540 compared to 2000kg3®]. According to Helms and Lambrecht
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[4], fuel consumption will drop by over 0.3 I/100knthé weight of a vehicle is 100kg
lighter. Therefore there are significant weight savings to be made in the rest of the

structure using innovative designs and lightweight materials.
1.1.2 Materials, weight and cost

Steel is the most common material used in modern vehicles, not only because it
provides adequate properties, but also because the manufacturing process has been
improvedafter decades of research and development, which means production costs
are minimisedHowever, the high density of steel (7.8 gfrtimits its application in
lightweightdesign. The use of aluminium alloys in body psaregines, and chassis
designs has progressed, as the dengity g/cn?) is only about one third compared
tosteel. IN§Z o0 § i66i[+U p ]-auminium spaxe frame for its flagship
model the A8. This technology was successfully transferred to a higher volume city
car, the Audi A2, which weighed only 895kg. Over 60,000 A2s were produced a year,
compared to just %,000 for the A§5]. The A2 was 43% lighter than a comparable
steel stucture, due to the innovative aluminium spaframe. Whilst the A8 and A2
were a success, aluminium platforms are more difficult to repair and consequently
many accidentlamaged vehicles were scrapped. Raw material costs are also higher
than steel and fornming and joining are more difficuf6]. Jaguar Land Rover first
adopted aluminium for the 2003 XJ model and currently uses it across the entire
Pu E E vP X A 0}%u v8e o]v 1ii71 Z A emimimufdp E > v

stampingradii reducedfrom 12mm to 8mm.

Cabon Fibre Reinforced Plastics (CFRPs) are the latest generation of lightweight

materials used in modern automotive designs, since they offer low density (only ~60%

17



compared to aluminium alloys-1.4g/cnf) and high stiffness and strength per unit
weight. Additionally, CFRPs also have good corrosion resistance, and their properties
can be tailored easily to suit the load requiremeps The McLaren P1 MSO carbon
series, shown ifrigurel.l, is a good example to shwthe application of carbon fibre
composites. It has a fully integrated carbon fibre tub (monocell) and all of the
external body panels, front/rear bumpers and rear spoiler are made from carbon
fibre for further weight reduction. The same technology isdise produce the
monocell for all McLaren vehicles, resulting in 4,000 vehicles per annum. However,
due to high raw material costs, toudabour intensive processing and long cycle
times (several hours), the application of CFRPs in higher volume manuifgcisir
limited [8]. For cost control, there are only 3 components manufactured from CFRP
in the Audi R8 V1€pace frame: the B pillars, the central tunnel and the rear bulkhead
[9]. This multi-material desigronly uses carbon fibre for components that can be
manufactured using automation, which are therefore geometrically simple. Multi
material designs will become more common in the future, but they will iyt

require innovative solutions fgoining CFRPs and metals together.

Figurel.1 McLaren P1 MSO carbon series and its carbon tub

18
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emergingin order to increase the volume of CFRP components in the automotive
industry. Currentimitations include the high capital investment for processes such

as Automated Fibre Placement (AFP) and Automated Tape Laying (ATL), which tend

to be dedicated to manufacturing just one componéh0, 11]. These processes in

particular are also limited in terms of fibre laydown rate (typicddlgs tha 15
kg/hour)[10], especially if the component geometry is complex and features double
curvature[10]. AFP/ATL are therefore commonly reserved for aerospace applications
producing wing skins and fuselaggk0, 11], where machines camwork at their

optimum, laying down materialver long distances.

For automotive applications, necrimp fabrics and woven materialare
thermoformedto createsmaller, morecomplex 3D preformg12, 13] but material
utilisation is limited to typically 600%][14, 15]. In time, netshaped 2D preforms
may be printed using AFP, but the current laydown rate is too low to meet demand.
For example, deposition rate o~400 kg/hour is required for the BMW i3 40,000
vehicles per annunfeat vehicle has 300 kg of composites[16], assuning an
average fibre weight fraction of 6Q%which cannot be currently achieved with

current aerospace focused machines.
1.2 Discountinuas fibre composites and applications

Compared to countinuous fibre compositaediscountinuous fibre comopsites (DFCs)
offer a compromise in terms of cycle time and component cost, as the production
process of DFCs can be easily automated and material processing is less complicated

compared to woven fabrics and ppeg. Therefore, DEs are the most widely
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adopted fibre reinforced materials within the automotive industry, accounting for
90% of all composites used. Fibre length and reinforcement scale (filaments or
bundles) can be varied greatly in these materials, enabling the mezdilgmoperties
to be tailored for specific applications. For DFCs, fibres are randomly distributed in
the matrix in two ways to form different structures: a 2D lag@structure or a 3D
structure, as shown ifrigurel.2 [17]. In terms of the application of DFCs in the
automotive industry, bulk moulding compounds (BMCs), which typically consist of
individual short filaments distributed in the matrix, are used to produce low
performance parts. The fibre distributionmlits the fibre volume fraction to
approximately 20%. Sheet moulding compounds (SMCs) are composed of layers of
randomly aligned chopped bundIgE8], which increases the ceiling volume fraction
to approximately 50%19]. Compression moulded SMCs have been used in vehicles
elJv. 8Z i606i[*X } C % v o° (}E $§Z[20] wéré nZadeirocnsglas$eo
SMC, as were the body panels for the Alfa Romed4L The bonnet of the
Chevrolet Corvette Z06 was manufactured from a carbon EMIC Lamborghini

A 0o}% Z&}EP Ju%}e]s «[U v Av E }v (]  ~D
2010 Paris Auto Shoy23]. In 2017, the Lamborghini Huracan Performante used

Forged Composites for the interior trim and front and rear spoi24$.
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Figurel.2 Fibre distribution of discontinuous fibre composites: 3D orientation (left) and 2D
orientation (right)[17]

Carbon SMCs have superior mechanical properties to-pkssd SMCs, with tensile
stiffness and strength values of approximately 35 GPa and 300 MPa respectively (at
50% fibre volume fraction). The major problem is the cost of these materials. The
UteS e ee(po u S E] o°U ou Z , as uséd oo [theBoeh @ 787
window surround25], are derived from unidirectional prepreg and are typically-£60
80/kg. HexMCis a carbon fibre / epoxy moulding compound and consequently the
material does not flow all that well under pressure due to the high molecular weight
of the resin. Other alternates tend to use vinydster matrices to overcome this
problem, but the tensile strength of the composite suffers as a consequence

(typically 50% lowgrdue to poor fibre/matrix adhesion.

The Directed Fibre Preforming (DFP) process produces DFCs formiouiiding
processes, such as resin transfer moulding (RTM) or resin infusion. The resulting fibre
architecture is very similar to comparable SMC parts, but DFP enables low cost liquid
epoxy resins to be used and avoids the need to produce a prepreg. DFR@rocess,

fibres are chopped and sprayed onto a perforated screen with a powder binder, using
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a robotic armto create a net-shapal preform. The Programmable Powered
Preforming Process (P6] was the first recognised DFP process using glass fibre.
Ford developed tb Ford Programmable Preforming Process (F3P) in[29Ba1sing
string binder to replace the powder type, in order to prevent blockages on the
perforated screen. As the process can be automated, the protential production rate
of DFCs can achieve over 50,000 parts per annum (ppa). Sotingposites
successfully implemented this processpmduce door opening rings and boot lid

surroundsfor the Aston Martin DB,with atotal part production volume of 15,000

ppa[28].
1.3 Directed carbon fibre preforming

The Directed Carbon Fibre Preforming (DCFP) process was developed at the
University of Nottingham, as part of a UK government funded programruadving

Aston Martin, Ford US and Hex¢BLBOS Affordable Lightweight Body Structures )

The aim was to produce low cost, low wastage (a%fprms withshort cycle time

(5- 10 minutes) for liquid moulding processgl. With the introduction of carbon

fibre, DCFP components offered higher mechnical properties and lower weight than
glass fibre counter grts, whilst still offering significant cost savings compared to

using carbon fibre textiles.

DCFFPhas successfullybeen used to produce semnstructural components for the
automotive industry[21, 28, 29], but major drawbacksnclude higher material
variability (x 20%compared to continuous fibre composipeocesse$8], and lower
mechanicaproperties; particularly tensile streng{l8, 30]. Fibre alignment has been

investigated to improve fibre packing to increase the ceiling fibre volume fraction
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and therefore mechanical performang¢8l, 32], but this comes at the expense of

reducing the fibre deposition ratg31].

Recent studie§33, 34] have investigated the possibility of creating hybrid fibre
preforms combining both continuous and discontinuous fibres in local regions to
provide a compromise between material wastage, mechanical performance and the
level of autonation that canbe applied. Evans et dB4] indicated that the tensile
stiffness and strength follow a linear relationship when an increasing volume o
continuous unidirectional fibre is added to a discontinuous fibre architecture. The
challenge is managing the stress transfer from the continuous fibres into the
discontinuous fibre material within the transition zone, in orderawoid creating
large stess concentrations thare detrimental to the composite strength. Hybrid
material solutions offer a good compromise in terms of material deposition rates and
mechanical performance, but it is important to ensure that the resulting material can
be procesed using conventional moulding routes. Corbridge ef38] have shown
some of the challenges faced when-commpression moulding discontinuotibre
compounds ad unidirectional prepregs, including ply migration and distortion of the

unidirectional fibres.

1.4 Core Materials

It is currently difficult to produce hollow composite secti@mrsandwich panelsom
discontinuous fibre materials such as SMC or DCFRhwhiits their weight saving
potential compared to more optimised structures using continuous fibFesam

materials are commonly used to form sandwich pafi@s, but current high volume
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composite manufacturing processes, such as compression moulding or high pressure
resin transfer moulding (HRTM), can generate pressures of B&D bar inside the
mould tool[36, 37], which meanshat closedcell structural foams typically require

very high densities (200 kghfor a compressive strength of 6 MIP28]) to prevent
crushing. These materials tend to stay in the final moulding and therefore add

parasitic mass.

To facilitate themass productiorof lightweight composite designsa removable
core material isrequired to support high-pressure moulding processes (e.g
compression moulding and H®PTM). Furthermore, hollow structusecan provide
additional designflexibility, for example,routing of wiringharnesgs and HVAC
within structural composite&eomponensto further saveweight and increaseehicle

cabinspace

Removable core materials are available and are commonly used in the automotive
industry for manufacturing hollow metallic structures, for example sand cares f
casting cylinder block89, 40]. Sand cores are held together by a binder material,
such as sodium silicate, which hardens when exposed to carbon dipkide
Mechanical removal methods, such as shaking and knocking, are required to extract
the sand, which can be difficult if access is limited or the component is fragile, as the
bonded sand particles do not readily flgWl]. Plastics such asofyoxymethylene
(POM)and low melting temperature metals such as zinc based alloys (ZnAl4Cul) are
also used to make cores, and can be burnt off or melted out at elevated temperatures
[39]. The removal temperatures for extractable polymers (~180°C) and ma8&i()

are typically incompatible with the polymer matrix, or they are insufficiently stiff and
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can crush under the moulding pressure. Caustic solutions containing sodium
hydroxide may be used for removing cerarhesed core§42, 43], but this is harmful

to the environment and can affect the mechanigarformance of the finished
product [44]. Current removable cores, such as Aquacptg also tend to be
incompatible with high pressure mouldjrprocesses, as the resin can infiltrate into
the core during the infusion process, impeding the core removal. Clearly there are
opportunities for reducing the mass of structural composite components, but the
challenge is finding a removable core matettia@t can be subjected to high pressures,

can be quickly and easily removed atah bemanufactured at low cost.

1.5 Theme of work

DCFP was initially developed to produce preforms for Resin Transfer Moulding (RTM)
[8, 46], but a 5t 10 minute preforming cycle time means that the +30 minute RTM
cycle is the bottle neck for producing higher volumes (>15,000ppa). thidsss
investigates the possibility of prodimg discontinuous fibre composite components

via high pressure RTM (HETM)[47], which is amenable to higher production rates

when combined with fast curing epoxy resins.

The inlet pressure for HRTM is typically 7@ 150 bar to achieve resin flow rates of
30-80 g/second48, 49, which can create large forces within the preform and the
possibility of fibre washing. Pinch points are typically used around the perimeter of
HRRTM tooling to prevent the movement of continudiiisre fabrics, but these are
ineffective for discontinuous fibre materials as preforms can tear. Resistance to

washing is therefore dependent on preform compaction and binder content. This
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thesis investigates the influence of binder type and binder contemt the dry

preform strength and the corresponding ultimate tensile strength of the composite.

The void content is also compared betweenRPM and RTM moulded DCFP plaques.
Dry or poorly impregnated macroscale regions appear when the RTM resin flow fro
reaches the outlet gate prior to complete filling. This occurs due to local variations in
DCFP preform permeabilif$0] and processing disturbances, such as #maeking

[5]]. In addition, microscale voids can be generated in the material due to the

inhomogeneous fluid flow propagation caused by the ekclle of the prefornj52].

Finally, a compression moulding route is investigated to understanembind flow

of the fibres can yield a more homogeneofibre distribution and therefore reduce

the material variability compared with the RTM/HETM moulded plaques.
Compression moulding is often overlooked because of the cost of tooling and the size
of the press required, but in reality there is little féifence between HIRTM and
compression moulding, as similar pressures are required to ensure the mould

remains closed during injection.

Chapter 2 summarises a comprehensive literature review conducted for
discontinuous fibre composites, in particular the factors affecting the mechanical
properties. Chapter 3 presents the DCFP preforming facility and mechanical
characterisation methodssedin the thesis Chapter 4 focuses dhe optimisation

of DCFP mformsto achieve uniform fibre distribution for both 2D and 3D structures.
The mechanical properties of DCplaquesare investigated to understanithe level

of in-plane isotropyfor 2D DCFpreforms andthe effects of binder type binder

content andmoulding proces$RTM,HRRTM and compression moulding
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A finite element model (Chapter 5) [@esentedto simulate the permeability
measurement forDCFP preformsA forcedirected algorithm is used to create
realistic 3D preform fibre architectures, accounting for the throdigickness fibre
distribution. Local permeability values are calculated based on this architecture and

then the global permeability is solveding PAMRTM.

Theeffect of fibre strength and modulus ahe mechanical properties of DCFP is
investigatedin Chapter 6 DCFP components with hybrid fibre architectsifevo
types of fibres with different modulus) are investigatedptovide abalance betveen
mechanical performancand material costin Chapter 7, aon-destructive modulus
measurement method is conductedising acousticsand is compared with
conventional mechanical testsThis provides aonvenien inline quality control

method that can pagntially be usedo identify component defects

Chapter8 presents the development of a low cost watssluble NaCGbased core
material, which is suitable for producing hollow composite structures via high
pressure moulding processes (> 100 bar), sucb@apression moulding and HRTM

The composition of the colisoptimised to provide rapid dissolutigpand mechanical
properties that exceed those of commercially available cores. A practical example is
presented, using the removable core to produce repréative hollow sections

typically found in the automotive industry.
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Chapter 2 Literature review
This chaptempresents the literaturereview for the development ofthe Directed

Carbon Fibre Preforming (DCFP) process and its moulding technoldugdactors

affecting the mechanical properties DCFP are also reviewed.
2.1 DCFRompositesnanufacturing technologies
2.1.1 DCFP process development

The Directed Carbon Fibre Preforming (DCFP) process is an automated method for
producing netshaped preforms for liquid mdding processes. The process typically
consists of three steps: deposition, consolidation, and demoulfBhgDuring the
deposition stagegarbonfibre tow is cut into segments (fibre bundles) with constant
length directly from the bobbin. The fibre bundles, along vatbowder binder are

then sprayed on the surface of the preforming tdgla fully automated obot arm
During the consolidation stage, the binder nselinder heatto hold the fibres
together, ensuringthe preform becomes rigid (consolidated) once cured. The
consolidated preform is then ejected from the tool during the demoulding staige.
cycle time can be as short ast30 minutes, and the material cost is minimised as
fibre tows are used directly from the bobbin rather than applying extra intermediate
processes to align or weave the fibres togther. Furthermore, because the chopped
bundles are deposited directly onto the mould to form redtapel preforms the
material wastage is less than 5%Wwitthough carbon fibre hasighertensile strength
(~30%) and stiffnesg(~300%)than glass fibre, it also creates some difficulties in
termsof the manufacturing process. The fibre chopping system in the P4 pri&ti}ss

used for making glass fibre preforms was reported to be unsuitable for carbon fibre,
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as blockages could easily ocd8t. Hence, theUniversity of Nottinghanfurther
developed the chopping system to ensure it was compatible with carbon fibre.
Additionally, thedeposition of the low density tow (108g/cn? for carbon fibre VS
2.54 g/cn#for Eglass) material is easily influenced by airstreams in the production
cell, resulting irproblems with preform consistency, particularly as the areal mass of

the fibre layers increasd80].

2.1.2 Moulding technologies for DCFP prefort/®TM, HARTM, and Compression
moulding

Resin transfer moulding (RTM) is a member of the liquid composite moulding family
[53]. The key feature of this process istldiquid resin is pushed into a closed mould
with a dry preform inside under a certain pressure (typically < 10bar) provided by a
pressure vessel or injection system. After the preform is fully impregnated by the
resin and the resin is cured in the moutie moulded component can be ejected.
The RTM process is schematically showigire2.1. The use of this process can be
traced back to the 194(sr manufacturing boats using glass fibre reinforced plastics,
using a vacuum to assist the resin impregnai®8]. RTM haséen widely used since

§Z i66i[s ]Jv §8Z A 0}%u vs }( e«SSHyctEraldpads for < u]
automobiles, aircraft, sporting goods e{&3]. Since the DCFP process was initially
developed by thdJniversity of Nottinghammany studies have been carried out on
the characterisation of DCFP parts moulded by R&M7, 54]. Turner et al[46]
showed thatRTM moulded DCFP pasi® cost effectivevhenthe annual production
volume increases beyon800 parts/annum, compared witla semiimpregnated

laminae system.However, long manufacturing cycle timés conventional RTM
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(approximately 3660 minutes depending on resin systgrimnit its application in the

automotive industry.

Vacuum Vacuum

R

Preform Cured component

Figure2.1 RTM moulding procesplacing preform into a mould; applyimgptional vacuum
after mould closureinjectingpre-mixedresin into the mouldgcomponent is cured in the
mould before demoulding

Structural reaction injection moulding (SRIM) is another liquioulding process
similar to RTMHighly reactive twecomponent polyurethangwhich can be cured in
seconds,is the most common resin used in SR}85, 56]. During the moulding
process, the two compomgs stored separately arpumped into a mixing chamber
and injected in to mould cavity after impinging mixig]. Due to the rapid curing
rate, in order to keegood infiltration, the fibre volume fraction {Mn SRIM typically

is limited at ~30%57]. In recent years, HRTMis developed by th@revious SRIM

developers: KraussMaffei (Germany) and Hennecke (Germany), for example. HP

RTMhas been used commercially as a fast manufacturing process for high volume

production of carbon fibre composites componemigh a Vs of 60%49, 57-59]. HR
RTMis developed on the basis of conventional RTM, but isussimilar resin

injection systenwith SRIM providingmuchhigher injection pressuie(>100bar) to

fill the mould cavity quickly. In order to withstand the higher injection pressure, a

high press force(typically 36,000 kN) is needed to seal the mouldool [36].

Furthermore, reactivepoxyresins have been developed to achieve short cycle times

(1-10min), which reduces the cycle time by 86&tnpared with conventional RTM

[37]. Hillermeier et al. have developed resin systems that cure within 2 minutes and
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5 minutes, which are suitable for HPTM[60]. HRRTM moulded parts are also
reported to have low void content and excellent surface fifk8] compared to
standard RTM, driving the development of suitable preforming technolobiiesce,
the combination of DCFP and 4R¥M cansuitably increase productivity of
discontinuous fibre composites up to 100,000 ppas(emsing a Eminute Takt time)

if some of the associated challenges can be overcome

The main problem with HRTM is fibre distortion ~ (] € A s @dJe/t® the high
injection pressureas shown ifFigure2.2. In addition to using advanced leviscosity
resins, attention should be paid to the binder technology used during the preforming
stage. For example, the EPS620 binder made by Momentive was dedetop
provide strong bonding for fibres to prevent fibre wash[6@]. This reactive binder
fully crosslinks during the preforming stage to provide a strong fiibee bond. This
however, can affect the ultimate composite strength, as it does not get absorbed into
the bulk matrix during resin infiltratiomnd can therefore act as a pollutant. It is
unknown whether the same binder materials are suitable for discontinuous fibre

composite applications and at what percentage levels they are effective.

Compression moulding is one of the fastest manufacturireg@sses for long fibre
(>10 mm) composites production. It has been used extensively for manufacturing
SMC parts within the automotive industry. The mechanical properties of carbon fibre
MC (CFSMC) were investigated by Cabrera and Cdétth showing that there was

up to 200% improvement in tensile stiffness, compared with glass fiore SMC
counterparts. However, the high cost of raw materials and the lataiensive

charge preparation step has limited the uptakd €@FSMCs for automotive
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applications. Evanet al.[62] developed a system that is able to chop carbon fibre
and spray resin simultaneously to make 4séiaped charges. The charges are
subsequently moulded by compmsion moulding, achieving tensile modulus and
strength values comparable to the commercial systems (36 GPa and 320 MPa

respectively{62] from the isotropic fibre architecture).

Fibre distorion

Injection point

Figure2.2 Large fibre distortiorfindicated by red lingin a composites part made by HP
RTM

2.2 Factors influencing mechanical properties of DCFP components

2.2.1 Effects of fibre architecture parameters

Harperet al.[63-65] carried out a series of experimento investigate the effects of
DCFRibre architecture parameters: tow size, fibre length, and filamentisatidre
strength and modulus of DCFP parts can be enhaicegéneral by using methods
that improve fibre distribution, such as using fibres watimalkr tow sizes, shorer

fibre lengths, and highevels of towfilamentisation(fragmenting the tow to achieve
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smaller filament counts)However,Jacob et al[66] found that boh strength and
stiffness decreased when shorter fibre lengths were used. The authors attributed the
reduction in strength and stiffness tan increase irstress raisers introduced by
shorter fibres irnthe specimensThere is clearly a critical length faore bundles, but

it is difficult to establish. Harper et d64] proposed a model based ahe Kelly
Tyson model, but it has never been effectively validaidtedatapresentedin [17]
indicate that increasing fibre length from 12 mm to 29 mm results in a 19% increase

in strength, but only a 4%creasein modulus

Many studies indicate the advantage of using smaller towss@emproving tensile
strength and modulus ofliscontinuousfibre composites.Smallertows provide a

more homogeneous fibre distributiorgvoiding resin rich regions and ensuring a
more uniform fibre volume fraction distribution across the component to provide
more efficient stress transfer between the fibre bunslj&7]. Larger tovg containing

more synchronisegbarallel filaments will have larger stress concentratipmat the
bundle endsresulting ina negative effect orthe compositestrength[67]. It should

be noted that smaller tow sizes are more expensive thagelatows following a non

linear relationshi@s shown irFigure2.3[8]. Filamentisation can be used to fragnen
larger tow sizes to effectively create smaller tows. This has a similar effect on the
mechanical properties as using smaller tow sizes, but the splitting process is not easy
to control and results in lots of single filaments and very small clusteriofents.

This can create problems with preform loft (high bulk factor), which limits the

maximum fibre volume fraction to approximately 30%)].
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Figure2.3 Carbon fibre cost (Toho Tenax Europe GmbH, 2003) versus toj8]size

The dfect of specimen thickness on mechanicalgeties haslsobeen studied17].

For a 24K DCFP component, when thickness increases from 1 mm to 3mm, its
stiffness and strength increase by 19% and 36%pectively[17]. Increasingboth
specimen thickness and increasing preform areal densiiynprove mechanical

properties of compositesypreducing preform variabilit|8].

It is clear that mny previousstudies tend tdocuson the effects of parameters that
influence fibre distribution and theause oflefects uch astress raisersHowever,

the effect ofthe constituent materials, in particular thibre strength andfibre
modulus on mechanical properties of moulded DCFP pas not yet been studd.
Thisthesisaims to understand if theandom ruleof mixtures (ROM)is applicabldor
DCFRnaterialswhen using carbon fibres with range of different stiffnesses and
strengths. This study will indicate if there is a practical upper limit in terms of the

fibre contribution to the ultimate composite stngth.
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Hybrid fibre architectures containing both carbon fibre and glass fibre offer a
compromise between mechanical properties and material §68t71]. Glass fibres
are added ito carbon fibre composites to enhance failure strain and reduce material
cost, while higher carbon fibre content in glass fibore composites helps improve
strength and stiffness. The hybrid effect of combining M40/TF@) and IM7/T700

[73] (the stiffness ratio of higimodulus fibre to lowmodulus fibre is betwen 1.6

and 1.2 respectivelyhas been studied for unidirectional fabrics. Higher content of
high modulus fibre in hybrid composites leads to higingrallcomposites stiffness,
andthesevaluesare in closeagreement with the theoretical valugsedictedbyrule

of mixtures. Howeverwhen the high-modulus fibrecontentincreasesn the range

of 25%- 50 %, the measuredompositestifiness values are ~4% lower than the
theoretical values. The strength of hybrid compositeson the other hand,
significanty decreass with increasinghigh stiffness fibrecontent due to thelow
failure strain[72]. The hybrid effecof using two different carbon fibre grad for

random discontinuous fibre composites requires further investigation.

2.2.2 Analytical models for strength and modulus of discontinuous carbon fibre
composites

2.2.2.1Modulus

The most commonly used method for estimating the longitudinal modulus of
compositess the rule of mixture (ROM), which assumes ttiet strain in thefibres
is equal to the strain in thenatrix [74]. The equation below shows the solution for

the modulus of a composite containing continuous fibres:
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"'oL &'UE& ' Equationl

Az E ] z}uvP[e u} phepelunve fraciien, andhe subscriptg, f, and

m representthe composite, fibe and matrix respectively. The shdag model is a

Al oC p- % %o E} Z (}E *S]((v *« SJu S]}vU)[BIREGE} p JVvP
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the random orientation distribution:

‘oL X&' UE:SF &;' 4 Equation2
52¢ 0 @—;

% L_—x_' Equation3

R 6hg _

I L Equation4
§3/Nf33€2 quatio

R L AUy? K&y Equation5

The fibre length (1), the radius (r), the shear modulus of the matriy @&d the fibre

packing factor (R) are consi@E  X]er $Z % E}% }ES]}v }( (] Eor S }E] v
a perfectlyrandom 2D (planar)¥ibre structure, the orientation factor is 0.3756].

When the fibrefilamentaspect ratio (length/diameter) is over 1000, which is the case

for DCFP, the stiffness model can be simplified to the random R@M

‘oLrayw'yES8 "', Equation6

In the sheaflag model it is assunagthat there is no tensile stress at the fibre ends

but grains of up to 0.5% have been found at fibre ends wheB.Hs as low asl6

[77]. However, whenEy approaches 100 (the case for carlddre/epoxy), the end

effects can be ignoref¥8].

2.2.2.2Strength
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The estimation for strength is similar to the one for modulus in the form of ROM,
becausehe stress imssumedtobeo]v & A]S3Z §Z +3E Jv ~« A x X &}E
composites, the strength achieved whtre fibre brealsis:

ésL §& E :sF gy éUa Equation7?

éY% L Y4 Equation 8

Where 13 is the strain thatcausesfibre failure. However, the strength of a
discontinuous fibre composite cannot achieve the value calculated by the equations
above, because stress concentrations will occur at theefdmds. Kelly and Tyson
[79] proposed a length efficiency factor by introducing a critical length term. The
difficulty predicting the ultimate composite strength is due to material variability and
multiple modes}( ( Jou@E X t ] poo[s A |[86 cahvde &FplpEQ

describe the strength vaability:

(4:6; LSFAT¥I—;2? Equation9

where F is failure probabiltyof o u vSe pv E ¢&dhescatdparameter

having a relationship with material volume, and m is shape parameter which is a
measure of material variabilityf a material is highly variable, it will have a higher

% E} ]o]SC (}E& ( JonE U he ][ wéakast itk @enhtes for %o v }v
the DCFP process, improving the fibre homogeneity is important for achieving

consistently high strength values.

2.2.3 Effect of binder
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Ideally, binders should be able to provide good adhesion between fibre lagevsll
asprovidedimensioral controlto preventspringbackafter preforming[81]. Binders

are either thermoset or thermoplastic materials which appear as saitdambient
temperatures and can be easily melt by heating[81, 82]. In terms of HFRTM, as
more binders are added into preforms to prevent fibre washoug under high
pressure, high binder contentnay have a significant influence on mechanical
properties. However, there is no literature about the effect of binder content on
mechanical propertiesfdtHRRTM parts. Hence, in this section, the effect of binder
for conventional RTM parts is reviewed to get a general idea of how binders influence

mechanical performance.

Generally, the effects of binder concentration on mechanical properties of a
composie preform and moulded component have beeidely investigated[8, 83
85]. In a previous binder stud{B83], the optimum content of PT 500, goowdered
epoxy bindemanufactured by 3Mis suggestetb bein the rarge of 4t 6 wt.%. For
the preform with lower binder concentration (1% or 2% approximatelygre is
insufficient adhesionWhen binder content exceeds 8 wt.%, the fabric will be too
rigid andhigherresin injection pressuieare required fomould filling as the pore
volume of the preform isower. Furthermore, Harpe[8] carried out experiments on
the investigation of bindercontent for DCFP. The modulus aaliimate tensile
strength of moulded DCFPcomponentswere investigated using threedifferent
types of bindersand at three levels (3wt%, 6wt.% and 9wt.%)e resuls indicated
that both compositestrength and modulus were improved when binder content
increased from 3wt.% to 6wt.% pwever there was a reduction in propertiagien

the binder content increased further to 9wt.%. Hillermeier and Seferi484]
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investigated the effect of bindedistribution on mechanical properties ahoulded
parts,by comparing the effect of different application metho@mpared to manual
applyng binders by using a siftethe nozzlesprayed binders provided better
interlaminar fracture toughness (30% increased interlaminar shear strengtiue

to better binder distribution.

2.3 Conclusion

DCFP is a cost effective manufacturing process with a ~5 minutes cycle time and
generates ~5% material waste, so it is suitable for the automotive industry for high
volume production. Whilst théensilestrength of DCFP anly approximatelyhalf of
continuous fibre counterparts, the modulus is approximately 80%. One possibility for
increasing the mechanical properties of DCFP parts further is to increase the stiffness
and strength of the reinforcing fibre, but this has an obvious impact on the
component cat. This thesis will find the cost/performance balance for a range of
carbon fibre types, ranging from intermediate modulus to high modulus variants. The
literature review also suggests that blending different grades of fibre to create a
hybrid fibre archiecture may have a positive effect on the tensile stiffness and
strength of the DCFP composite.-RPM is a rapid moulding technology, which may
work with DCFP to further improve production rates. However, Dig&fBrms need

to withstandthe high injectionpressures to avoid fibre washinghilst ensuring the

binder material desnot have a negative effect on the mechanical properties.
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Chapter 3Experimental methodology
The facility and methodology used to develop DCFP preforms for both 2D and 3D

structures are intoduced. Additionally, he characterisation methodgor dry

preform and moulded plagues are presented.
3.1 Preforming process development

DCFP preforms were produced using the facilfjgyre 3.1) developed at the
University of Nottingham. Fibre tows were chopped into 22.5mm and 45mm long
bundles using the chopping system mounted on-ax& Fanuc robotRigure3.2).
Fibres were sprayed onto a perforated tool with powder binder. Under the tool, a
largefan isusedto provide apressure gradienf0.05 bar) taretain the fibres on the

tool.

}nilg:hopping -

T system

-

b

—

Binder tank

S

Figure3.1 FANUC robouvith fibre chopping systerand binder spraying system
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Pressure roller

Fibre feed roller

Rubber pressure |
roller

Chopper roller

Figure3.2 Fibre chopping system and binder spray nozzle

The fbre deposition process was first characterised in order to understand perform

variability, using the methodology belaw

X Hbreswere sprayedalong two directions (marked as X and Y directions in
Figure3.3): yW &} }S J& S]}v e« u o Z}%0 % &[e S VP v§]
E} }S JE& S]}v % E% Vv ] uo E S} Z}%o % E[e S VP v§]

X A photo was then taken of the preform, in order teeasure thepath bias
distance betweenthe centre line ofthe actual preform path and the
designed robot path (green line).

x Twotool centre point (TCP) heights were selected: 50 mm and 200 mm.
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Figure3.3 Fibre deposition characterisation along two directions (X and Y)

For the work in this thesis, robot paths were programmed for a 2D flat preform
(700mm*600mm) and a more complex 3D automotive structure, to investigate the
mechanical properties of moulde®CFP components and to demonstrate the

effectiveness of the DCFP process respectively. The tools used for manufacturing the

2D and 3D preforms are sho@' ure3.4

Figure3.4 (a) Frame used to make 2D 700mm*600mm preforms; (b) the 3D tool used for
ZAdZ)1ES][ % E (}EuU-
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3.2 Characterisations
3.2.1 Tensile test of dry DCFP preforms

Tensile properties of dryectangular DCFP preforms (T700 carbon fibre) with
different binder contents (5wt.%, 10wt.%, and 15wt.%) and types (EPRé&2€tive
and EP0539Wnreactive) were tested, according to 1ISO3342:18%h binders are
provided by MomentiveDuring themanufactuing process oDCFP preformswo
spacers (1.7mm and 2.5mm thick) werlaced between theressplatensto control

the thickness of preformgo represent different fibrdractionsat \t 50% and V34%.

Thedetailsof the manufacturingparameters ardistedin|Table3.1

Table3.1 The manufacturing details of the dry DCFP preforms (T700) used for areal mass
variability measurement

Consolidation
] ] Preform Fibre temperature
Binder | Binder Preform
area length& Spacer used and ]
types | content . . . size
density | tow size compaction
pressure
5wt%
BPS 45mm 1, 1.7mmthick strips 160°C 700mm x
10wt% | 1200gsm ) _
620 12K 2, 2.5mmthick strips 0.15 MPa 600mm
15wt%
5wt%
EP 45mm 1, 1.7mmthick strips 90°C 700mm x
10wt% | 1200gsm
05390 12K 2, 2.5mmthick strips 0.15 MPa 600mm
15wt%

In order toconduct dry preformtensile tess, preforms were cut into 280mnx
115mm pieces. For each type of preform, 10 samples were tested with an initial

distance betweerthe 2 grips of 200mmusing anINSTRON 5966 testing machine

shown inFigure3.5{ The tensile force was recorded by a 5KN load cell attached to

the crosshead of the testing machine. The displacement measurement was also
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recorded from the crashead of the machine, due to the low compliance of the

preforms. Theeast speed was 10mm/min. No slippage of the samples was observed

near thetwo grips

Figure3.5 Dry DCFP preform testing rig and machine

3.2.2 Mechanical testing

Three mechanical testing methods were used for the moulded plaques: tensile test,

compression test, and Charpy impact t€sales.2).

Table3.2 Test methods used

Test method Test standard Specimen size
Tensile BS EN I1SO 5271997 250mm x 25mm x 2.7mm

Compression ASTM D34103 150mm x 25mm x 2.7mm

Charpy impact BS EN ISO 1:292001 80mm x 10mm x 2.7mm
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Both tensile and compression testd moulded plaqueswere conducted on an
INSTRON 5578 universal testing machine at a test rataroh/Inin. Tensile testing
was performel according to ISO 524 1997 Aluminium tabs (50 mnx 25 mmx 1.5

mm) were glued at each end of the specimen and on both sides to prevent slippage
and minimise stress concentrations in the jaw region. The gauge length of the
specimen was 150 mmAll specimens were painted matt white and then speckle
coated to enal# anon-contact video gauge to be used (IMETRUWMiversal Video
Extensomete). The strain was calculated using the IMETRUM Video Gdagalysis
software. A 50 kN load cell was used to redothe applied load during the test.
Straightsided specimens werased rather than dogponed specimens, as failure
generally occurred within the gauge length of each sample. Theseialatare notch
insensitive and are therefore more likely to fail due to the inherent stress

concentrations within the material rather than due to stress raisers in the grip area.

Compression tests were conducted according to ASTM DG@316tandard. All
specimens weralsopainted matt white and then speckle coated to enatile same
video gauge system used tine tensile test The IMETRUM Video Gaddeanalysis
softwarewas also usd to calculate strairEach specimen had a gauge length of 12.7

mm between the parallel clamps.

An Avery Denison Charpy impact test machigre3.6) was selected to carry out

the flatwise impact tesbn un-notchedspecimensJecimens were cut, polished and
tested according to 1ISO 170li (X "E}@Eu o &o 3A]le (o £ApE o Z E%

(1SO13802) were performed using a strike velocity of 3.46Miis.results from this
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test provided a comparative quantitative measure of toughness, indicating the

energy required to fracture each material.

Figure3.6 Avery Dension Charpy impact test machine

Two different studies were performed in this thesis to determine tmechanical
properties ofmoulded DCFP plaquds the first study plagues moulded BHRRTM
(T700 DCER2K45mmEPS62a0wt.%)were selected to conduct tensile testo
investigate thanter- and intraplaquevariationfor DCFP properties. For each plaque,
20 tensile specimens were preparethe longitudinal direction of 10 specimens
(marked as 0 degyasparallel to the flow direction during resin injectiowhilst the
other 10 specimens wercut transverse to the flow directiofmarked as 90 deg)

shown inFigure3.7| For the second stugyp specimens were prepared and tested for

each of the three mechanical tests mentioned above, to investigate the effects of
fibre properties, binders, and moulding prases on the mechanical properties of

DCFP.
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Figure3.7 Cutting plan of the HHRTM moulded DCFP (T700 DCFP-4b2Kn-EPS620
10wt.%) to investigate the inteand intraplaque variation

3.2.3 Void analysis

Void analysis specimens were taken from ends of compression test spegimbiits

were clamped in the jaws and were consequently a suitable distance from the failure
site. Specimens were mounted in polyester casting resin and then polished using
silicon carbidepaper (P240, P400, P800, P1200, P2500, and P4000) and.ai 1
alumina powder paste. A Zeiss AxioLab optical microscope with x5 magnification lens
and Qlmaging QICAM -t digital camera were used to take micrographs of cross
sections of the specimens. Athicrographs were processed using ImageJ to
determine void locations, by applying a gissale threshold. Void fraction was

measured by calculating the area percentage in each image.
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Chapter 4Manufacturing process studies
This chapter introduces the optimisatiorrqeess of DCFP preforms to achieve

uniform fibre distribution for both 2D and 3D structures. In order to understand the
level of inplane isotropy for 2D DCFP preforms, the mechanical properties of the
moulded DCFP plaques are investigated. The effedisidér and moulding process
(RTM, HARTM and compression moulding) on mechanical propertedDCFP

plaguesare also investigated.
4.1 2DPreforming path studies

4.1.1 Fibre deposition process characterisation

Figured.1|shows fibre distributiong the X and Y directionsas sprayed by the robot

mounted chopper gun, awo Tool Centre PointTCP heights. The spray pattern is

wider when the robot is traveliig in the X direction compared to the Y direction. This

biasincreasedfrom 70 mm to 130 mn{Table4.1) whenthe TCP heighincreases

from 50 mm to 200 mmiNo path bias was observed the Y directionfor either TCP

height dZ %o SZ ] * ] J° C (] & %0}e] SHYure 4.Pthe ~}eU 2}
chopped fibre tows do not fall vertically tmthe metal screemue to the inertia fran

the chopper rollersFurthermore, by using the higher TCP, the widththaf fibre

deposition pathn the X and Y directions increases#®o(from 130 mm to 240 mm)

and60% (from 100 mm to 160 mnmespectively as shown iE able4.1

Reducingthe TCP height is an effective way to redtive path biasn the X direction.
In addition the reduced path width improvdke preforming resolution givingmore

precise control over where fibres land on the todbwever, wherthe TCP height is

50 mm [Figure4.1{(a)), the chopped fibres cluster along tleentrelinein the Y
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direction, which influences fibre coverag€&€herefore, during theptimisationof the
2D preforming procesghe path biasmust be compensated for in thebot path

design by shifting the tool centre points in tleand Y axis directioraccordingly

Figure4.3), whilst achiewng agood preforming resolution andhaintaininggood

fibre coverageby adjustinghe path offsets andhe TCP height

Figure4.1 Fibredistributionsat X and Y directions at two TCP height: (a) 50 mm (b) 200 mm

Table4.1 Fibre deposition path bias and width at X and Y directions with different TCP
height

X direction Y direction
TCP height Path bias Path width Path bias Path width
50 mm 70 mm 130 mm 0 mm 100 mm
200 mm 130 mm 240 mm 0 mm 160 mm
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Figure4.2 A typical fibre deposition path after chopping gun

Figure4.3 Fibre falling off angle and compensation positions of chopper gun at the right
edge (1) and left edge (2) of the frarttemake sure fibres are deposited with the frame
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4.1.2 2D preformingorocess
Two orthogonalspraypasses were conducted to improve the homogiyn of the

sprayed preforms, based on the areal mass variability study conducted by Harper et

al. . Each layer had a linear eep offset of 50mm, ashownin|Figure4.5

Following fibre deposition, preforms manufactured with reactive bin(lelPS620)
were consolidated at 160°C for 3 minutes under a pressure dbdr,5before being
cooled to room temperaturePreforms manufactured with the nereactive binder

were consolidated at 90°C for the same duration at the same pressure.

Figured.4 Schematics of fibre deposition strategy: east/west pass and north/south pass

Before characterising the mechanical performance of DCFP components, it is
important to ensure that the robot path is able to manufacture preforms with low
areal mass variability, as variable preforms result in locally variable mechanical
properties. Areal mass @asurements were conducted to evaluate the fibre
distribution as many as the modified preforming path can create a preform with a

massvariation of < 5%
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The areal mass variability was measured for each preform by weighing small coupons.
For 2D preforms700 mm x 600 mm preforms were stamped into 5&m x 50 mm
squares and weighed using a balance. The areal mass distribution was plotted from
these measurements, which was used to adjust the robot path programme to reduce

variability. The adjustments inhe path offsets and tool centre point (TCP) height

the initial and modified robot paths are listaa Table4.2

Table4.2 Preforms and the corresponding madification information of robot path

Preform Preform information Adjustment
Initial 700*600mm fibre length 45mm
EPS620 (5 wt.%)
x X coordinate of the robo
path was shifted by30mm
Modified 700*600mm fibre length 45mm X The Y coordinate was shifteg

EPS620 (5 wt.%) by +45mm
X TCP height ithe Z direction
was reduced by 80 mm

4.1.3 Areal mass variability measurement

The areal mass variability measurement results are iIIustrm|§dgure4.5 to|Figure

4.8|land Table4.3|to|Table4.4| In|Figure4.5|and Figure4.7| areal mass distributions

are plottedfrom the measurement c560mm x 50mm coupons fromtwo 700mmx
600mm preforms. The target areal density of carbon fibre in the measured preforms
was 1200g9, so the mass for each 50mxb0mmcoupon (ncluding 5wt.% EPS620
binderg is 3.19.A 5% error in areal massas considered to bacceptable in this
work, therefore the mass of each coupon was expected to be inrémge of 3.0t

3.2g. Based on the ressltof areal mass variability measurement for the original
robot path programme, it can be seen that many regions along the bottom and left

edgesof the preformdo not meet the areal maswrget In addition,the global
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average masdgoes notmeet the targetvaluefor any of the preform sizes studied

(indicated by redrames ir[Figure4.5 . By @mpaiing massmeasuremens from the

original robot pathlisted inTable4.3| the modified robot programméelps reduce

the intra-preform mass variation to 3‘? able4.4), due to shiftingthe robot path,

adjustingthe TCP othe robot in X, Y, and Z coordinates, amincreasen the chop

speed tocompensate fofibre loss caused by fibre slippage betwekafeed rollers.

Details of theadjustmentsmadeare listed iTTabIe4.2 More of the 50mm x 50mm

coupons have aasswithin the acceptableange(Figure4.7), which means that the

average masef the preform is close tthe target. Based on the resulis

Tabled.4

only the average mass tiie 400mmx 300mm preform has an error of 3%.

Figure4.5 Mass distribution of the 700mr600mm preformmade by unmodified robot

path
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Figured.6 The profile of average mass of 50mBdmm parts at different sizes for
700mnmx600mm preform made by unmodified robot path

Table4.3 Standard deviation and error to the target of the average mass of 5<50mm
parts at different sizes for the 700m#&00mm preform made by unmodified robot path

Target  700mn*x600m  600mmX500m 500mmx400m  400mmXx300m

mass (g) m m m m

Average 3.1 3.0 3.0 2.9 2.9
mass(g)
Standard
deviation 0.31 (10%) 0.28 (10%) 0.22 (8%) 0.22 (8%)

(CoV)

Error to 3% 3% 6% 6%

target
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Figure4.7 Mass distribution of the 700mr600mm preform made bynodified robot path

Figure4.8 The profile of average mass of 50mBOmm parts at different sizes for the
700mnmx600mm preform made by modified robot path
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Table4.4 Standard deviation and error to the target of the average mass of 5<50mm
parts at different sizes for the 700m&00mm preform made by modified robot path

Target
mass 700mmxX600mm 600mnX500mm 500mnmX400mm 400mmxX300mm

(9)

Average

3.1 3.1 3.1 3.1 3.0
mass(g)
Standard
deviation 0.10 (3%) 0.11 (3%) 0.10 (3%) 0.10 (3%)
(COV)
Error to 0% 0% 0% 3%
target

4.2 Study of irplane isotropy of 2D DCFP composites

The last section showd that the fibre deposition path developed in this work can
achieve good fibre distribution (3%bcal variation in areal mass). This section
confirmswhether the randomly distributed DCFP preforimssotropic by conducting
tensile tests at 0° and 90°h& difference in mechanical propertiemmong three

moulded plaques is also studied.

BothFigure4.9landFigure4.10|show the results ofhe tensile tess for theHRRTM

moulded T700 12RCFRISMmM-EPS620wt.%.From Figure 4.8 can be seen that
althoughthe average tensile strengths of samples from 3 moulded plaques at two

directions haveslight variation, if eacindividualtest point is plotted Figure4.10’,

75% of thepoints are located within the range dfie overall standard deviation
(daskedlines) Furthermore, for thepoints ousideof the overall standard deviation
range, there is no cleandication to suggest whie tensile strengthsire so variable
for these couponsThis random distribution of tensile strengths reflects ihieerent
variability for theseDCFP preform&incethe intra-plaquecoefficient of \ariationfor

this DCFPvariant (8.0% is higher than the inteplaque variation 3.09%, the
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mechanical properties ad singlemoulded DCFP plaquere representativefor this

material.

Figured.9 Average tensile strengths of 3 HTM moulded T700 12K DCFP parts (45mm
EPS620.0wt.%) at two directions

Figure4.10 Tensile strength distribution of each HHFTM moulded T70DCFP specimen
(45mmEPS62Q.0wt.%) Average strength (solid line), standard deviation range (dash line).
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4.3 3D TFshirt preform

431

Preforming process development

A robot path programme was also developtuw a 3D structure, based on the

preforming system andibre deposition strategy used for the 2D preform. The 3D

structure is referred to as the-3hirt preform due to its shape. The optimisation of

the T-shirt preform was conducted as follows:

1)

2)

Robot reachability testFrom|Figure 3.4|(b), it can be seen that several

regions on the 3D mould have steep sides. Therefore, the location and
orientation of the 3D mould were adjusted to achieve th@sh suitable
position for the movement of the robot ani ensure that each corner could

be reached. The TCP should be orthogonal to the surface of theatcul
times. When TCReaches to a position wherg#0 mm higher than the tool
surface is, ishouldhavelOmmfree spaceo any direction.

Robot path designwhen the reachability test was completed, the robot path

programme for the 3D structure was produced and modified to achieve good
fibre coverage on the 3D moul@®ased on the experience learnt fm2D
preforming, at narrow and steep regiorlsw TCP height should be used to
improve the accuracy of preforming, while on large surface, high TCP height
can be used to increase coverage of fibre for a single sweep to reduce
manufacturing cycleCurrentlythis can only be achieved bysualinspection

to determinefibre coverage. Many pictures were taken at differamgles

after spraying one layer of fibre on the moutdcheck folargeunreinforced

regiors without fibre. The robot path wasmodified by dajusting the
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3)

coordinates, the angle ofthe robot armand the TCP height. This checking
process was conducted over and over again until a good coverage was
achieved.

Areal mass measuremenifter chopped fibres were deposited wistbinder

on to the 3D tool with perforated holes, a flexible silicone cover was placed

overthe preform.Twelve infrared heating elements located above the tool

were used to heat the preform, as showr|kigure4.11] An air pressure of

0.05 bar was appliedusing a fan to consolidate the preform After
consolidation, the preformwas de-moulded from the tool. The moulded

preform wastransferred to a trimming jig and rotary bladevasused to cut

off excess fibre around the edge, as shownFigure 4.12| Areal mass

measurements were taken to compare the local magsshe 3D preform
against the global target value. Step 2 was repeated until the local mass

variability was less than 5%.

Figure4.11 Infra-red heating elements setup for 3Bshirt preforms
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Figured.12 T-shirt preform trimming process: (a) Raw preform; (b) Rigid shell placed on; (c)
Rotor blade trimming preform edges; (d) Trimmed pref

4.3.2 Areal mass variation measuremeht3D preform

There aranore challengego overcomefor manufacturing a 3D preform. Due to the
presence of neavertical sides, it is difficult for the chopper gun to always remain
orthogonal to the tool surface arttie fibres arelikely to be influenced by gravity and
will fall off the tool. Male corners on a 3D mould are also problematic, as fibres slip
to lower adjacent regions, whilst female corners are likelycatiect falling fibres

from adjacent slops, leadingto higher than expected fibre volume fractiondence,
arealmass variation measuremesare also important forconfirming the qualityof

3D preforms.
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The resultsof the mass variation measuremesnfor the 3 main partsof the 3D

preformare shownn|Table4.5| Table4.6{ andFigure4.13| It can be seen that the 3D

preform manufactured by usinthe modified robot programme has more uniform
mass distribution and both the weights of its 3 main pamsl 50mnmx50mm pieces
have adifference of <5% (reduced from over 108b)the target values, compared
with the initial preform. It should alsbe noted that the local mass distribution may
vary considerably compared to the design valmesr the boundaries wheréhe
shape changeor the areal masgocallychanges (e.g. the part(2(3*) boundary and

the part(3*}(3) boundary). For instance, when spraying chopped fibre bundles along
the upper and lower boundaries of part(3*), fibre bundiegvitablyfall into part(2)

and part(3) becaus the fibre spray cone is large compared to those boundary

features even though the robopathshave beercompensatedWhenthe TCP height

was down to 50 mm, the fibre preforming path cstill be up to 130 mm wid¢Table

4.1).

Table4.5 Mass distribution of 3 main parts in 3D preforms

Preform mass distribution
: Areal mass| Binder content Target " "

Region (gsm) (Wt.%) weight (g) Initial (g) | Modified ()

1 1772 10 164.4 135.5 162.3

2 1772 10 89.8 108.1 91.2

3* 3150 10

3 1378 10 98.6 109 99.5
Total 451.3 461.6 452.5
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Table4.6 Mass distribution of 50mnx60mm pieces in 3D preforms

Mass distribution of 50mmx50mm pieces
Region Areal mass| Binder content T_arget Initial (g) Modified (g)
(gsm) (wt.%) weight (g) (Cov) (Cov)
1 1772 10 4.85 4.43 (6.1%) | 4.82 (4.1%)
2 1772 10 4.85 5.25(26.1%)| 4.75 (4.6%)
3* 3150 10 8.70 7.30 (12.2%)| 8.62 (5.1%)
3 1378 10 3.85 4.67 (11.3%)| 3.73 (4.9%)

Figure4.13 Schematic of mass distribution in part (2)

From the two sections above, the DCFP process developed in this work produced
preforms with low mass variability (< 5%) for both 2D and 3D geometries, and there
was no significant difference in mechanical properties among moulded DCFP parts

having the samdibre and binder settings, which indicates that the manufacturing
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process is reliable and repeatable. It also shows thatfibre deposition process
produces an isotropic fibre distribution with no bia$ence, this process was used to
conduct the invesgations of the effects of binder and moulding process on

mechanical properties of DCFP in the sections below.
4.4 Effects of binder on structural integrity of the DCFP preform

A separate study was conducted to investigate the effect of binder material on the

strength of dry DCFP preforms and also the mechanical properties of moulded

components. Two different binders were used to create DCFP preforms fBTINP

Momentive EP0539@nd EPS620. Momentive EP05390 is an unreactive binder with

a softening temperatug of 80 t90 °C. This binder is commonly used for preforming

applications and can be reheated to allow for easy shaping andnetitbonding to

adjacent plies. Momentive EPS620 is a reactive binder that was developed for more

demanding applications, whesgronger fibre preforms are required to prevent fibre

deformation during processes such asRIPM. This binder also softens between 80

t 90 °C and is reversible at this temperature. However, eliokgg occurs if the

temperature is increased beyond 100.°For example the binder fully cregss in

fie }veAZ v pE § 101 £ X WIiAidi v W7ol E E ( EC
v ZZ S3]A [ S8ZE}uPZ}pus 32]c AJEIX dZE Jv. & o A o

wt. %) were selected for both types of bier to investigate the effect on the dry

preform strength. Two different binder levels (5 wt. % and 10 wt. % of EPS620) were

used to investigate the influence of the binder level on the tensile properties of

moulded DCFP composites.
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Figure4.14|shows the dry preform strength as a function of binder content for both

the Reactive(EPS620and Unreactive binde(EP05390%ystems. The dry preform
tensile strength gives an indication of how the preform will behave during the resin
injection stage in a HRTM processas the preform strength is dependent on how
well the binder adheres the fibre together at the local fiilere contact pointsThe
ultimate load for the Unreactive system follows a linear trend for increasing binder
levels, increasing from 102 N to 388 N between 5% and 15% loadings. The ultimate
loads for the Reactive system are generally much higher thanhirUnreactive

system, ranging from 210 N to 1625 N for the same binder levels. Micrographs in

Figure4.15|indicate that the binder was more homogeneduslistributed for the

Z S]A +Ce8 UU + §Z % ES] 0 ]I ~+81 ..us A+ eu 00 G

hvE §]A «Ce<3 u [Figufeh.15/(arad® shows that the Unreactive binder

forms concentrated circular droplets once melted, whereas the Reactive binder
tends to flow further along the fibre boundaries and can penetrate deeper within the

tow to encapsulate more of the filaments.

Figure4.14 The ultimate load of dry DCFP preforms (used to create Vf 50% and Vf 34%
moulded plaques) at different binder levels

64



Figure4.15 (a) t(c)Unreactive bider (locating on fibre tow surfacet 3 binder levels (5
wt.%, 10 wt.%, 15 wt.%) (d)Xf) Reactive bindefpenetrating within the toyat 3 binder
levels (5 wt.%, 10 wt.%, 15 wt.%)

The resin temperature during HRTM was 80 °C, which is similar to thelting
temperature of the Unreactive binder. The fibre architecture of plagues made with

the Unreactive system was therefore influenced by the resin flow, regardless of the

binder level. This can be seen clearly from the photographsigare4.16|which

compare the surfaces of plagues moulded with 10% Reactive and Unreactive binder.

65



Figured.16 Fibre patterns on the surfaces of the {#¥M moulded DCFPs with (a) 10wt.%
Reactive bindefwithout fibre washingand (b) 10wt.% Unreactive bind@wvith fibre
washing)

4.5 Effect of binder on properties of moulded DCFP

Table4.7[summarises the tensile properties of the moulded-RPM DCFP plaques

with 5 wt.% and 10 wt.% binder content. The influence of the binder content on both
the stiffness and strength is neglitgb(within the experimental error). The average
stiffness of plagues preformed with the Reactive binder is similar for each binder
level and binder type (~37 GPa + 1.1%). Similarly the tensile strength increases by just
1.15% as the Reactive binder contémtrease from 5 wt.% toQlwt.% (302.6 MPa to
306.1 MPa)The tensile strength of plaques moulded with 10 wt.% Reactive binder
was approximately 4% higher than the tensile strength of plaques moulded with 10
wt.% Unreactive binder. Whilst this is statistily insignificant (coefficient of
variation is ~8% in each case), this discrepancy is likely to increase if the target

volume fraction is reduced. There is sufficient compaction of the fibres at 50% Vf
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when the tool closes, which prevents fibre movemesgardless of the binder type.

The local fibre compaction force reduces as the volume fraction reduces, which leads

to a reduction in the dry preform strengthrigure4.14| t dash line), so more fibre

distortion is expected during injection if the Unreactive system is used (as
demonstrated i. This becomes particularly relevant for more complex
3D components where the local thickness of the preform may vary around male
corners, causing preform thinning. These regions are likelgxperience a lower
level of preform compaction as the mould tool closes and are therefore prone to fibre
movement during resin injection, particularly if the Unreactive binder is used or there

is insufficient binder.

Table4.7 Tensile properties of HRTM moulded DCFPs with different binder types and
content

Binder type and Reactivet5wt.% | Reactivet 10wt.% Unreactive t
content 10wt.%
Tensile strength (MPa] 302.6+£19.3 306.1+24.5 294.0+22.1
Tensile modulugGPa) 36.814.2 37.4+4.3 36.7£3.9

4.6 Effect of moulding process

Three moulding processes (RTM;RPM, and compression moulding) were selected
to investigate the effect of processing route on the mechanical properties of the

moulded DCFP components. The resin systems used in the three moulding processes

and their mechaical properties are listed |iiable4.8
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Table4.8 Resin systems of three moulding processes used in this work and their tensile
properties

RTM HRRTM Compression moulding
EPIKOTE 05475 resif Resin XU3508, Aradu
Prime 20LV, Slow| EPIKURE 05443 curin 1571, Accelerator
Resin system hardener agent, PAT 657/BW 1573, Hardener
(100:26 by wt) mould release adtive XB3403
(100:24:1.5 by wt) (100:20:3:12 by wt)
Manufacturer Gurit Momentive Huntsman
UTS(MPa) 73 85 78.6
Elastic
Modulus 3.5 2.9 3.2
(GPa)
Strain to
failure (%) 3.5 6.0 45

4.6.1 Plaquemanufacture

EachDCFRpreform was trimmed to 300 mm x 300 mm for RTM moulding. Prime
20LV epoxy resin, supplied by Gurit, was injected into the mouldbair &nd then
cured at 70C for 2 hoursThe moulded plaques were post cured freestanding a€65
for 8 hours in a hot air oveidRRTM was conductelly Voith GmbH to manufacture
700 mmx 600 mmDCFP components.tAree component epoxy system was used
consisting oMomentive EPIKOTE 05475 resin, EPIKUBRE3OGring agent andPAT
657/BWinternal mould reéase additivg100:24:1.5 by wt)The EPIKOTE resin was
preheated to80 °C and injected with the curing agent and additive into aRHAIRI
mould heated to 15°C. A injection pressure ofL50bar was used and the part was
injected in approximadly 30 secondat a constant injection flow rate of 30 g/§he

cure time was 7 minutes.

For the compression moulding process, a liquid resin was sprayed during the fibre
deposition stage (without powder binder) to create a +staped charge, following

the methodologyoutlined by Evans et . A four component system supplied by
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Huntsman was used, consisting of Resin XU3508, Aradur 1571, Accelerator 1573 and
Hardener XB3403 (100:20:3:12 by wt). The resin was preheated 1€ & reduce

the viscosity below 0.5 Pa s during the deposition stage. The charge was left to
chemically Bstage for 24 hours, before isothermal compression moulding at 130 °C
for 30 min and under compression pressure of 85bar, followed by a 3.5 h

freestanding post cure in an oven. Mechanical properties of the three resin systems

are presented ifTable4.8

4.6.2 Results

Figure4.17|compares the tensile properties of DCFP plaques nealildy three

different processesRTM, HFRTM, andcompression moulding. The influence of the
moulding proces on the mechanical propertieshgghlydependent on the fibre type
used There is n@ppreciabledifference in tensile strength (~300 MPa) or tensile
modulus (~36 GPa) for plaques moulded byttiree different processesvhen using
T700 carbon fibre Wheeas the tensile stiffness and strengtfor plaques
manufactured using{13916 fibrencreaseby over100% (81 MPa to 174 MPa and 54

GPa to 125 GPa respectively) when using compression moulding rather than RTM.
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T700 K13916

T700 K13916

Figured.17 The effect of moulding route on (a) tensile strength and (b) tensile modulus for
T700 and K13916

Micrographs ifFigure4.18lindicate that the fibore homogeneity is generally poorer

for K1391@han T700when sprayed by the DCFP chopper gun to create preforms for
RTM(comparing (a) and (b)), due to the high lineansi¢y of the 16K tow (2200
g/km). Whilst the fibre distribution is similar during the charge deposition stage for

the compression moulded components,-nmould flow occurs when pressure is
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applied during the moulding stage to redistribute the fibres andimise resin rich
regions.This is supported by the volume fraction measurements presentdcioe
4.9, which indicate that the coefficient of variation reduced from 13.2% to 8.5% for
the RTM moulded plaques usikgd 3916 The tows can also fragment due sbear,
reducing the effective tow size and the level of filament end synchronisation, which

has been demonstrated to have a positive effect on the tensile stre@‘n The

microscopy images|ifigure4.18| (a) indicate large resin rich regioftbe largest area

is 8.7 mm) for the RTM plaque manufactured wiki13916Whereas the largest area

of these resin rich regions is reduced to just Qu8? whenmoulded by cenpression

moulding, as shown jRigure4.18| (d). Compression moulding also reduces the size

of the resin rich regions fof 700from 0.7 mm? to 0.2 mn?, which results in an

increase in tensilstrength of 24 MPa.
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(d)

Figure 4.18 Microscopy images (x5 magnification) showing fibre distribution for RTM
moulded DCFP plagues manufactured from (36 (b) T700; (c) (d) K13916 and T700
DCFP plagues moulded by compression moulding. Blue lines and red dots indicate the resin
rich regions and voids

Table4.9 V; COV of moulded DCFP plaqueQ%o) using different fibres

T700 K13916
RTM 3.4% 13.2%
Compression moulding 3.2% 8.5%

The tensile stiffness of compression moulded plaques made Kb8916(125 GPa)
is much closer to the theoretical stiffne$$35 GPafrom the analytical model
Gompression mouldingmproves thefibre distribution compared to both RTM
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processes, as there is-mould flow of the fibre network. Thismproves the

connectivity betweerthe fibre bundles, whiclenableshetter stress transfer.

Table4.10, compares the three moulding routes in terms of cycle time and void

content for DCFP plagues manufactured from Fibre 1. Compared to conventional
RTM, HRRTM and compression moulding offer ~6fa%ter moulding cycles, due to

the reactivity of the resins used. Due to a higher resin injection pressure, an average
void content of 0.63% was achieved usingRIRM, which was approximately 25%
lower than standard RTM (0.83%). The compression mouldgd pave the highest

void content (0.99%) among all the specimens observed. However, lower void
content may be possible if a higher moulding pressure is used, as the void content in
random carbon fibre SMCs was shown to reduce by 30% when the compression
pressure was increased from 20 bar to 85 . The applied pressure for the

current study was limited to 85 bar due to the hardware available.
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Table4.10 Comparison of process, cycle time, and void level for DCFP plaques manufactured
by three different moulding routesT70Q 45mm, Reactive binder 5wt.%;,50%)

RTM HRRTM Compression moulding
Time Void Time Void Time | Void
Process Process Process
(s) | content (s) | content (s) | content
ey, ey, DCFP
Pray 1 360 Pray 1 360 spray and| 360
and and
unload
unload unload
Prepare Prepare &B;:gg:re
mould | 600 mould | 600 Pare) s00
mould
tool tool
tool
Load 60 Load 60 Load 60
preform 0.83%z= | preform 0.63%=+0| preform 0.99%z=+
0.13% High .05% 0.14%
pressure
RTM Circulati Cll\(;l(s)iLrled &
~ 120 on& | 70 9&1 15
inject : Consolida
Resin .
S tion
Injectio
n
RTM in In-
mould | 1800 mould | 120 Curing 180
cure curing
Total 1 5940 Total 14510 Total time | 1275
time time

*The Bstage carbe shortened to ~300s at 90 [&9]

4.7 Conclusions

In this chapterthe fibre depositionpath was characterised for the DCFP preforming

development.The atual fibre preforming pathn the X direction obot direction

s U ¢ Z}% % E[e S vP )wa$ ialugr@ed Bthgvobotand chopper gun

whilst no bias was observeid the Y direction obot direction perpendicular to
Z}% % E[* S vP v3]RedudicBheSTIGR height can reduce the path bias

and improve preforming resolution by reducing the widthtlé preforming path.

Whenthe TCP heighivasdecreased from 200 mm to 50 mm, the path biashe X

direction reduced from 130 mm to 70 mm, atiek path width reduced from 240 mm
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to 130 mm. Basedon the fibre deposition characterisatiomesults a robot
programme for 2D DCFP preforming was developelgich canachieve low areal
mass variability (< 5%gnd better preforming resolution The fibre deposition
methodwas shown tqroduce quasisotropicfibre distributions with no significant
difference in mechanicaderformance in theéwo orthogonal directions. Hencéhis
method is suitable for producing planar structures, such as car banoetoofs,

where some simplegentlecurvature could be addebly post forming

Usingsimilar fibre deposition optimisatiomethods the robot programme foa 3D
(T-shirt) componentwas developed tavercome the influences of gravitynear
vertical surfaces and male/femalecorners to alsooffer a preform with a loal mass
variability of less than 5%Because the diameter of the fibre spray cone is too large
compared to the features on thedhirt structure the influence of some factors could
not be completely eliminated for the 3D componetierefore it was difficult to

avoid fibre overspray.

Compared to EP0539the reactiveMomentive EPS620 binder oftdrigher bonding
strength for DCFP preformsnakingit suitable for high pressure manufacturing
procesgssuch as HIRTM It impregnatesthe fibre tow to provide 3D bonding rather
than staying on the surface tfe fibre tows. The influence of increasititge EPS620
binder content from 5 wt.% to 10 W6 had a negligible effeadn the strength and

stiffness of moulded DCEBmMponents

Compared to conventional TR1, HPRTM and compression moulding reduce the
manufacturing cycle time by approximately 60%. Whilst the void content of the

compression moulded DCFP plaques was the highest (0.99%) of the three moulding
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processes, the imould flow of the charge improveke fibre distribution, reducing
the size of resin rich regions to achieve higher mechanical propéhidesthe other
two moulding methodsFor K13916 carbon fibrehé tensile stiffness and strength
was improved by over 100% when compression mouldingusad over RTNbr the

same fibre architecture
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Chapter 5Permeability modelling of DCFP preforms

In this chaptera permeability model has been developed for DCFP, using a 3D pre
processor to produce realistic fibre architectures with appropriate thretigbkness

fibre distributions. Local permeability values are calculated for the preform
depending on the local fibre orientation and volume fraction. An experimental study
has been conducted to understand the influence of the powder binder materials on
the permeability of UENCF. This information has been used to calculate the effective
mesoscale permeability values of the discontinuous fibre bundles. The model has
been used to establish the effect of binder on the macroscale DCFP permeability, as
higherbinder content is generally required to stabilise preforms subjected to high

injection pressures in HRTM (>100 bar).

5.1 Review of literature related to permeability of composite materials

Liguid moulding processes are typically used to manufacture DGRPBooents.
DCFP preforsideally requirdow flow resistance to reduce the moulding cycle time
and to ensure there are no dry spots in the moulded part. In practice, resin race
tracking, caused by fibre architecture variability, may occur during DCFP inguld
increasing the risk of dry regionBhe local permeabilitpf the preformis governed

by both micrescale permeability (intrdoundle flow) and macrscale permeability
(inter-bundle flow). Hence, there is a need to understand the local permeability
variability of a DCFP preform to ensure the resin flow through the preform is

repeatable and predictable.
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5.1.1 Permeability measurements
Themeasuremenbf permeabilityis + }v E G pxpeeshed asfollo:

RL Ff 2 Equation10
Az @ Al A E P Alopu A o} ]§egiththg gradientdf plepsule,]3CU
and K is permeability tensor. Permeability is a property of a porous material showing
how easy a fluid can flow through the material under a pressure gradient. It is also

« (E] e Z(op] }v p 8] W i@ b thee dionehsienal space, tensor

K is written as

eée éi ei

> ?L L-ig 13 -ii M Equation1l

For athin preform (i.e. less tharB mm), only the inplane permeability in x and y
directions are of interest. Additionally, the permeability tensor is ortbptc, SoKxy

equals tony. Therefore, the tensor K can be rewritten as

r

R Equation12

=L | ©¢
r i

There are twanain methods for measuring-plane permeability: unidirectional and

radial flow measuremen@, illustrated schematically iEigureS.l For radial flow

measurement, fluid is injected into the centre of theould containing a preform.

The elliptical flow front shape is recorded as a function of time. In contrast, for
unidiredional flow measurement, the preform is placed in a rectangular mould. Fluid
is injected at one side of the mould to make sure the fluid goes through the preform
only in one direction. Both of the measurements can be applied under constant

pressure or cortant flow rate. Wong compared the features of these two
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measurement methods, as summarised|Table 5.1f In terms of permeability

calculation, forthe unidirectional flow methodthe pressure drop and flow rate are
measued and thepermeability can becalculatedsimply peJvP @& C[* o AU AZ]o
calculation is more complicated for the radial flow method. The elliptical flow front
needs to be resolved into a circle and themo principal permeabilities can be
calculatedthrough a series of:alculations . However, due tathe local
variabilityin the DCFP architecture, it is difficult to observe a clear elliptical flow front,

which credes further difficultiesin calculatng the macroscalpermeability. Hence,

for permeability measurement of DCFEhe unidirectional flow measurement

method is a good choice due to its simplicity and efficiency.

Figureb.1 Schematics of geometries of radial (a) and unidirectional (b) flow measurement

moulds
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Table5.1 A comprison between unidirectional and radial flowpane permeability

measurement method

5.1.2 Factors influenag preformpermeability

In addition to fluidspeed, fluid viscosity, and pressure gradjemhich areall terms
lv & C[manyéther variablesnfluence the permeability of fibre reinforced

compositesas discussed below.

5.1.2.1Fibre archtecture parameters

Endruweitet al. investigated the influence of fabrinon-uniformity on the
variations of irplane permeability.Understandably higher homogeneity ofthe
fabric architectureresulted inlower variability of the local permeability Although
this studywas conducted for continuous fibre fabr, these observations are still
relevant DCFP preforms. Endruweit et @ conducteda series of permeability
measuremens for two fibre types with different lengths (10mma45mm)and tow

sizes (3k 24K):0One fibre had high potential to filamentisdHpre E), while another
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one had low potentialRibre J). FoRbre E, the glbal permeability increaskwith

increasing fibre lengthFigure5.2|(a)), whilst there waso clear trend for the effect

of fibre lengthfor Fbre J[Figure5.2|(b)). Hbre Jprovidesa more heterogeneous

structure due to little filamentisatiofbundle fragmentation), which means resin can
flow readily through theinter-bundle spa@s Whilst fibre E produces a more
homogeneous architecture due to high filamentisation, the iftendle spacings get
significantly larger as the fibre length increasas there are fewer bundle segments
per unit volume for longer lengths. The inteundle spacings are an order of
magnitude higher for Fibre J, even for short fibre lengths, therefore the effect of fibre
length for Fibre J is less significant in ternmighe permeability. For fibres without
filamentisation the spacing between fibre bundles has a large influence on the
permeability variability, as indicated by the error bars in Figure 5.2(b) compared to

Figure 5.2(a).
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Figure5.2 Isotropic permeability K versus fibre length for a 24K fibre yajhigh-level and
(b) low-level filamentisation

5.1.2.2Micro-scale factors

Not only canthe macrostructure of carbon fibre composites influence the
permeability,but also some paramete the filament level can affect permeability

too, such as fibre diameter, bundle size, and fibre volume fraction. The effect of these
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parameters on permeability is described by the empirical CarKazeny equation

expressed as ftows :

7z !
5:A 57 ;-

Equationl3
whereDJe (] E Ju$s§ EU X ]* %}E}*]SC ~AZ] Z «<«p o+ 8} }v

fraction), and Kis the Kozeny constant. This equation is also apphdte in-plane

permeability modelling for manliguid moulding process studi¢87-99|.

For the permeability studieat the micro-scale, capillary pressure is conside

. Therefore, the pressure gradient iEquation 10 contains both applied
mechanical pressure and capillary pressure. With this consideration, Foley and
GiIIespielﬂ modelled fluid impregnation in a fibre bundle to understand the effect
of fibre diameter. It was found that for a certain bundle size, the infiltration time

increasediy 100 times when fibre diameter decrsed from 7 um to 70 nm. However,

according to Amico and LekakqWOQ], the effect of capillarypressurewill be

negligible wherthe resin injection pressure excesgd bar.

Endruweit et aI. investigaed the permeability in fibre bundles with random
filament arrangemerd. In this study, a compaction process for several 12K bundles
was used to simulatan increase ifibre volume fraction. The permeability of a fibre
bundle parallel to its axis dropped fromavyWHsr’°®m2to r&zrHsr?%5m?

whenthe fibre volume fraction increased from #6to72%
5.1.2.3Effect of binder content

During mould fillingpinders in the preform vil obstruct resin flowRohatgi and Lee

101} found that permeability decreaseby ~40%when binder content increased
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from 0 wt.% to 8 wt.%Furthermore,compared with bindershat were distributed
on the outside of fibre bundlesbindersthat permeateinside fibre bundles haveo
significantinfluence on permeabilityThis isbecause they remain within the fibre

tows rather than blocking the critical flow channel between bund|&6l]. A

reduction in permeability was also reported by Shih et al. as binder

concentrationwas increasedHowever, Dickert et a[102] considered theeffect of

binder concentration on permeabilityto be more complex They carried out
permeability measurements for 5 types of nonimp fabric and found that the
permeability of two fabrics increased when the binder content increased from 0O to
2% as thebinder particlesactedas spacers betweethe fibre layers.Hence, flow

channelsvere widened, leading t@n increa® inpermeability.Furthermore,Brody

and Gillespi¢103] indicated that dissolution of bindersanincrease the viscosity of

the resin, which complicatesth# Eu ]o0]SC u <*pE u vSs }E. JvP S}

5.1.3 Permeability modelling
5.1.3.1Analytical permeability model

Analytical models for permeabilitprediction are formed by many closefibrm

equations using physical parameters to descrithe flow process

Kozely proposed an early approach to describe flow through an igotrporous
medium.Carma u} 1(1 8z <} vC][-inglywdrsideing the specific
pore surface areand eventuallyderivedthe KozenyCarman equatiofEquation 13).
This equation has been widely appliéat fabric permeability prediction but it is

unsuitable for describing transverse flow through aligned fibres. On the basis of the
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KozenyCarman equationGGebart|104] proposed two equations which are able to

properly describe the permeability alorthe flow axis (k) and the permeability

perpendicular tahe flow axis (k). The equations are as follows

Ex 1521 ;'
C':l, L— Equationl4
8Q Iy
.l Ngia S
G L 76§T Fs; 40 Equation15

where Ris the radius of fibre, Ms fibre volume fraction, andic®, and \ax are

geometry constants which are dependent on the fibre arrangement. The values of

these geometicalconstants are listeth Table5.2| Quadratic fibre packing typically

assumed foDCFP preform permeability modeIIi 105).

Table5.2 The parameter values in Equation 14 and Equation 15.

Fibre arrangement G G Vimax
Quadraticpacking 1.78 0.40 78.5%
Hexagonajpacking 1.66 0.23 90.7%

Thepermeabilityof the spacing betweenthe fibre layers and fibre bundles should

also be consideredNi et al.|106 deriveda *} 00 Z <p]A o v8 % Eu

represent the permeability between plates

LA Equation16
=% quation

where H is the cavity height.

Furthermore, the unidirectional flow permeability can be calculated by using the

equation as follow:

6.E ¢

Equationl7

where t is penetration time angd isthe penetration distance
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5.1.3.2Numerical permeability models

How through a 3D unit cell od plain weave structure was simulated by Ngo and

Tamma|107] usinga finite element method. Although the results proed a good

correlationwith previoudy published permeability measurement data, the authors
relied upon published geometric data to conduct the simulatidfbre volume

fraction andthe fibre arrangement were assumedther than measuredor the local

permeability calculationDelegliseet al.[108 provided a model for high speed RTM

injection with highly reactive resgy ue]JvP & GEpnce, thefiscositychangeof

the resin duringhe injectionprocess was considered

Endruweit et al{105 proposed a stochastic model to describe the distribution of

random fibre bundlesn DCFP architectures, introducing a lcwaéntation for each

(] & pvi. thdinplanepermeability of a fibre bundle was expressed as foltows

G?KQWEGOEIW :GF G; OEL? K

G G ORI KEL GOBILEG 2 KQYP

Equation18

AZ & ieBuals§} i~trroe Vv ois the principal material axis of the stack of N
bundles.However, this modebverlooks thespacing between fibre bundle3his

model was further developedﬂ, to include the spacings, assumisgveral

different fibre distributiors (Homogenisation, cluster, and even, show" frigureb.3

according to observations made from micrographs. The expression used to
determine the permeability of a representative cell is showikEquation 19 where
Tt is the thickness of fibre bundl&n is the inner mould cavity thickness, and h is the

spacing between fibre bundles. Results indicate tbaeny distributed spacings
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betweenfibre bundles(through thickneskproducesthe most accurate permeability
predictiors. Howeverthese values ar@5% highethan the experimental dataln

practice the fibre bundles cannot be evenly distributed through the thickness

direction, therefore the simulation results {105 represent an oveestimation of

the DCFP permeability. Additionally, the fibre architecture was generated by a 2D

beam model, showmn|Figure5.4f Each beam element represented a fibre bundle

with an assumed width, which introduced some errors in terms of the fibre
distribution. Hence, this method indicates that the methodology is appate for
predicting the mesoscale permeability, but a m@ecuratepre-processing tool is

required to generatenore realistidibre architectures to improve predictions

s ol

1 EC IR Lrp U U .
L AL@EI'Q, gUs E &T, 56 Equation19

Figureb.3 Fibre distribution types: (a) homogenisation, (b) cluster, and (c) even
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Figure5.4 The bearrelement DCFP architecture model usedli@5

5.1.4 Conclusion

DCFP preform variability makes permeability measurement time consuming, so an
accurate predictive modelould be beneficialto understand the effect of key
microstructural parameters. Previous attempts at predicting the permeability of
DCFP were limited bgimple assumptions for the fibre distribution through the
thickness. A more realistic pqgocessor is required to produce accurate fibre
architectures, in order to predict the permeability of DCFP with confidedB&R TM

is a rapid moulding technology @ah can work with DCFP to further improve
production rate. Higher binder content is needed to prevent fibre washing under high
resin injection pressure. Henceé,i$ alsoessentialto understand the effect of the

binder content on the preform permeabilignd build this into the simulation
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5.2 Experimentapermeabilitymeasuremento investigate the effect of
binder

5.2.1 Methodology

Permeabilities of DCRAd UDNCF preforrawith different binder types and content

were measured in a unidirectional flow measurement maltﬂtgureS.S . The cavity

height of the mouldvas2mm when the mouldvas assembledThe details oéll the

preforms measuredre listedin| Table5.3] Thepermeability test couponsave the

samedimensons aghe dry preform tensile test coupon280mmx 115mm.The test
coupon was 0.25 mm wider than the inner cavity wall on each side, to prevent race
tacking. After a preform was placed in the moulsly-20 engine oil(with aviscosity

of 0.118Paj¥wasinjected into the mould under pressure ofl.5 bar. When oil

reachedthe position of thepressuresensor(indicated irfFigure5.5), which was

250mm from the inlet, the time was recordethe viscosity of the oil, the distance
betweenthe sensor andhe inlet, and the timefor the oil to reach the senor were

used to calalate the permeability, using the equation below.

Equation20

OLSF§ Equation21

where X is the distance betwedhe sensor andhe inlet port, Ms the viscosity of
the engine oil,j P is the pressure used to inject oil, t is the time when oil flow reaches
to the sensor, and is the carbon volume fraction in the mouldlhirty
measurementsvere conductedfor DCFP preforms with 45miang fibre and 10wt.%

of EPS620 bindeDCFRISmm-BP$20-10wt.%). Rfteen repeats were performed for

all otherpreformtypes.
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{k

250mm

Figureb.5 Unidirectional flow permeability measurement rig

Tableb5.3 Details of preforms in permeability measurement

Carbon Vf in the Measure
Sample | Fibre permeability Binder Binder
Manufacturer ment
type length | measurement | type content
repeat
mould
EPS62 . 5wt.% 15
0,
45mm 31% 0 Momentive 1OWL% 30
EPS62 . 5wt.% 15
0,
DCFP | 45mm 46% 0 Momentive 1OWL% 15
Neoxil Aliancys S5wt.% 15
0,
A4smm 31% 940 | (Formerly DSM) 10wt% | 15
Oowt.% 15
UD-NCF - 46% E%SBZ Momentive 5wt.% 15
10wt.% 15

5.2.2 Measurement uncertainty

In-plane permeability measurements of thirty DCFP samples (T700 12ZK.%/
EPS620 10wt.%), taken from three DCFP preforms, were conducted to quantify the
level of variability and to understand the size of the population required to achieve a

representatve mean valueﬂ. The cumulative average permeability value is
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plotted as a function of the number of measurementg-igure5.6| For the low fibre

volume fraction (¥=31%), approximately 10 measurements are required before the
average permeability value reaches a stable plateae.average permeability value
after 10 iterations is within 98%, which offers an error @fpproximate3%, of the

average value after 30 iterations. A typical irregular flow front for a DCFP preform

with a fibre volume fraction of 31% shown inFigure5.7| which was taken hsitu

during a permeability measurementhis is caused by the inhomogeneous fibre
distribution, sinceon averagehere were only 4.2 towstn¥ for this particular ibre

architecture, which resulteth large resin rich regions.

The homogeneity improves for specimens with a 46% fibre volume fraction,

increasing the factor to 6.3 tows/cmConsequentlythe representative average

permeability value is achieved after just 6 iterations, as shimjfigure5.6| For the

following work in this thesis, at least 10 measurements ousations are performed

for each permeability measurement for all DCFP fibre architectures.

Figureb.6 Cumulative average permeability value as a function of number of
measurements for two different DCFP preform architectures (T700 ¥34%/and 46%,
EPS620 10wt.%).
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Figureb.7 Typical profile of flow frot from a DCFP preform during anglane permeability
test

5.2.3 The effect of binder on permeability

5.2.3.1The effect of binder on permeability of unidirectional fibre fabric

Figure5.8|shows the measured permeability values @kd k) for a unidirectional

(UD) noncrimp fabric (NCF) using three different EPS620 binder levels: 0 wt.%, 5
wt.%, and 10wt.%. The value of kbfé& longitudinal direction) decreased by 60.1%
(from 4.04 x10%m? to 1.61 x10'°m?) when 5 wt.% of binder was added to the
preforms. However, the effect of binder became less significant when the binder
level increased from 5 wt.% to 10 wt.% (from 1BX%m?to 1.5510'%m?), as the
permeability only decreased by a further 4%. Compared, tthie permeability in the

transverse fibre transverse direction, ks less sensitive to the increasing binder level,

especially in the range of 0 wt.9% wt.%, as shown blyigure5.8| Thepermeability

reductionratios at different binder levels are listed|irable5.4
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If it is assumed that fibre filaments in the UNICF preformare homogenously

distributed in the quadratic form, the Equation 14 and Equation 15 and parameters

in|Table5.2|can be usedo predictk: and k for the UD NCF. Consequentlyakd k

are calculated to be2.37 x 10%?m? and 0.25x 10'°m? respectively.Thee is a
significant difference between k and k for the analytical valuesas in the
experimentalvalues(k: 4.04x 10%m?; k. 1.19x 10*%?) when thepreformshave0
wt.% binder, dbeit ki is approximately 4 times higher tham kn both the
experimentaland analyticalvalues. TIs can be attributed to the architecture of the
NCF, which contains intaly stitches, which createpaces betweeilthe fibre tows

in the transverse directioandlocal outof-plane resin channels around each stitch

Figure5.9illustrates the flow fronts for the UINCF preforms with different binder

levels taken from the permeability measurement. Fibigureb.9|(a) and (c), it can

be seen that the flow progresses quickly through the spacing between the fibre tows
(in the k direction) andhroughthe stitches when there is no binder in the preforms,
generating a slight waviness in the fibre tows in thdikection. Because of the large

difference in flow velocity for fibre tows compared to the spacing/stitches, some dry

spots were observefHgure5.9|(c)) afterthe flow front had passed. Whehe binder

levelwasincreases to 10wt.%, thw spacing still provided #iow channel|Figure

5.9((b)) inthe k1 direction, but the propagation of the flow fronin the transversek,

direction(Figureb.9|(d))was obstructed byhe binder, so the profile of the flow front

appeared to bdinear.

Based on the results, binders influence thencipal permeabilities ki and Ik, in

different ways Hence, lhe decreasing rat®of the permeability in the principal

directionsof the NCHTable5.4) can beused to account for the effects of binder in
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the DCFRermeability model by usng Equation 14 and 1&s thebinder content

increases.

Figureb.8 k1 and k2 values of the UBCF preforms ¢¥6% in the permeability rig) at three
EPS620 binder levels: 0wt.%. 5wt.% and 10wt.%

Table5.4 Permeability decrease ratio at &nd k directions at different binder levels

Decrease ratio

Binder content

0 wt.% 5 wt.% 10 wt.%
ki - -60.1% -3.7%
ko - -24.7% -9.1%
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Figure5.9 The profiles of flow fronts on the URCF preforms with different binder levels
at k1 and k2 directions: (a) Owt.% k1; (b) 10wt.% k1; (c) Owt.% k2; (d) 1R®t.%

5.2.3.2The effect of binder on permeability of DCFP

From thelast subsection, the effects of binder content on the permeability at fibre
longitudinal and transverse directions are different. This section will address the
effect of binder on the permeability of random discontinuous fibre architecture. The

permeabilty results of DCFP preforms with different binder types and levels are

listed in|Table5.5 In general, the permeability reduces as the binder content

increases, since the binder material hinders fluid flow at the butdiedle contact
points. In addition, at low binder levels (5wt.%), the permeability of the DCFP

preforms with Neoxil940 binder is approximately double that of the preforms using
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EPS620ihder (11.49 X01%m?VS 6.32 101°m?respectively). This large difference
can be attributed to the difference in binder distribution caused by the different
% E3S] 0 ]l ¢« ~ WAOTI «iii..uV E }A£]0388i *+dii..u*X dz
Neoxil940 bider is less homogenous, particularly when the binder level is low. This
is also supported by the larger standard deviation value reported for the permeability
of specimens produced with the Neoxil system. As the binder content increases to
10wt.%, the difference in permeabilities between the EPS620 and Neoxil940
bindered preforms becomes smaller (permeabilities of both are aroundi®%m?),

as the distribution of the coarserxer improves.

As the volume fraction of carbon fibre increases, the eftédbinder concentration

on the inplane permeability becomes less significant. The permeability reduces by
approximately 16% as the binder content is increased frovh% to 1@t.% at a V

of 46%, compared to a reduction of 27% ata0W31%. Both the imr and intra
bundle spacings reduce as the fibre volume fraction increases, which dominates the
preform permeability more than the binder content. It is conceivable that less binder
is required for preforms with higher fibre volume fractions, as the thietilgckness
pressure induced by the tool is sufficient to hold the preform in position. However,
the success of this approach depends on tlnogeneity of the fibres and the
complexity of the preform, as the pressure is Asastaticand will be lower omear

vertical faces.
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Table5.5 Permeability measurement results of DCFPs with different binder types and levels

Perrﬂﬁi"’t‘b”'ty EPS620 5wt.% | EPS620 10wt.%| Reduction

Carbon fibre 10m2 -

VF 31% 10 6.32+1.90 459+1.10 27.4%
Carbon fibre 100 )

Vv 46% 10 1.34+0.45 1.13+0.33 15.7%

: Neoxil940
0,
Neoxil940 5wt.% 10WL %

Carbon fibre 1000 -

VF 31% 10+°m 11.49+ 4.02 507+ 2.14 55.8%

5.3 DCFP @rmeability modetreation
5.3.1 Model architecture

Four programmes were used for modelling the permeability of DCFP preforms: 1) A
force-directed algorithm was used to deposit discontinuous fibre bundles to cieate

Z |1PI8Adv[ }(repiesentative DCFP architectyur2) The fibre geometry was
analysedising a Matlab scrifb determine the local fibre volume fraction, local fibre
orientations and througkhickness spacings, 3) Local permeability values were
calculated to account for the heterogeneous fibre distribution, 4) FRMM was
used to simulate asin flow through the preform in order to calculate the global

permeability values based on the fill time. The relationship between these four

programmes is presented|Figure5.10
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[106]

[102]

Figure5.10 The programmes used for permeability modelling in present work and
input/output information at each stage

5.3.2 Random fibre generator

A 3D DCFP preform model was generated by filbee architecture generation

programme, developed i, through the procedures showm|Figure5.11} The

fibore properties (tow size, fibre length, tow volume fraction) and model size
(dimensions and global carbon fibre volume fractia@ye defined at the beginning.

The values of the nodénarges and the spring propertiegere applied to the model
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according td109. Thenodd chargesletermine the fibre distribution in théhrough-

thickness direction by applying reaction forces betwaemghbouringfibre bundles.

Detailed explanations of the mechanistan be foundn [109.

Figureb.11 Screenshots from the 3D DCFP architecture generation programme to the
procedures: Fibre properties and Model cell size definitions; 3D fibre architecture
generation

99



Whenthe fibre architecture generation is finishean Abaqus input file containing

nodal and elementnformationis automatically created. The meshed fibre structure

in Abaqus is shown fiRigure5.12

Figure5.123D DCFP preform model generated in the fibre architecture generation
programme

5.3.3 Fibre geometry analysis programme

A fibre geometry analysis programngeode inAppendix Bwas developed in the

present work to convert thenformation from the 3D model (coordinates and

orientation) into a 2D shell model, as illustrated|fngure 5.13| 2D grids were

generated containing theumber of fibre bundles located in this grid, the orientation

of each bundle and the througthickness spacing between bundles.
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Figure5.13 Derivation of the material parameters for finite element flow siation from
fibre bundle properties and geometric information

The procedure for analysing the 3D fibre architecture is listed below:

1) Firstly aregular 2D square grid is overlaid on the top surface of the
representative volume element.

2) Thecoordinates otwo cornerpointsof a tow (point 1 and point 2 shown in

Figureb.14) are used to determine therientation usingsimple trigopnometric

functions.
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Figure5.14 Schematics of orientation calculation for a fibrevto

3) The nodes from the meshed fibre architecture are used to determine the
location of each fibre relative to the gridhe critical detail is to determine

what percentage of a tow lies within any square of the grid if only one node

is present. One noddoes not necessary equate to 1 whole t@wgureb.15

(a)), as this will lead to the tow area being overestimated andsequently

the fibre volume fration. An area threshold was therefore determined to
decide whether a tow should be counted in the grid or not. The threshold is
an area ratio showing how much the area of a grid is covered by a fibre tow.

If the area of a tow in a grid occupies more thhe set area threshold, the

tow is counted within this grid squaf€igure5.15|(b)). To calculate the area

covered by a tow in a grid, in this thesesach node is assigned to a certain
area, so the number of nodes of a tow in a grid can be converted to the area
of the tow. Furthermore, there are twturther assumptions: nodes in a tow
are evenly distributed, and every node representsshene tow arealn order

to calculate the nodl area, atow modelwith a certain width (W) and length
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(L)for each type of fibre wagenerated and the number of nodesnjih one
tow wascounted.Since é&ment type STIR6&as useda 6 noded triangular
element) there were 3 nodes at the vertices and @id-side nodes The

distribution of nodes in a part tow is schematically iIIustrateEiigureS.m

It was assumedhat each nodeepresented andenticalsurfaceareaof the

tow, wherethe nodal area (NA) was calculated by:

0#L :9 E—Z B 3 G5 E—Z B 5.6 >04 Equation22

where Seedis the seed size in the fibre architecture generation programme.
Half a seed size is added to both the length and width due to the presence of
nodes on the fibre edges.

Hence, once the nodaumber of a tow in a grid and the average node area
are knavn, then the area of the tow in the grid can be calculated. If the area
of the tow in the grid is larger or equtd the area threshold (grid area *
threshold value (50%, for example)), the tow is counted as occupying the

whole grid area. If not, the towsinot deposited within this grid element.
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Figureb.15 Schematics showing differeateapercentages of sow in a grid. (a) if only small
percentageof a tow locate in a grid, it does not equate the gsdilled withthe tow, so this

tow will not be counted in this grid; (b) if the area percentage of a tow in a grid is larger than
an area threshold, it can be counted as the tow locates in this grid.

Figureb.16 Schematic of nodes and elements distributions in a part of fibre bundle

In order to determinate the threshold value, thréew sizesof T700 carbon

fibores were selected for investigah: 24K, 12K, and 6K. The mesh
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information for all of the fibre architectures generated in this work are listed

in[Table5.6| The width for each tow size was measured from the adthed.

Table5.6 Fibre architectures generated in this work and their meshing information

. Fibre Fibre Seed Grid Nodal

Tow Cell size . ) :
No. size  (mm*mm*mm) width length Vi size size area
(mm) (mm) (mm) (mm) (mnv)
1 24K 280*110*2 9.4 50 10% 1.13 25 0.333
2 24K 280*110*2 9.4 50 31% 1.13 25 0.333
3 24K 280*110*2 9.4 50 50% 1.13 25 0.333
4 24K 280*110*2 9.4 30 31% 1.13 25 0.333
5 24K 280*110*2 9.4 100 31% 1.13 25 0.333
6 24K 140*55*2 9.4 50 50% 0.79 1.2 0.155
7 24K 140*55*2 9.4 50 50% 0.79 1.8 0.155
8 24K 140*55*2 9.4 50 50% 0.79 25 0.155
9 24K 140*55*2 9.4 50 50% 0.79 3.2 0.155
10 24K 140*55*2 9.4 50 50% 0.79 5.0 0.155
11 12K 140*55*2 4.6 50 40% 055 1.2 0.079
12 12K 280*110*2 4.6 50 20% 1.13 25 0.326
13 6K 140*55*2 2.4 50 20% 0.29 0.6 0.022
14 6K 280*110*2 2.4 50 10% 1.13 25 0.337

4) Finally the vertical spacings are calculated between the fibre tovie
vertical position of a tow is represented by the average Z coordinate values
of all nodesof the tow in the grid. When the height positions of all the tows
in the grid are known, the spacing between tow height position$ isimply
calculated by subtracting one by onle. addition, the thickness ofhe tow
(0.1646 mm was also considered. tie spacing between heigbtare less or
equal to the tow thickness, the tow spacing will be 0. Otherwise, the true

spacing between tows (&) is

&ael & Fr&xvx Equation 23
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The spacing between lower and upper mould surfaces was 2 mm. If the sum
of the tow thickness in a grid wabove 2 mm, all of the vertical intéow

spacingsare set to 0, assuming all fibres are touching and the filaments are

distributed homogenouslﬂ.

The output information of the fire geometry analysis programme was written into

a text file using the format as follows:

(1) Coordinateof the grid (X, Y)
(2) Number of tows in this grid
(3) Orientations of the tows in the gri@n radians)

(4) Spacing between tows or between tow anbuldwall (in mm)

When the output file was generated, it wamported into the permeability
calculation programme taalculate permeability valiefor each element using

Equation 14t Equation 19

5.3.4 Local permeability calculation

The locapermeability calculation mrgranme was initiallydevelopedby Endruweit

et al. [105 to calculatethe permeability of each elementisingassumed spacirsy

between fibre bundlesThis programme was modified wirectlyreadin the spacing
data output from the geometry analysis programme and then apply it iBgoation

14 tEquation 190 calculatethe permeability of each elememh a PAMRTM model.
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The parameters used in the permuality calculation programme are listed|Trable

5.7| Fibre density and diameter data come from T700 carbon fibre, while the c

and Vmax values are determined by thgpicalquadraticfibre packing The k and k

permeabilifes of a fibre toware reduced bythe corresponding ratio listedh| Table

5.4] when the effect of binder is included in the model

Table5.7 Parameters used in the Permeability calculation programme

Fibre density Fibre diameter
(kg/m3) (mm) G G Vimax
1800 0.007 1.78 0.40 78.5%

5.3.5 Flow simulations using PARTM

Thesizes of thdinite element modes created in PAMRTMare listed ifTable5.6

One examplé280 mmx 110 mm)is shownin(Figure5.17| The cavity height (H) was

setas 2 mmThe left and right edges athke inlet and outlet respectively, whilst the
top and bottom edges are set &% rigid mouldwall. The five pink pointsvhich are
250 mmfrom the inlet (left edge)are set aspressure sensor®\ constant injection
pressure of 1 bar is set on the inlet edge, while the pressutbeaputlet is O barto

createa pressuredifferential AP. The viscosity of the resin{)is set to 0.1 Pa.s

The time when the resin (indicated in redkigure5.17) reachesthe five pressure

sensors from the inlet is counted, and the average time is recorded and applied

Equation 17#o calculatethe global permeability.
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Figureb.17 FE model in PANRTM (280 mnx110 mm)

5.4 DCFP permeability model validation

Validation of thepermeabilitymodelis presented in two stages: At the first stage,
the fibregeometry analysis programme is validated to ensure that thepgpoeessor

is able to produce accurate representations of the DCFP fibre architecture. At the
second stage, the permeability simulation results from PRIMM are compared with

the experimental @FP permeability measurements.

5.4.1 Validation ofibre geometry analysis programme

The previous DCFP permeability model discussed in the litergitQBassumed the

through-thickness spacings between the fibre bundles were uniform, which yielded
unrealistic permeability predictions (owpredicted the experimental values by over
100%). A 3D preprocessing tool has been used in the current work to generate
more realistic random intebundle spacings. However, when converting this 3D
architecture into a 2D architecture to facilitate tflew simulation in PAMRTM, it is
important to make sure the local fibre volume fraction is preserved. A regular square

grid is projected onto the plan view of the 3D representative volume element (RVE)
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and an algorithm determines how many tow segments greeach grid and also
records the relative througthickness tow spacings. Since this is a binary method, an
area threshold value is set to establish if partial tow segments should be counted, as

discussed in Sectidn3.3 The global Vf values from difést area threshold values

are illustratedin|Figure5.18jfor different DCFP fibre architectures. The target global

Vf was set as 31%, as indicatedthg red horizontal line ifFigure5.18, The error

between the actual recorded volume fraction and the target volume fraction is at its
largest when no area threshold is used. The global fibre volume fraction is over
predicted by gproximately 40% ¥44% rather than 31%). The magnitude of the

error is also a function of the fibre length, with shorter fibre lengths (30mm) resulting

in larger errors due to more tow segments per unit volume than longer fibre lengths.

As the area thrshold value increases, the error is reduced and the global fibre

volume fraction approaches the target vallieigure5.18|indicates that an area

threshold of 70% is required to achieve a representative fibre volume fraction for all

three fibre lengths investigated (30mm, 50mm, and 100mm)

In order to validate this value, the volume fraction for the range of fibre architectures

listedin| Table5.6|were calculated and theesults are listed iTable 5.8elow.
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Figureb.18 Global Yof a 280mmx110mnx2mm 24K fibre DCFP preform. The targeiréd
line) is 31% for a range of fibre lengths (30mm, 50mm and 100mm) using different area
threshold values

Table5.8 Calculated Vior different DCFP architectures by using 70% threshold value

Fibre _ Seed Grid Grid size  Global Calculated
. Fibre . . / Seed volume volume
architecture size size . . . . Error
NoO type (mm) (mm) size fraction fraction with
' ratio (target)  70% threshold
1 24K 1.13 2.5 2.2 10% 9.8% 2.0%
2 24K 1.13 2.5 2.2 31% 30.8% 0.6%
3 24K 1.13 2.5 2.2 50% 51.5% 3.0%
6 24K 0.79 1.2 15 50% 48.7% 2.6%
7 24K 0.79 1.8 2.2 50% 50.0% 0.0%
8 24K 0.79 2.5 3.2 50% 48.2% 3.6%
9 24K 0.79 3.2 4.1 50% 47 2% 5.6%
10 24K 0.79 50 6.3 50% 41.5% 17.0%
11 12K 0.55 1.2 2.2 40% 40.9% 2.3%
12 12K 1.13 2.5 2.2 20% 20.5% 2.5%
13 6K 0.29 0.6 2.1 20% 21.0% 5.0%
14 6K 1.13 2.5 2.2 10% 15% 50.0%

The calculaderror for most of the architectures is less than 5% if the area threshold

value is set to 70%. The error values for fibre Architectures 1 to 3 indicate that the
threshold is independent of the global volume fraction. The 70% threshold value
works well wha the Grid Size to Seed Size ratio is between 1.5 and 3.2, as the error
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for the calculated volume fraction is less than 5%. The error for Architecture 14 is
50%, as the seed size (1.13mm) is too large in comparison to the width of the 6K tow

(2.4mm). Consguently, only two or three nodes are located across the fibre width,

which leads to a poor mesh quality as showirigure5.19, When a finer seed size

(0.29mm) and grid size (0.6mm) are used for the 6K fibre architecture (Architecture

E}XiieU §Z EE}E ]- | A]1§Z]v §Z %3 o @& vP ~Gi9:

A similar situation ozurs for Architecture 10, with a reported error of 17% between
the simulated fibre volume fraction and the target value. This is also due to the large

grid seed size (5 mm) in comparison to the width of the 24K tow (9.4 mm), causing

the area of the tow tdoe underestimatedKigure5.20|(b)). The error is reduced to

3.6% when the grid size is reduced by 50% to 2.5mm (Architecture No. 8), which
indicatesthe importance of selecting the correct seed size and grid size. Whilst

smaller grid sizes improve accuracy, they consequently increase computation time.

FromTable5.9| it can be seen that the CPU time varies significantly with different

grid sizes. For instance, the computing time increases by almost a factor 10 times

(from 28s to 267s) when the grid size is reduced from 2.55mm to 1.2mm.

A relationslip among seed sizeSgrid size (§§, and width of fibre tow (W) can be

expressed as:

% H 50 Q 5 Q;S? Equation24

where G and G are both constantsThis equation ensures that the selected grid size
can provide good resolution for each fibre tow and the seed size can provide

sufficient detailed information of fibre to each griBased on the results discussed
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above, he recommended values fon@nd G are 2.2 and 3.8 respectively through

considering accuracy and computing time.

Figure5.19 Node distributions and element shapes in (a) 6K fibre architecture (b) 24K fibre
architecture. The seed size is 1.13mm and grid size is 2.5mm for both architectures

Figure5.20 Schematics showing the maagnrors in Architecture No.14 (a) (ovestimation)
and Architecture No.10 (b) (undesstimation)
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Tableb.9 Computing time at different grid sizes for the 24K fibre (9.4mm wide) architectures

(ArchitectureNo. 6 t 10 in table)

Grid size

1.2 1.8 25 3.2 5.0
(mm)
Fibre tow
width to grid 7.8 5.2 3.8 2.9 1.9
size ratio
Computing 267 55 28 17 7
time (s)

Note: The specification fahe computer used in this work:i€PU Core 18130 3.4GHz and

RAM 32GB.

The next step is to check whether the flow simulation results in fRANM are able

to correctly reflect the variation of the fibre bundles in the permeability value for the

different DCFP architectures. Firstly, a 3D DCFP model was generated in the

Architedure Generation Programme. Then the local areal mass of fibres was plotted

using a gresscale (darker placesdicate higher local fibre contentThis fibre map

was imported into PAMRTM to perform resin flow simulatiorfer calculating the

simulated perneability, which was introduced in Sectio|6.3.5

Figure5.21

shows

that the flow front is irregular and is influenced by the local fibre distribution within

the preform. Flow is hindered by the high fibre content regions, encouraging the

resin to flow faster through théow \f regionsas observed experimentally|Figure

5.7
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Figureb.21 Fibre distribution of a DCFP model (a) and profiles of flow front during
advancing process in PARTM (b)t (d); Cell size 280 mm * 110 mm
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5.4.2 Predicted DCFRepmeability results

Figure5.22|shows the simulation results of the cumulative average permeability

values for a 12K 45mmy 81% 5wt.% DCFP architecture. A new DCFP model was
created using the same material parametéos each iteration. Since the 3D DCFP
architecture generation programme does not generate the same level of variability
as found in experimental specimens, the simulation results converged quickly after 3
iterations, and all of the values were in a narrow rar(@d5 t 16 x 16°n?). This is
because the target fibre volume fraction of 31% was always achieved for the
simulation specimens (280 mm x Inm), whilst the Y of the experimental

specimens was more variable in the range of 3(326.

Figure5.22 Cumulative gerageDCFRermeability values from FE simulation in PARVWM

Table 5.10[ compares the results of the permeability simulation for the DCFP

structures at two Vf levels (31% and 46%) using different two modelling methods,
against the experimental data. It can be sdbat the simulation values using both

the 2D beam element model (assuming fibre bundles are evenly distributed in
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thickness direction]105 and the 3D mdel (with random spacing between fibre

bundles in thickness direction) developed in this thesis have large errors compared

to the experimental values. The 2D fibre model with even spacing between bundles

underestimated the permeability of DCFBy ~40%4 while the 3D model

overestimated the permeabilitpy ~100%4

The inaccuracy of the 2D beam modeh be attributed taassuming all fibre bundles
are evenly distributedhrough the thickness of the prefornThe expression for the
permeability of theinter-bundle spacings in Equation 19 indicates that, if the number
of fibre bundles is constanincreasing thenumber of spacindgpetween bundlesy

assuming there are no touching bundles (even spacings) reducepacegrelated

permeability factor A?@B% f?g whichleadsto a lowerpermeability.

The simulated permeability valuéom the 3D models are approximately twice as
high as the experimental data. However, ttiend for the effect of binder content
on the permeability at different carbon fibrevolume fractions was correctly

accounted for in thesimulation supporting theexperimental data. The effects of

binder content at different Vhave been explained ifection[5.2.3 The reason for

the overestimationfrom the 3D model can be attributed 8 things assuming the
fibre distribution is planar (overlookingut-of-plane fibre angles), and the

homogeneity of thebinder.

The outof-plane fibre angles were overlmked in the fibre geometry analysis
programme, therefore the resin flow is not hindered by fibres passing through the
thickness of the preform. Furthermore, in this modile negative effect of binder

on permeability from the experimental data of NCF \aapliedto the input values
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for the tow permeabilities,ki and k, but this does not account for local

agglomeratios on the surface othe bundles as shownin|Figure4.15| Hence, the

binder can block intebundle spacing, whicresults in lower permeability.

Table5.10 Comparison of permeability values of the DCFP (12K 45mm) with different Vf
and binder content from experimental measurement, 2D and 3D models

Permeabilit . 3D . 3D 2D
y Experimental 2D model* | Experimental
«100 m2 model* model* model*
Binder
tent 5wt.% 10 wt.%
Vf
12.25+ 9.67+ 2.94+
0
31% 6.32+1.92 048 3.93+0.22| 4.59+1.13 051 019
341+ 2.82+ 0.75+
0
46% 1.34+0.45 0.43 0.83+0.13| 1.13+0.33 0.45 012

*The 3D model was developed in this thesisatmount for the random spacingbetweenthe fibre
bundles inthe throughthickness direction. Whilsthe 2D model assunsthe fibre bundles were
evenly distributedhrough thethickness §8].

5.5 Conclusions

In this chapter, thirty permeability measurement repeats were conducted for a single
type of DCFP (T700 12K 45mm EPS620 10wB¥4Y, and it was found that at least
ten measurements should be taken to achieve an average permeability t@lue
overcome thestatistical effectsof areal mass variabilityThe presence of powder
binders significantly influensethe permeabilityof DCFP preforms, when typical
amounts are added to overcome preform distortion during high pressure RA@/.
distribution of coarse Iniders is less homogenous than that of fine binders, which
influences the resirflow front in high fibre content regions of the preformit a
binder content of 5 wt.%nd a carbon fibre Nof 31% the permeability of the DCFP
with EPS620 (particle size 1th) wasapproximatdy half that ofa DCFRpreform

with Neoxil940 (particle size 9Q0n): 6.32x 10%m? VS 11.4% 10%m?. When the
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binder content was increasei 10 wt.%, the permeabilities gfreforms produced

with EPS620 and Neoxil94@duced by 27%ral 55% respectivelydowever, when

the \t increased to 46%, the effect of binder content on permeability was less
significant. A 15% reduction in permeability was observed for DCFP preforms with

5wt.% and 10 wt.% EPS620 binders.

A permeability model was deloped with the consideration of realistic intbundle
spacing created by a 3D DCFP architecture generation programme. The aim of this
model was to account for 3D fibre architecture features (e.g. fibre tow location,
number of tows, orientation, and spmg) in a simplified 2D permeability calculation

to achieve a representative global permeability value for DCFP. It was found that an
area threshold of 70% was required to ensure thenthe 2D model was the same

as the VYoriginally specified in the 3D model.

Whilst the results of the flow simulation in PARTM showed that the model
developed in this chapter successfully simulated the irregular flow front observed in
the experiments, thesimulated globapermeabilityvalueswere 100% higher than

the experimental data. The error in the permeability simulation using the 3D DCFP
model can be attributed to ignoring the effect of eat-plane fibres and assumptions
about the binderdistribution. The simulation results from theewly developed 3D
model and the previous 2D model provide effective upper and lower bounds

respectively for the permeability of DCFP preforms.
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Chapter 6Structural investigations of DCFP using high strength
and high modulus carbon fibres

Previous experimental stlies for DCFP have highlighted that fibore homogeneity
(local areal mass distributiomlpminatesin terms of mechanical propertiﬁ.
Homogeneity can be improvely reducing the fibre length, but this increases the
likelihood of bundle fragmentation, which limits the maximum achievable fibre
volume fraction due to increased preform loft. The other option is to reduce the tow
size, but thidhas a significant impact on fibre cost, which increases exponentially as
tow size reduced. This chapter investigates the possibility of using higher
performance fibres other than the industrial grade fibres typically used, to see if

higher mechanical pragrties can be realised for DCFP.

6.1 Materials

Five types of carbon fibre tow were selected to investigate the effect of fibre
properties on the mechanical performance of discontinuous fibre reinforced
components. The fibre modulus ranged from 230@»&60GPa and the ultimate
strength ranged from 3200MP# 5490Mpa. The objective of this study was to
understand the implications of using higher performance fibres in discontinuous fibre
composites to see if there was an optimum in terms of cost (ranging ##rjikg t

270 ,/kg). Detailed specifications of the fibres used and the preforms designed to

achievea 50%fibre volume fractiorare listed ifiTable6.1| The preform areal density

was dependent on the fibre type, as each fibre had a different linear density due to
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different filament diameters and tow sizes. The target areal densitiedistezl in

Table6.1[for all fibre types investigated.

A homogeneity factor was calculated for each fibre type, based on the target areal
density of the peform and the linear density of the towEquation 25vas used to

calculate the number of fibre bundles in an area of 1?@nd the results are

presentedin|Table6.1

PO acApadBUadbea

*KIKCAJAEPAPIRK SDIC; L — 5 -
54440AUa®@az @YU U 0@ AHIE 89

Equation25

Three hybrid plaques were also produced using different ratios of Fibre 1 and Fibre
5. Hybrid preforms were all sprayed with alternating layers of Fibre 1 and Fibre 5 (6
layers and 5 layers in total respectively),ttibe areal mass of each layer was

adjusted to achieve the desired fibre ratio and maintain a 50% # The

specifications for these plaques are also listgdlable6.1
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Table6.1 Specification of fibre types and corresponding DCFP preforms

Tensile | Tensile | Filament Densit vield Cost -Ir-:frgrer; Homogeneity
Fibre type Manufacturer | Precursor| strength | Modulu | Diameter ( /cm3;/ (9/1000m) AlllpP arepal densit factor
(MPa) | s (GPa) ~..us 9 g A (gsm) Y1 (towslcm?)
Fibre 1| T70050CG12K Toray PAN 4900 230 7 1.80 800 24 2430 6.8
Fibre 2| T800HEL2K Toray PAN 5490 294 5 1.81 445 147 2444 12.2
Fibre 3| K1331212K Mitsubishi Pitch 3200 420 9.5 2.06 1560 75 2781 4.0
Fibre 4 M4636K Toray PAN 4210 436 5 1.84 223 270 2484 24.8
Fibre 5| K1391616K Mitsubishi Pitch 3200 760 9.5 2.15 2200 80 2903 2.9
: . Nominal Target
Fibre Volume Ndzrr?slzal Noirgllcr;al fibre preform
combination ratio ( /cm?})/ ( /iOOOm) costA | areal density
g 9 M (gsm)
Hﬁ%”d K13916/T700 10:90 1.84 940 30.6 2477
HébS”d K13916/T700 25:75 1.89 1150 40.0 2548
H‘;%”d K13916/T700 50:50 1.98 1500 54.5 2666
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6.2 Effects of fibre propertiesn strength and stiffness of DCFP

Representative stresstrain curve are presentedin|Figure6.1|for DCFP plaques

manufactured fromthe five fibre types listed in|Table6.1} All materials exhibit a

linear stress/strain response up to failurBCFP plaguesanufactured from Fibre 2

and Fibre 4have the highest tensile strengi*-300 MPajnd stiffnesg(~60 GPa)
respectively among all the fibre types select€bmpared to Fibre 2, tifébre 1 DCFP
plague offers similar propertiesbut with slightly lower strength and stiffness
Although the stiffness of Fibre 5 DCFP is comparabth the Fibre 2 DCFRhe
strength is the lowest (lower than 100 MPa). The Fibre 3 DCFP plaques do not show
any significant advantages terms ofstrength and stiffness, compared to the DCFP
plaguesmanufactured from other fibre types. The magnitudetbé strength and

stiffness will be discussed in the two following sections.

Figure6.1 Representative stresstrain curves of DCFP plaques manufactured from
different fibre types selected to investigate
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6.2.1 Srength

Figure6.2|shows the tensile and compressive strengths of DCFP plaques moulded by

RTM as a function of the ultimate tensile strength of tiee, for the five different
fibre types. In general, there is very close agreement (<5% difference) between the
composite tensile strength and compressive strength values for all fibre types. The

coefficient of variation is also less than 8% in each.case

Figure6.2 Strength of RTM moulded DCFP parts using various fibre types with different
tensile strengths

The composite strengths are similar for Fibre 5 and Fibre 3, since they are both
manufactured with Pitckbased fibres with the same tensile strength (3200 MPa).

The composite tensile strength of these plaques however is low, being the same

order of magnitale as the ultimate tensile strength of the epoxy regli(. The

difference in composite strength of plaques made with Fibre 5 and Filzel3e to
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the tow size, which is reflected in the homogeneity factor presentgdable6.1

Fibre 5 has the largest tow size of all fibre types tested (16K), but also has the largest
(Jouvd Jusd8 E ~6XA ..usU E «po&forPa p0%} VolauéXd S} A-l
moulded in a 2.7mmhick cavity. The tow size for Fibre 3 is 12K, resulting in 4.0

tows/cm?, which helps to improve the homogeneity of the fibre distribution, as

previously discussed .

Because of the low homogeneity of the Fibre 5 architectures, the variationah V
the moulded plaques is high (13.2%), as indicat&diinie 4.9Hence, there are more
low fibre content regions and resirich areas in these plaques, leading to lower

strength values. The tensile specimens start to fail in the resin rich regions and then

propagate around fibre boundaries of neighbouring bundles. Hrayare6.3|(a) the

outline shape of fibre bundles are evident at the fracture surface of the tensile

specimens. Micrographs JRigure 6.3| (b) confirm that tensile failure of Fibre 5

specimens is by fibre pedut, as individual filaments are exposed without any

surrounding matrix material. Conversely in compression, specimens manufactured

from Fibre 5failed due to bucklingHigure6.3|(c) due to the asymmetry of the

specimens caused by the presence of resin rich regions.
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Figure 6.3 Morphology of fracture surface for tensile specimen made with Fibre 5 (a);
Photograph of the fracture site (b) Micrograph of the fracture surface (c); fracture site of
Fibre 5 specimen in compression

The composite strerth increases by ~180% (from ~100MPa to 280MPa) when the
tensile strength of the carbon fibre increaskg 32%from 3200 MPa (Fibre3 and
Fibre5) to 4210 MPa (Fibre4). Fibre 4 has the highest homogeneity factor (24.8
tows/cn) of all the fibres tested, buthis does not result in the highest composite
strength recorded, as the composite strengths of Fibre 1 and Fibre 2 are higher. The
fibre strengths for Fibre 1 and Fibre 2 are higher than Fibre 4, which suggests that
fibre strength dominates the compositegperties over the homogeneity of the fibre

distribution. In addition, the void content is higher for Fibre 4 (~1.0%) than Fibres 3

and 5 according tEigureGA These are macroscale voids, as showRigure6.5

which are situated between bunel$ and at fibre ends. Macroscale voids are formed

because the intebundle spacing is smaller due to the higher homogeneity number,
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which reduces the resin velocity during injection and therefore reduces the capillary

number[111-114].

Figure6.4 Void content of RTM moulded DCFP plaques as a function of homogeneity factor

Figure6.5 Microscopy images (x5 magnification) showing fibre distribution for RTM
moulded DCFP plagues manufactured from {laje5- K13916 (b) Fibre 1T700 and (c)
Fibre 4- M46J; Blue lines and red dots indicate the resin rich regions and voids
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There is a marginal increase (3%) in composite strength between Fibre 4 and Fibre 1,
as the fibre strength increases from 4210 M#©a4900 MPa, with a further 2%
increase in composite strength as the fibre strength increases further to 5490 MPa
for Fibre 2. The maximum composite strength converges to ~300 MPa, which is
similar to other values reported in the Iiteratu for random carbon fibre
plaques containing 50%.\'he strength of a discontinuous fibre material will rarely

exceed 70% of the strength of aguavalent continuous fibre systerElS , but the

discontinuous fibre plaques made from Fibres 1, 2 and 4 here are jus83b. In

115, the tensile strength doubles when fibre bundle aspect ratio (length/width)

increases from 100 to 50@ndthen reaches a plateaas the aspect ratio increase
further. However, the bundle aspect ratio is between 10 and f80 the DCFP
materials tested herewhichsuggests thathe full potential of the fibres vasnot fully

used. Furthermore, aigherstiffnessmatrix may be required to reduce the overall

stiffness ratio ofibre/matrix, as Kardogl15 previously demonstrated that this can

improve the overall strength of the composite by reducing the lastgessgradient

at bundle ends.

6.2.2 Siffness

Figure6.6[shows the composite moduli as a function of the fibre tensile modulus for

the different fibre types. An analytical moﬁ 116 has been used to predict the

theoretical stiffness, which is based on a Mbanaka approeh |117]. The PAN

based fibresKibrel,Fibre2, and Fibre4ollow the analytical trend, as the composite
stiffness increasewith increasing homogeneity factor and increasing fibre tensile

modulus However, the discrepancy between the prediction and the experimental
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data increases as the fibiiffness increaseslhe Pitchbased fibres (Fibre 3 and
Fibre 5) yield similar composite moduli, despite the fibore modulus for Fibre 5 being
almost double that of Fibre 3. There is also much greater variability for the measured
moduli for these plaques ahthe compressive stiffness is only ~60% of the tensile
stiffness. During the preforming stage, Fibre 3 and Fibre 5 are easy to break to create
shorter and smaller bundles when the fibre tows pass through the chopping system,
as they are brittleand have averylow strain to failure(~0.4%). Therefore, the fibre

bundle aspect ratio will become smaller, which causesgnificant reduction in the

composite stiffnes$l15.

Figure6.6 Stiffness of RTM moulded DCFP plaques consisting of different fibre types

6.3 Effects of fibre hybridisation

According to the strength data presentdad [Figure 6.2 the ultimate strength

converges to approximately 300 MPa as the fibre strength increases combined
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with the current matrix system. An obvious trend cannot be distinguished for the
stiffness however, with high stiffness fibres such as Fibre 5 (760 GPa) yielding a lower
composite modulus than lower stiffness Fibre 4 (436 GPa). Some hybrid fibre plaques
have been manufactured using a combination of Fibre 1 and Fibrery,tachieve

a compromise between composite stiffnessd cost.

Figure6.7[andHgure 6.8|show the composite strengths and moduli of DCFP plaques

manufactured with different ratios of Fibrkand Fibrés respectivelyThe properties

of the hybrid DCFP plaques ateminatedby two factors: the propertig ofthe fibres

and the degree of dispersio 118, related to the homogeneity factor. Low

homogeneity levels will limit the potential of the fibres with higher properties, as

discussed in the previous section. Accordinf-itgure6.7| the composite strength

follows a neaflinear relationship with increasing levels of Fibre 5, reducing from 300
MPa at 0% to ~100 MPa at 1008ince Fibre 5 hdewer fibre tensile strength (3200
MPa) The trend is similar for both tensile and compressive dathen the content

of Fibre 5 increases from 25% to 50%, there is a significant reduction in composite
strength, because of the difference in strain to fedlwf the two fibres (0.4% for Fibre

5 and 2.1% for Fibre 1A similar reduction in strength was obser, when

two fibres (M40/T300) with diierent failure strains were blended together with

equal volume fractions (50%:50% in a hybrid composites)

The trend for the composite stiffness|kigure 6.8|however is distinctly different.

There is no obvious hybridisation effect for tbempressive modulus, exhibiting a
straight line for different hybridisation levelsince the stiffness of the pure Fibre 1

and Fibre 5 DCFP plaques are the sarhe tensile modulus initially increases by 31%
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(from 38 GPa to 50 GPa) as the Fibre 5 content increases from 0 to 10%. A further 10%
increase in composite stiffness is observed as the Fibre 5 content increases to 25%,
yielding a peak composite stiffnesg 56 GPa. The composite stiffness plateaus

beyond the 25% hybrid level, with an average stiffness of 54 GPa

Figure6.7 Ultimate strength of DCFP hybrid fibre plaques at various hybridisation levels

Fgure 6.8 Composite stiffness of DCFP hybrid fibre plaques at various hybridisation levels
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The key design objective fan automotive structure is stiffness, therefore an
optimal combination of density, Young's modulus, and cost is required to make new
usd E]l o A o0}%u vse SSE S]A X dZ Z }*3 % E pv]s
favourable if composites are to replace metallics. The density of plagues
manufactured in the current study were all similar, since they all had the same target
fibre volume fraction. The tensile stiffness and strength values have been normalised
with respect to fibre cost to identify the most cost effective solutioreath case,

also taking into consideration the hybrid fibre options. The objective was to establish

if it would be more cost effective to use a small volume of a high performance

material with a high purchase cost, compared to using larger volumes oftiradus

grade fibres. The tensile stiffness d@t@sented ipFigure6.6(andFgure6.8|and the

tensile strength data presented|figure4.10[andFigure6.7|have been normalised

with respect to the fibre costs present@gTable6.1fand are presented JRigure6.9
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Figure6.9 Tensile stiffness and strength values for moulded DCFP plaques normalised wirt.
fibre cost

Fibre 3 is the least cost effective material in terms of the stiffness and strength values
attained, where » & & i ]* 8Z u}e3 }*5 (( 8]A <+]JvPo (] & <}
v iXAA "W IjeX dZ *8]((v ** % E& }*S v *3SE& VPSZ % CE
approximately 85% lower than Fibre 1. The hybrid plaques generally sit within the
cost bounds of Fibré and Fibre 5, since they are weighted averages. However, the
stiffness per cost of Hybrid 10 is actually higher than Fibre 1, demonstrating the
opportunity for increasing composite stiffness by adding a small quantity of high
performance fibre (10% of F# 5) without having a detrimental effect of the
component cost. It is important to remember however, that this trend may change if
a higher performance resin system is used to effectively reduce the fibre / matrix
stiffness ratio, as there is further patéal to increase the efficiency factor of the

fibres.
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6.4 Effect of fibre selection ampactproperties

Table6.2[summarises the Charpy impact strengths for the RTM moulded DCFP parts.

Both Fibrel and Fibre2, which yield high tensile strength, also offer high impact

strengths of approximately 108 kJfnHowever, the impact strength for Fibr&CFP

plagueis just 36.2kJ/rh|Figure6.10|shows the fracturesites for Fibrel, Fibre2, and

Fibre4 DCFP parts after Charpy impact test.specimers manufactured with high

failure strainfibres (Fibrelis 2.1% and~ibre2is 1.9%), failure tends to be resin

dominated thereforecracksend to circumvent the fibre bundlg&igure6.10j(a) and

(b)), resulting in largéfailure zones Hence,high levels of impact energy can be
absorbed in this wayin contrastthe failurestrain of Fibre 4 is 1.0%herefore impact

failure tends to be fibre dominated. This enables cracks to propagatkly through

the thickness of the specimeiﬂﬁgureG.lO (c), yieldinglow impact strength DCFP

plaquesusing Fibre3 and Fibresohavelow impact strengths of ~30 kJAnFailures
are resin dominated, but theoor fibre distributioncausesunreinforced resirrich
regions whichunhinder crack propagation during impact, minimising the size of the

damage zone

In contrast, Hybrid10 DCFfers animpact strengthis 106.6 kJ/m, with a slightly

lower tensile strengthcompared to Fibrgé, but with significanty higher tensile

stiffness(Figure6.7|andHgure 6.8).
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Table6.2 Charpy impact strengths of RTM moulded DCFP pars¢v)

Hybrid | Hybrid | Hybrid

DCFP | Fibrel| Fibre2 | Fibre3 | Fibre4 | Fibre5 10 25 50

;trr']eﬁla‘itr] 108.9| 108.0 | 303 | 362 | 264 | 1066 | 96.4 | 785
(kJ/rr?Z) +8.8 | 6.7 | +57 | #3.1 | #2.7 | +104 | +250 | +23.8

Figure6.10 Fractures of RTM moulded DCFP parts after Chiarpgct test: Fibrel (a);
Fibre2 (b); and Fibre4 (c) (Original specimen size: 80mmx10mmx2.7mm)

6.5 Overview of structural investigations of DCFP using high strength and
high modulus carbon fibres

A series of discontinuous fibre plagues were manufactured witange of different
carbon fibres, with fibre strength values ranging from 3200 #5490 MPa and
modulus values ranging from 230 GB&Z60 GPa. The ultimate strength of the DCFP
plagues increases monotonically with increasing fibre strength, comgeraii 300
MPa for a fibre volume fraction of 50%. Higher strengths are difficult to achieve for
the current fibre / matrix combinations due to the presence of resin rich region in
DCFP component. Although the higjiffnessktrength Fibre 2 offers an architecture
with a higher homogeneity factor (12.2 tow/cth compared to Fibre 1, its void

content (~1.0 %yas~20% higher, which limetl the tensilestrength improvement.
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The effect of increasing the fibre stiffness on the D&FRposite stiffness is less clear,
with no obvious trend and experimental values far from the theoretical values
predicted by an analytical equivalent inclusion model. The D@REQues
manufactured fromhigh-stiffness fibres (e.g. Fibre 3 and Fibre 5)éawor fibre
distribution leading to largefWariability(13%)in the moulded parts, so the stiffness
values are less than half of the theoretical values due to the presence of many low V

regions.

A hybrid DCFP plaque consistingFabrel/Fibre5provides a useful compromise
betweenmechanical properties anchaterialcost.A plaque with90% Fibre 1 and 10%
Fibre Syieldssimilar tensilestrength (290 MPa) and impact strength (1&6/n¥) to
neatFibre 1 DCHplaques However, its stiffness (50 GPa) is 3digher, which makes

it comparable to the stiffness of thaore expensive Fibre #$lague,whichalso has a
very low impact strengthThelarge amount of Fibrel in Hybrid10 DG¥Rures the
homogeneity factoris still high to avoid resin rich regiang/hen fibre cost is
considered the Hybrid 10 achieves the most cost effecibeenponentstifiness (1.6
GPa/}) and the second most cost effective strength (9 MPpadf all the fibre

combinations tested.
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Chapter 7Impulse excitation measurement fapid z} uvP [
modulusdetermination of DCFebmponents

7.1 Background

The Impulse Excitation Technique (IET)is a non-destructive testing method to
S EGul]v usS E] o %E}% ES] » ~ XPHampingvtArfoughu} pope
measuring resonant frequencylt has been applied to z}p vsP modulus

measurementfor various materials, such as metals, ceramics, and compgsiteis

providesan error ofgenerallyiess than 1% against the data from tensile tesjhtd-

122. Accordingto ASTM E187&U S$Z z}uvP[e u} popes }( *% Ju v ]e

as Dllows:
'L ré[vxvlla—(;'hp:.7 P;6 Equation26

where ]e z}uvP[e u} popuesU u Je u ssU ] A] 8ZU t3s]* 0 VP3
flexural resomnt frequency and T is correction factor, which can be simplified as T =

1 + 6.585(L/(if L/t > 20)

IET has been applied to composite materials in the past, but these were generally
metallic or ceramic matrices with particulate reinforcements that were relatively

homogeneousThere is little literature about measurinige z}uv P [e u} pftopee }(

reinforced composites. Viens et §.23 and Song et a‘124 demonstrated thatthe

error between IETheasurements antensile testing was less thd&% for laminated
carbon fibre composites. However, it is uncertaihether IET is applicable to DCFP
with random discontinuous fibres andheeterogeneous architecturelrhe objective

of this chapter wago investigate ifIETcould be used to produce fast and simple
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components.
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7.2 Impulse excitation measurement setup

An RFDA Basien@nufactured by/lMCE) was used to measure the modulus of RTM

moulded DCFP specimens, which were the same specimens used for tensilg, test

accordingto the ASTM E18765. However, impulse excitation measurements were

taken before the tabs were bonded to the ends of the specimens prior to tensile

testing The testing rig

Rigure7.1

has three partsa universal wire supporta USB

microphone (10Hz 16kHz) conneetd to a PC, and manual excitation unit (a small

hammer). The measurement process was performed according to the following

procedure:

x Plcea 250mmlong DCFP specimeatcording to the positionllustrated in

Figure7.1

X Input the measurements of the specimen into the software:

length/width/thicknessimass

x Activate the microphone. Then use the excitation unit to hit teatreof the

specimen.

X Record the modulus and dampidgtafrom the resonan frequency.
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Figure7.1 RFDA Basic testing rig

7.3 Comparison of modulus measurement betwégmandtensile tesing

Figure 7.2| compares DCFP stiffness values from tensilestestd the impulse

excitation measurement.The stiffness achieved from thempulse excitation
measurement iggenerally within3% of the mechanal tensile test, especially for

Fibre 1, Fibre 2, and Fibre 4 DCFP specimens which have high homogeneity factors (>
6.8 tow/cn?). The< 3%errorisgenerallyless than the intrgplaque stiffness variation

(~5%) For theDCFP specimens manufactured freitres 3 and5, there is over 20%
difference in the stiffness values betwette two measurement methodsincetheir

architectures have low homogeneity legelThe presence of large resin rich regions

Figure6.5) will influence theaesonant frequency of the materiahder excitation by

absorbing energy andhibiting wave propagation. Hence, the recorded acoustic

wavedoes not accuratelyepresent tre material tested, which leads &n erroneous
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modulus valueBased on the experimental data in this work, the impulse excitation
method offers accurate stiffness measurement for the DCFP specimens with high
homogeneity level. Hencgyotentially it could be applied in industry tgrovide a

rapid stiffness measurement method andcanvenientquality check tool toidentify

problematic DCFP componemsth poor fibre distribution.

Figure7.2 Stiffness values of DCFP parts from tensile test and impulse excitation
measurement
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Chapter 8A watersoluble core material for manufacturing
hollow composite sections

8.1 Introduction

This chapter investigates the potential for using water soluble salt (NaClesor

similar to the ones that are used to produce high pressure die castiti$, to

produce hollow carbon fibre composites. The cores consist of NaCl and a -water
soluble and environmentally friendly binder, trehalose sugar, which can be hot
pressed into shape. They can be simply washed out after the composite moulding
cycle using water and the NaClintent can be recovered through evaporation. A
study is presented to define a processing window for the NaCl core to achieve
suitable mechanical properties for use in high pressure moulding processe&%000
bar), whilst ensuring the core can still be rewed from the composite, post
moulding. The influences of binder content, processing pressure, temperature and

time are all investigated.

8.2 Background

Compared to foam cores, which normally remain within the final composite
component after the moulding pross, a removable core is able to provide more
design flexibility to achieve the ultimate lightweight design for composites structures.
Hollow inner cavities can be used to position wiring harnesses or other services,
which can help improve packaging and rease space in the passenger cell.
Removable cores can also be used to mouldngant geometries, which could not
otherwise be moulded with rigid toolind@he following criteria has been identified to

ensure the core material is suitable for higiessure composite moulding processes:
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x Sufficient compressive strength (typically 15 MPa) at elevated mould
temperatures (typically 120 °C)

X Impermeable to low viscosity resins

x Fully removable and within the Takt time of the moulding process (typicély 5
minutes)

x Easily removable without inducing damage to the composite structure

X Machineable or castable to produce complex geometries

X Low cost

X Recyclable and environmentally friendly

Inorganic salts are an appropriate material choifsr removable cores as

commercial salt cores are reported to have flexural strengths of over 18@

and have been el for high pressure die casting (HPDC) at temperatures and

pressures exceeding 690°ﬁ| and 60MPa [126 respectively. Different

compositions have been investigated in the literature, including KCI based cores for

high bending strength at elevated temperatur§&9{|127], NaCl cores containing

mica powder for cost reductio, NaHC® based cores for accelerating core

removal|128], and four binary systems (Nal&CQ, KCIK:CQ, KCGINaCl and ¥CQ-

NaCQ) for increasing mechanical properties compared with NaCl dd2§. The

material is readily available and inexpensive and can be dissolved in water to enable
the core b be washed out from the composite structure. There is also the potential

to recover some salt from the waste solution.

There are typically three binding mechanisms for salt cores. These include 1)

mechanical deformation of grains by sinteringn®lting followed by consolidation
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and 3) adhesives (sgeable8.1). For sintering, salt particles are typically pressed at

over 100MPa and then thermgltreated at 650°C to increase the bending strength
from 5 MPa to 9 MP. Whilst sintered cores have good mechanical properties
and low porosity (reported as 2880 ), they are limited to producing simple
geometries because a nasostaticpressure is generated in the tool. The magnitude

of the processing pressure is also an issue for larger scale components, due to the
high capital costs for tooling and a hydraulic press. For the same reasons, casting
liquid salt cores is not appropriate for large composite components. In addition, the
energy consumption for producing cast liquid salt cores is high due to the melting

point of salt (800 °C) and the shrinkage of the core can be significant (>15%.vol)

following solidificatior] 39”126 . The dissolution rate is also very slow, requiring high

pressure water jets (600 bar) to remove the c¢té9,.

Table8.1 Salt cores made by different processes and their mechanical property

Manufacturing Core Flexural Comments
process material strength (MPa)
o KCl N Presse_d at 104MPa;
Sintering NaCl >9.0 Additives: ZrSiQ AbOs, SIQ, FeG;;
Heat treatment at 650°¢39]
Binder: water glass;
NaCl 2.1 Pressure: 7.8 bar[39]
Binder Binder: polyethylene glycol and
NaCl 6.6 10wt.% plasticizer;
Pressure: % bar[42]
NaCl >18.0 [129
Liquid casting I\:;:;E:CCIé >300 NaCI70mol% NaCQ

Using a binder to stabilise the salt core can effectively reduce the required
consolidation pressure to less than 1 M, as a high level of mechanical

interlocking of the salt grains is not required to achieve acceptable properties. The
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mixture can also be pressed warm or cold, depending on the binder Bgnadz 127

128. Binders used for salt cores are often mod silicate (water glass), synthetic

resins, and polyethylene eg 127"128. Compared to sintered cores, more

complex shapes can be produced but the porosity level is much higher (up to 30%

) , and therefore mechanical properties are lower. Dependintherbinder type,

the addition of such a parasitic material can have a negative effect on the dissolution

rate [39].

8.3 Watersoluble core development methodology

An extra fine NaCl powder with an average particle size of 0.59 mm was used to
manufacturewater-solublecores, refered to here as NT Cores. Trehalose sugar was
used as the binder material, which had a powder particle size of <0.30mm. Trehalose
is a noAreducing sugar formed from two glucose units joined byladlpha bond. It

is therefore watersoluble and compatible ith NaCl and does not appear to affect
the fibre reinforced composite. Both powders were mechanically mixed to the
required ratio and then poured into a preheated cylindrical mould with an inner
diameter of 150mm. The mould surface was coated with Frek@@NC mould
release to aid removal of the core. The salt/sugar mixture was hot compacted and
held at temperature before the tool was cooled in the press at a rate of 5°C/min. The
core was demoulded when the tool temperature had reduced t8C3TUest coupas

were machined from the round disc, typically 13mm thick, using a 3mm wide

diamond tipped circular sasee cutting plann|Figure8.1). Before machining, the

dimensions and mass of each core were recorded to calculate the density.
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Figure8.1 Cutting plan of test specimengfn a circular disc, 150mm diameter, 13mm
thick

8.3.1 Design of experiment

A Taguchi study was conducted to establish the relative significance of a range of
processing variables on the strength of the NT Core at ambient temperature, and the

dissolutionbehaviour in waterThe independent variables and their associated levels

are summarisedh|Table8.2| Processing pressure directly influences thd obshe

tooling and capital expenditure and therefore should be minimised to produce cost
effective cores for high volume applications. The effect of binder content, processing
temperature and processing time were all investigated as possible ways to

compensate for lower processing pressures.

t]132 E} "% E} e++]vP Alv }JA_  (Jv U ulE § ]o
conducted to determine the effect of elevated-service mould temperatures, with

tests conducted at 80°C and 120°C. Two wideld core matsals were also tested
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as benchmarks: a structural closed cell foam (A Core) and a-s@ltdsle material
containing ceramic microspheres (B Core). The B Core material was moulded in the
same circular tool as the NT Cores at a pressure of 17bar at roopetatare. The

demoulded cores were subsequently dried in an oven at 125°C for 1.5 hours.

Table8.2 Parameters and associated levels in the Taguchi study

Parameters Levels
Binder content (wt.%) 3 5 8
Processing pressure (bar) 55 85 170
Processing temperature (°C) 120 150 190
Processing time (min) 10 30 60

8.3.2 Experimental methods

8.3.2.1Mechanical testing of core

Both 3point bend and compression tests were conducted on an INSTRON 5985
universal testing machine. For-@int bending tests, five 13 x 13 x 100 mm
specimens were prepared for each material and a constant span of 60 mm was used
between @10 mm support ri@rs for all specimens. Tests were performed at a speed
of 1 mm/min. The applied force was recorded by a 25 kN load cell and the central
deflection of the specimen was recorded by an LVDT positioned on the underside of
the specimen. Three compression tegtecimens were prepared for each material
configuration, which were cut t80 x 30 x 13 mm and compressed between @50 mm
platens at a speed of 1 mm/min. A 100 kN load cell was used to record the applied

compressive force.
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8.3.2.2Microscopy

The crosssections 6the core materials were observed by optical micrographs at 5x
magnification. The specimens were cut from the ends of the flexural test specimens
after the bending test was finished, and machined into 13 x 13 x 13 mm cubes. The
faces of interest were pahed unmounted, using silicon carbide paper (P240, P400,

P800, P1200, P2500, and P4000) but without using any fluids.

8.3.2.3Thermoanalytical testing

Coefficient of thermal expansion (CTE) measurements were conducted@$00
TMA from TA InstrumentsCTEmneasurements were performed on the microscopy

specimens, across the temperature range from 20°C to 1204CQate of 5°C/min

Differential scanning calorimetry (DSC) was conducted for the trehalose binder on a
Q100, supplied by TA Instruments. For therexeived trehalose powders, a full
profile scan was performed at a rate of 5°C/min from 20°C to 230°C. To represent the
core manufacturing conditions, the trehalose was heated at 5°C/min from 20°C to
150°C and held at 150°C for 1 hour, before being comeD°C. Subsequently, the
same sample was reheated up to 150°C at the same ramp rate to identify whether

the trehalose had experienced a phase change after the core had been made.

8.3.2.4Core dissolution rate measurements
An ultrasonic water bath (Sonic 300@rn James Products Ltd) and a conductivity
meter (HANNA HI8733) were used to measure the dissolution rate of the core. A

calibration line was created by measuring the conductivity of known quantities of

NacCl in one litre of distilled water at 25 °C. NT Gmecimens of 13 x 13 x 20 mm
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were used for the dissolution rate measurements. Each specimen was weighed and
then positioned in the middle of the water bath inside a wire basket. The conductivity
of the water was recorded from the point at which the speemwas placed in the
water until it reached a constant value (indicating that the sample had fully dissolved).
The change in conductivity was converted into the change of NaCl concentration
using the reference lineThe dissolution rate of the core matekia, (g/min), was
calculated using the gradient of the concentration change curve. The specific

dissolution rateds(g/(min-m?)), was calculated by:

AZO
°®¢

@L %J L SEGQ; Equation27

where ¢ Hs the time period, ¢%s the concentration change during time perigd®
Vis the volume of wateris the binder content of each sample, aAds the total

surface area of each specimen.

8.3.2.5Core removal trials

Water jet removal trials were conducted for a B Core sample and an NT Core sample

(same composition as used for the machining trials). Both core materials were

machined into trapezoidal camns, shownin|Figure8.2| (a). To ensure a direct

comparison, all cores were coated with 3 layers of Aqua®@a8 coating (made by
Advanced Ceramics Manufacturing). Each layer of Aquaseal was sprayed on the core,
which was then allowed to dry in an oven at 40°C for 30min before the next layer was
applied. Cores were then wrapped with two plies of MTMt@CF128 twill weave

T800 carbon fibre prepreg from Cytec, keeping one end open to facilitate the removal
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of the core|Figure8.2((b)). This whole arrangemémas placed on a metallic plate,

vacuum bagged and put into an autoclave at 100°C and 6 bar for 4 hours to cure.

The cured samples were removed from the autoclave and clamped into a fixture to

maintain a constant 10mm distance between the open end ofghmple and the

water jet [Figure8.2|(c)). The nozzle had an elliptical orifice (the lengths of the-semi

major and semminor axes were 1mm and 0.75mraspectively) and a 25° spray
angle. A water temperature of 40°C and a pressure of 8 bar were used for all tests.
Each test was stopped after 10 second intervals to record the amount of core
removed. The residual water in the hole was poured into a meaguwylinder to

record the volume, to indicate the volume change of the core.

Figure8.2 Schematics of core dimensions (a), core wrapped with composites shell (b), and
positions of water jet nozzle and wrapped core (c) in water removal trial
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8.3.2.6Core machining trials

Machining trials were performed to observe the effects of cutter type onghality

of the machined surface. Aftute ball nose cutter and a-Aute flat end mill, both

with a diameter of 10mm, wereelected to make slots iroce specimens. A spindle
speed of 1400rpm was used with a feed speed of 200mm/min to produce a 1mm
deep wt. Five consecutive cuts were completed to produce a 5mm deep slot. Surface
roughness profiles were measured at different locations along the slots using a

Talysurf CLI 2000 mounted with an inductive ggggure8.3jindicates the locations

of the measurements along the two different shaped slots.

Figure8.3 Schematics of two types of cutting slots, scanning direction and range
of 50mm (a); 6 locations where the inductive gauge places (b) on a round sample
disc with 150mm diameter

8.4 Core strength at ambient

Compression and three point bend tests were conducted on a range of cores

manufactured with differenbinder contentlevels processing pressusgprocessing
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temperatures andtool times. Both the compressive and flexural strengths of the NT

Core follow sirmar trends as the four main parameters are increased, as shown

Table8.3[ The most significant variable affecting both strengths was the applied

pressure during the compaction process. The average compressive strength was 17
MPa for all samples moulded at a pressure of 55 bar. An increase in moulding
pressure from 55 bar to 85 bar increased the compressive strength on average, by
19%. A further in@ase in moulding pressure to 170 bar increased the compressive
strength by 144% over the average value observed at 55 bar. Increasing the
processing pressure reduces the free space between the powder particles,

strengthening the mechanical interlockingtbke angular salt grains.

Table 8.3 All experimental results in Taguchi study showing the mean effects of four
independent variables (pressure, temperature, time and binder content) on four dependent
variables (compressive strength, flexural strength, density and SDR)

Processing Binder content Processing Processing time
Mean pressue (bar) (wt.%) temperature (°C) (min)

55 1 8 | 170 3 5 8 | 120| 150|190 | 10 | 30 | 60
(Dg%‘;'%’ 1.48| 1.54| 1.77| 159 | 1.60 | 161 | 155 | 161 | 164 | 156 | 1.60 | 1.64
Change || 406 | 2006| - | %O | 121 L | a6 | 6% | - | 3% | 5%
ratio % %
stfgr’]gfh 16.9| 20.1|41.2| 227|264 | 29.1| 233 | 26.1|28.7| 23.9| 25.7 | 28.6
(MPa) 2 6 2 8 2 0 7 9 4 9 2 0
Change | | 1996|1441 | 1606|280 | - | 17%| 28%| - | 7% | 19%
ratio %
Flexural

strength | 3.92| 4.96| 7.92| 4.74| 5.75| 6.30 | 5.20 | 5.81 | 6.34 | 4.62 | 5.58 | 6.48
(MPa)
Change = o] 192 L | 2106 33% | - | 10%| 22%| - | 18%| 37%
ratio %
SDR
(kg/(min.m | 0.71| 0.63 | 0.42 | 0.64 | 0.62 | 0.50 | 0.84 | 0.58 | 0.34 | 0.80 | 0.61 | 0.35

2)
Change - -

- - .30 ) i
ratio 11% | 41% 3% 22% 31% | 60% 24% | 56%

Adding binder significantly improves the mechanical performance of these core

materials, as the binder provides some adhesion. Dispersion of the binder improves

150



as the binder content increases, increasing the number of salt to binder contact
points. The averageompressive strength increased by 16% as the binder content
was increased from 3wt% to 5wt%, and by 28% as the binder content increased to

8wt%. A similar increase in flexural strength was observed with increasing binder

content|Figure8.4{shows compressive and flexural stress/strain curves for cores with

different binder levels. The shape of the compression curves are similar for increasing
binder content, but the shape of the flexural curves changes as the core becomes
more brittle (lower tensile properties compared to compressive properties) with
increasing binder levels (when processed at 190°C). This demonstrates that the
binder content influences th failure mode. Mechanical intdocking of the salt
particles is responsible for binding the core together at low trehalose levels. The salt
particles can slip relative to each other when a load is applied, exhibiting gli&stic
behaviour. The strain tfailure decreases as the trehalose content increases and a
linear stress/strain curve is observed for an 8wt% loading, as the failure of the core

is due to binder fracture.

The failure mode also changes as the core is processed at different temperatsires,

the binder goes through different phasg$igure 8.4 (b) shows that cores

manufactured at over 150°C exhibit brittle behaviour in bending, compéoed

more ductile failure mode when processed at lower temperatures. According to

Table8.3[ the mechanical properties of the cores were improweith increasing

processing temperature aniime, since different phases of the binder were formed
and the level of phase transformation was higher, as evidenced by the changes in
colour of the samples. Phase characterisation of the trehalose is discusdgethil

in the following section.
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Figure8.4 Compressive (a) and flexural (b) stress/strain curves for NT Cores with different
binder levels and processing temperatures (manufactured at 170bar for J0min
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8.5 Phase characterisation of trehalose

Figure8.5[shows a DSC curve for the trehalose binder, indicating heat flow in the

temperature range of 20°@ 230°C, which is consistent with data in the literature

130|131]. Two endothermic peaks were observiedthe thermal profile at 100°C

and 125°C, and a twipeak was found at 185°C210°C. All peaks were labelled

according to Sussich et f1.31]. Trehalose has three crystalline forms during the core

moulding cycle, as the ramp rate is oV&’C/min: | (asreceived, dihydrate), J

(metastable anhydrate) and; {stable anhydrate). This is in agreement with Sussich

et al. [131], who reported the formation of a stable anhydrate{(Turing the

amorphous state between 150°C 180°C when a fast heating rate was used

(>10°C/min). This phase transformation explains the observed change in bending

behaviour of the cores (shown|kFigure8.4|(b)), as a more brittle failure occurs as

the processing temperature increases from 120o 150°(Figure8.6/demonstrates

that there are no further phase changes when the core is reheated to 150°C, which
implies that the binder is stable during the composite moulding process. This is

because the trehalose becomes amorphous or a stableydumate at 150°C (see

Figure8.5) and any water is fully removed during the 1 hour processing time.

According to Furuki et all132], these two phases are both stable in a dry

environment. Based on the mechanical test results, the stiffness of the cores is
significantly improved when the trehalose is processed at >150°C, indicating that the
amorphous and stable anhydrat#ates have a positive effect on the mechanical

properties.
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Figure8.5 DSC profile of trehalose from 20t1@30°C (heating rate 5°C/min)

Figure8.6 DSC profiles of trehalose from two heating process in succession within 20°C
150°C
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Taylor et al|130] and Sussich et e1i131 observed a state change for the dihydrate

trehalose during heatinglhe trehalose is a solid when the applied temperature is
below 120°C, but it starts to become tacky as the temperature exceeds 140°C and

dehydration occursThe trehalose turns to a fully liquid staeapproximately 200C.

Figure8.7[shows the distribution and morphology of the trehalose binder relative to

the salt for an 8wt% loading, processed at two different temperature levels. The

binder remainsn a granular state at low processing temperatures and porosity is

clearly visible. Conversely, at higher processing temperatures the softened binder
migrates into the voids between the salt particles, which results in a reduction in

porosity. Furthermorethis explains why the mechanical performance improves

when processing temperature increases.

Figure8.7 Optical microscope images of cross sections of the NT Cores having 8wt% binder
content and processed under 170bar at (a) 120°C for 10min (porosity:16%) and (b) 190°C for
10min (porosity: 10%)
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8.6 Core density

The density of the NT Core follows a similantt to the mechanical properties, as

the four independent variables are increasgicable8.3). The density of the core is

also dominated by the applied pressure during processing, which increases the
mechanical inteflocking and reduces the fregpace between the salt particles. The
density of the core increases by 20% as the pressure is incréased5 bar to 170

bar. Reducing the void content reduces the likelihood of undesirable resin
penetration into the core during the composite moulding process, reducing the
amount of residual material left within the composite part. Resin wicking into the
core also increases the risk of dry spots forming in the composite laminate it a pre
impregnated fibre system is used, as the reinforcing fibres become starved of resin.
Density calculations indicate that the average residual porosity of NT Cores pressed
at temperatures higher than 150°C and pressures below 170 bar is approximately

10%, which is likely to be interconnected at this level. The target porosity level for

avoiding resin infiltration into the core is 7% according@erman|133. It may

therefore be difficult to avoid resin penetration without a largecrease in core
processing pressure or binder content, and consequently it may be necessary to coat
the soluble core with an impervious layer prior to use. Increasing the binder content
from 3wt.% to 8wt.% has a limited effect on the density of the cai@ch increases

by only 1.2%. This is because of the relative densities of these two materials (2.16

g/cm3compared to 1.58 g/ci).
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8.7 CTE measurement

Thermal expansion of the NT Cores is linear within the range of-2IPCC, with

CTE values reported tme 42- 44x10°K. According tdRao et al]134], the CTE of

pure NaCl increases from 39.8051 42.90x1@/K over the same temperature
range, which indicates that the CTE of the cores is dominated by the NaCl rather than
the trehalose binder. Therefore, the four independent variables (pressure,
temperature, time and binder content) do not significantly affect the CTE of the core.

The CTE range for the NT Core is close to that of commercially available sandwich

panel coreq135. High levels of thermal expansion are beneficial for generating in

mould pressures to improve the consolidation of closed sections.

8.8 Specific dissolution rate (SDR) measurdmen

The degree of dissolution as a function of time has been plotted for each NT Core

sample, based on the conductivity change, as shoyigare8.8| It can be seen that

the dissolution rate is approximately linear betweerbrin, which equates to
approximately 50% dissolution for most samples. The gradient of the line within this
time range can be used to calculate the specific dissolution rate (SibigEquation

26.
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Figure8.8 Degree of dissolution for NT Core samples in the Taguchi study (legend shows:
processing pressusbinder contentprocessing temperaturprocessing time)

From bothFigure8.8{and[Table8.3| it can be seen that the SDR of the NT Core

decreases with increasing levels of all four of the main parameters ligiEabie8.2

All SDR values are in the range of 0t1423 kg/(min-m). The SDR of the core which
attained a flexural strength of 10.0 MPa ((170bar and at 150°C for 30min, 8wt.%
binder) is 0.25 kg/(min-A), which is ~5 ilnes faster than the SDRs of the
NaCl/mica/polyethylene glycol cordeveloped by Jiang et , which had a
flexural strength of just 4.1MPa. It is also ~140 times faster than the
NaCl/mica/polyethylene glycol core withOwt.% plasticiser, which exhibited a
flexural strength of 6.6 MP. Increasing the processing pressure and binder
content both increase the density of the NT Core, causing a reduction in the
interconnected porosity antherefore reducing the SDR. Processing temperature is

the most significant variable in terms of changes to SDR, closely followed by
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processing time. The SDR of the core decreased by 60% when the temperature
increased from 120°C to 190°C and 56% when tloegssing time increased from
10min to 60min. Increasing either processing temperature or time can lead to an
increase in the density of the core as discussed above, which reduces the dissolution

rate in water.

8.9 Elevated temperature testing

The main obseftions from the Taguchi study have been used to design a full
factorial study to understand the influence ofservice temperatures on the flexural

and compressive strengths of the NT Cores. A processing pressure of 170 bar and

binder content of 8wt% wex selected, based on the discussion abjgigure8.9jand

Figure8.10jshow the compressive and flexural strengths of the NT Cores made using

various processing temperatures and times, tested at 20°C, 80°C and 120°C. The
ultimate strengths were highest when the cores were tested at ambient temperature;
57.3 MPa for the compssive strength and 10.2 MPa for the flexural strength. This
flexural strength value is ~2.5 times higher than the value presented by Jelinek et al.
for a NaGbased core pressed at 104 MPa, which is ~6 times higher than the

pressure used in this work (17MPa). Mica powdsr commonly used as a

reinforcement for Na(iL36 and was used by Jiang et to increase the strength

of salt cores. However, the flexural strength was limited to just 6.7 MPa, 35% lower

than the current NT Core system.
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Figure8.9 Compressive strengths of NT Cores manufactured using different temperatures
and times (different line colours) and tested at 20°C (solid line) and 120°C (dotted line)

Figure8.10 Flexural strengths of NT Cores made at various temperatures and times
(different line colours) and tested at 20°C (solid line), 80°C (dashed line) and 120°C (dotted
line)
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The general trends for the ambient temperature datgFigure8.9|and Figure8.10

are consistent with the data presented in the Taguchi studyahle8.3{ Both the

flexural and compressive strengths increase with increasing processing temperature.
However, there is a dramatic reduction in both thexiiral and compressive
strengths as the test temperature increases to 120°C. (The reduction between 80 °C
and 120 °C is less significant). The peak compressive strength is reduced from 57.3
MPa to 19.7 MPa and the peak flexural strength is reduced fro&Nl@a to 3.7 MPa.
Whilst there is a significant drop in mechanical performance at this temperature, the
compressive properties of the core (2B MPa) are still sufficient for the application

in HRRTM and compression moulding.

The ultimate strengths arshown to increase between processing temperatures of
120 °C and 150 °C, even when tested at elevated temperatures. However, there is a
reduction in properties as the processing temperature increases further to 190 °C
and the processing time increases torBhutes. The flexural strength of the sample
manufactured using a processing temperature of 190 °C for 30 minutes, and tested
at 120 °C, is lower than the same sample processed at just 120 °C. This can be
attributed to decomposition of the binder at eletedl temperatures, particularly

when the test temperature is close to the melting temperature of trehalose and
longer processing times are used. At 10Qhe trehalose sugar starts@® @& u o]e [U

i.e. the fructose and glucose in the sugar decompose, wbahbe seen by the

change in colour of the core specimeng-igure8.11f The coupon manufactured at

190°C for 60min was unable to be tested, due tacks caused by solidification
shrinkage. The surface of this specimen was also tacky from the heavily caramelised

binder.
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Figure8.11 Different colours of NT Cores made at various temperatures for different time

From all of the mechanical test data available, it can be concluded that 150°C is an
optimal processing temperature for the current study. The trehalose binder is
amorphous athis temperature, producing a dense core body with high mechanical
properties that can resist resin penetration. However, in order to achieve further
improvements in mechanical properties for cores manufactured at 150°C, the

processing time could be extead to 1 hour without causing property degréaan.

Table8.4lcompares the strengths of the NT Core (processing pressure 170bar, binder

content 8wt%, processing temperature 150°C, and processing time 60min) and two
commercial core materials at both 20°C and 120°C. Although the strengths of all
materials drop at eleated temperatures, the NT Core has higher flexural and

compressive properties compared to both benchmark materials, making it a

potential alternative for industrial applications.

Table8.4 Comparisorof strengths of the NaCl based core (NT) and other widsdd core
materials

Test NT Core A Core B Core

temperatures
Compressive 20°C 57.3+1.8 1.6+0.1 5.1+0.2
strength (MPa) 120°C 19.7+0.9 0.6+0.1 4.6+0.3
Flexural strength 20°C 10.2+0.6 2.8+0.1 4.8+0.3
(MPa) 120°C 3.2+0.2 1.4+0.1 3.6+0.3
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8.10 Post moulding operations

The geometry of moulded cores is limited by the fAsostaticpressure generated
during the compression moulding process, as the salt/sugar mix does not flow when
pressed. Large variations in mechanical properties can occur in complex cores due to
different local compaction ratios. One solution is to cast a largekbbnd then
machine it to the final required geometry. This also creates opportunities for using
this watersoluble core for lower volume applications, where the high cost of capital
equipment and tooling cannot be amortised over the lifetime of the congu.

Trials have been conducted to demonstrate the feasibility of machining cast blocks
of the NT Core material using two types of cutter: a-nae and an end mill. Only

one configuration of the NT Core material was tested during this study, which was

the configuration that gave the highest mechanical propertieSéttion8.4{(The

processing parameters for producing the NT Cores for this study were; pressure

170bar, binder content 8wt%, temperature 150°C and processing time 30min).

Figure8.12|(a) shows that chipping was evident after milling the NT Corle avitat

end mill. Damage occurred on the upper cut edgEgure 8.12 (b)), which is

indicated by the surface roughness value, R@lable8.5| The Ra values taken at

Position 4 (which corresponds to the corner between the cut face and moulded face

as shown inFigure8.3), are the only ones that significantly differ to the Ra values

taken from the asnoulded surface (Position 1)~108um VS ~8um. Damage at this
location occurs onlguring the first few cuts, as the flat end mill has a fixed and

relatively small rake angle, which causes high cutting forces to be applied to the top

surface of the cord137]. Chips therefore occur since there is no support for the
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surrounding material. However, cuts tend to become cleaner as the depth of the end

mill cutter increases, as indicated by the surface roughness measurements at

Position 6 ifFigure8.12|(b).

Figure8.12 The NT Core after enailling with a @10mm bahiose cutter (a), a @10mm flat
cutter (b)

Table8.5 Roughness Ra at 6 locationst(Top surface; 2 Cutting edge/Balhose cutter; 3
t Cutting surface/ Bathose cutter; 4t Cutting edge/Flat cutter; 5 Cutting surface/Flat
cutter; 6 tInner cuttirg edge/Flat cutter;)

Location 1 2 3 4 5 6
Ra (um) 8.19 9.08 4.99 108.62 5.81 2.91

Conversely, a clean cut can be produced with aradled cutter of a similar diameter,
with no chipping during breakout. The contact area of the-balle cutter is initially
lower and the rake angle increases gradually with increasing cutter dé€pénefore,

for the same spindle speed, there is less cutting torque applied on the cutting edge
and the cutting force increases more gradually for subsequent cuts as the contact
areas increases. More-gtepth machining trials are required to be more corsihe,

but this initial study has demonstrated the feasibility of machining large cast billets
for producing complex geometries if casting 1séiaped cores is not cost effective for

low production volumes.
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Post composite moulding core removal trials halso been conducted to compare

the removal rate of the NT Core material with that of the commercial B [Eogare

8.13/compares core removal rates fire NT Core and the B Core, using a water jet

at 8 bar and 40°C. The B Core has a faster removal rate than the NT Core (fully
removed after 15 seconds compared to 30 seconds) due to its low strength (5.1MPa

for the B Core versus 49.0 MPa for the NT Cdie).the case shown |iﬁigure8.14

(b), the 50.1g NT Core (27 ®mwas fully removed from the blind hole (open area of
338 mn?) in approximately 30 s®nds, hence, the average removal rate was 54
cm®min or 100.2 g/min, leading to a specific removal rate of 296 kg/(mip-he
pressurised water therefore significantly improves the removal speed of the core
compared with the SDR recorded by the watethbemethod (0.25 kg/(min-rf)), as

the pressurised water provides some mechanical assistance to remove the core

rather than solely relying on the dissolution of the salt and sugar.

Figure8.13 The change in volume of B Core and NT Core (8wt.% binder content, pressed at
150°C and 170bar for 30min) during water jet trials
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Figure8.14 An openended integrallystiffened prepreg panel (a) NT Coregisition and
(b) after NT Core removal, showing blind hole

8.11 Conclusions

A watersoluble NaGbased core (NT Core) has been developed to enable complex
hollow composite structures to be manufactured. Mechanical testing has shown that
a compressive strength of 57MPa and a flexural strength of 10MPa can be
achieved at ambient temperature. Altligh there is a clear reduction in mechanical
properties at temperatures up to 12, the results indicate that the core is suitable
for high pressure moulding processes, such as compression moulding-RTMP
where inmould pressures can exceed 18ar. According to a statistical study, the
mechanical performance of the core increases with increasing binder content,
processing pressure, processing temperature, and processing time. However, the
optimal processing temperature was found to be T®) as thdrehalose binder

undergoes a phase change to a stable anhydrate and a state change to a liquid,
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enabling the binder to flow into the pores between the salt grains. Degradation of
the binder was observed if the processing temperature was too high?@%6r long

periods (over 30nin), significantly reducing the mechanical performance of the core.

Integrallystiffened composite panels produced using the NT Core demonstrate that
this material can be successfully removed by pressurised water through ebled

in order to produce hollow carbon fibre structures. Compared to other NaSéd
cores reported in the literature, the specific dissolution rate of the newly developed
NT Core (176ar and at 150C for 30min, 8wt% binder) is approximately 5 times
faster (0.25kg/(min-n?), since a water soluble binder has been used instead of
relying on heavy mechanical interlocking of the salt grains. However, the overall
removal rate (54£m?/min) is around half that of the commercial benchmark (B Core)
because ohigher mechanical properties (flexural strength ofMPa vs. 4.8/1Pa).

The main removal mechanism of the core is fracture by the kinetic energy of the
water-jet, rather than dissolution. However, this is an inevitable compromise, as the
superior mechanidaperformance is key to utilising this material for higtessure

composite moulding processes.
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Chapter 9Thesis conclusions

Due to strict emission regulations, there is an increasing need for lightweight
materials in the automotive industry. Carbon fibre comipes are applied in modern
vehicle desigs because they offer low density (~1.6 gRnmand high specific
strength and stiffness. The DCFP process is a rapid 16 min cycle time)
manufacturing technique that generates low material wastage (<5%). Hi¢griala
areal mass variability (x20%) is a major drawbaakever, which leads to lower
mechanical properties. The present work investigates the source of the variability in
terms of the preforming process, the moulding process and the selection of the

congituent materialsfor DCFRomponents
9.1 Fibre volume fractiomariabilityreduction

In the first part of the work, the fibre deposition path was characterised. It was found
that there was a bias between the fibre preforming path and the robot path, becaus
of the inertia of fibres falling from the chopper gun. Additionally, the wide fibre
deposition path make# difficult to accurately contrahe local and globareal mass

of preforms. Reducing th€ool Centre PoinflCRheight yielded the most signifant
reduction in the path bias and the width of the fibre preforming path. The robot path
was shifted in the 3% plane to compensate for the path bias and TCP height was
lowered down to improve preforming resolution and accuracy. By using this
optimisation strategy,a low areal mass variability (< 5%) was achieved for 2D
preforms. According to the tensile results from 2D moulded DCFP plaques, the low

error between tensile properties at 0° and 98°3%)and low interplaque variability
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(<3%) demonstratettat the changes to the fibre deposition strategy have improved

the preforming process to ensure repeatability and quessitropic properties.

9.2 Complex 3D component manufacturing

The preforming optimisation strategy was also applied during the developofesm
complex 3D automotive preform, achieving an areal mass variation of less than 5%.
However, the poofibre choppergunspray coneesolution compared to the scale of

the component meant that overspray dhe sharp corners and sloping sides was
difficult to avoid, increasing fibre wastage compared to planar components, such as

automotive closure panels.

9.3 Highpressure DCFP moulding

DCFP preforms are typically moulded by conventional FAIthe start of ths work

it wasunclear whether DCFRassuitable for moulding processes with highrmould
pressures (>100 bar). Three moulding processes (RTM;RHAKF, Compression
moulding) were selected to investigate the compatibility of DCFPhagid pressure
processesby considering thenechanical properties of DCE®mponents Compared

to RTM, HFRTM and compression moulding reduce the manufacturing cycle by
approximately 60%. In addition to improving production rate,-RIPM helps to
achieve lower void content (0.6%jYvhile compression moulding improves the
homogeneity of the fibre distribution through4mould charge flow. Consequently,

higher moulding pressures yield higher tensile strength values for DCFP plaques.

The high resin injection pressure in4RFM challenges the integrity of the random

discontinuous fibre architecture, as fibre washing can occur. Powdered binders are
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typically applied to DCFP preforms to retain the fibre structure during handling and
moulding. However, from previous studies, the effect of binder on integrity of
preforms and mechanical properties are not well understood. In this work, two types
of binders (Momentive EP05390nreactive)and EPS62(eactive) were selected

for investigation.When the binder level is increased from 5wt.% to 15wt.%, the
EPS620 binder provides a higher bonding strength compared to the EP05390 binder,
ranging from 210N to 1625N for dry preforms (verd02 N to 388 N The EPS620
binder penetrates deeper withinhe fibre tows when heated to 9@ rather than
forming droplets on the surface, encapsulating more filaments. The EPS620 binder
successfully prevented fibre washing during-RIPM injection at 150 bar. Whereas,

a large degree of fibre distortion was obsedvie the moulded DCFP plaques when

the EP05390 binder was used, because the bulk resin temperature was the same as
the binder melt temperature at 80°for this unreactive systenthis fibre distortion

led to a reduction in tensile strength of 12MPa, conmgzhto the nonfibre-distortion
plaques with the strength of 306MPa. There was a negligible effect (~1%) on tensile
strength when the EPS620 binder content increased from 5 wt.% to 10 wt.% for DCFP

plaques.

Although the binder content does not significgninfluence the tensile properties of
DCFP plaques, it significantly affects preform permeability, which governs the
moulding process time. When the EPS620 binder content increased from 5 wt.% to
10 wt.%, the permeability of DCFP preforms with a fibreiwma fraction of 31%
reduced by 27%, since binders obstruct the fluid flow. When the Vf increased to 46%,
the inter and intra bundle spacings reduced, therefore the negative effect of higher

binder content on permeability became less significant (16%).ifdlisates that the
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inter-bundle spacings dominate the permeability more than the binder content

DCFP preforms.

9.4 Numerical permeability modeig

Due to the areal mass variability of DCFP preforms, at least 10 permeability
measurements were needed axhieve a representative mean value, which was time
consuming. Hence, a numerical permeability model was developed in this work,
aiming to provide an accurate and tiredficient prediction. A DCFP architecture
programme was used to create realistic threiendnsional fibre architectures with
random interbundle spacing. In order to accurately transfer the geometry
information from the 3D model to PARRTM for permeability simulation, a fibre
architecture analysis programme was developed. It was used to prajecfibre
position, orientation, and random intdsundle spacing onto the mesh of a PAAMM
model. The model successfully simulated the irregular flow front, which is typically

observed in experimental permeability measurements.

The newly developed pereability model not only includes the effect of realistic fibre
distributions but also the effect of binder. The model indicates realistic reductions in
permeability when the binder content is increased from 5 wt.% to 10 wt.%, for the
two fibre volume frations studies (Vf of 31% and 46%). The permeability reduced by
22% at a Vf of 31% and 16% at a Vf of 46%, which is comparable to the reductions
observed experimentally. However, the magnitude of the simulated permeability
values were approximate 100% higheéhan the experimental values. This
overestimation can be ascribed to ignoring the -@dplane angle of fibre bundles

within the fibre architecture generation model. The new 3D model provides an
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effective upper bound for the permeability of DCFP prefqgrmisereas the previous
2D model provides a lower bound values when assuming evenly distributed tows

through the thickness of the laminate.

9.5 Mechanical property improvement using high strength and high modulus
fibres

An experimental study was conducted tovestigate the effect of carbon fibre
properties on the mechanical performance of DCFP compon#éniss found that

the ultimate strength of DCFP plaques converged to ~300 MPa, regardless of the fibre
type, which is consistent with data collated from pi@us studies. The presence of
resinrich region limited achieving higher strengths. Hence, 300 MPa is the upper
bound for tensile strength when designing a DCFP component at a Vf of 50% for
standard (nortoughened) liquid epoxy resin systems. The homoggred the fibre
distribution significantly influences the strength and stiffness of DCFP components.
The low homogeneity factor of 2.€ow/cm? corresponds to local areal mass
variability values of up to 13%. Hence, the tensile strength value is lesg @iahPa

and the measured stiffness value is less than half of the analytical stiffness value.

Hybrid fibre structures were investigated to provide a compromise between
mechanical performance and cost. Two carbon fibres, T700 (Fibre 1) and K13916
(Fibre 5)were selected to manufacture ayhrid DCFP performs with homogenous
distribution to avoid large stress concentration regions. The T700 fibre has high
strength (4900 MPa), while the K13916 fibre has high modulus (760 GPa). The Hybrid

fibre DCFP plaque (T700 vol.% and K13916 10 vol.%) offers similar tensile strength
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and stiffness to fibres that cost 9 times more (8Rg VS 270i/kg). The hybrid fibre

architecture also absbisthree times more impact energy (106 kFMS 36 kJ/r).

96 Z %] z}puvP][e méaguogment technique

Sample preparation and tensile testing are time consuming. The impulse excitation

S Zv]<p ~/ de ]Je (S Vv *¢]Ju%0 z}uvP[e u} pope u pE u
used for homogenous materials (e.g. metals). In the present worky#ésTelected

to investigate whether it is suitable for DCFP components with inherent material
variability. The results indicated that the difference between the stiffness values

from IET and conventional tensile testing was within 3%. Therefore, thisaaeth

offers a rapid stiffness measurement method that can potentially be applied to the

DCFP production line to check quality of components in real time.

9.7 Novel watersoluble core development for manufacturing hollow
composite sections

The DCFP study in shthesis indicates that discontinuous fibre preforms can be
successfully moulded by high pressure moulding processes, sudRTMPand
compression moulding, to provide legost materials for high volume production of
lightweight carbon fibre composite compents. To complement these
developments, a novelater-soluble NaGbased corewvas investigated to produce
complex hollow composite structurdsy HRRTM and compression moulding. The

core was composed from salt grains and a trehalose sugar b{jNde€Core)

With compressive strengthof 57.3MPaand 19.7 MPat ambient temperature and
at 120°Crespectively, the NT core is considered to qagtable for hgh pressure

moulding processesvhere inmould pressures can exceed 108r. A statistical
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experimentalstudy was conducted which showed that increasing binder content,
processing pressure, processing temperature and processing time maximised the
mechanical properties of the core. However, there is @ptimal processing
temperatureat 150°C, as the trehal@sbinder undergoes a phase change to a stable
anhydrate and a state change to a liquid, enabling the binder to flow into the pores
between the salt grain® enhance bondingWWhen the processing temperature was
too high (190°C) for long periods (over 36in), degradation of the binder was
observed causing significant reduction in the mechanical properties of the core. In
addition to superior mechanical properties, the NT c@@&0bar and at 150C for
30min, 8wt% binder) also offers a 5 times fastespecific dissolution rate
(0.25kg/(min-n?) than other commercial Na®hsed cores. With the aid of
pressurised water at 8 bar, an overall removal ratesdtm?/min was achieved,

which equatedo a specific removal rate of 296 kg/(mirdm

In the case ofnitegrally-stiffened composite panels produced using the NT Cibre
was successfully demonstrated that this material can be removed by pressurised
water from a blind hole to create hollow carbon fibre structures. Machining trials of
the core also demonstta the ability of this NT core to produce complex geometries

by post machining.

9.8 Future work

Based on the work has been done in this thesis, future work could include the

following:
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1. Advanced 3D DCFP model with CFD for permeability prediction. Current
permeability modelling method is projecting a 3D DCFP model to a 2D plane,
so some information was incorrectly transferred or missed, such a®feut
plane angle of a tow. This causes in@@ate prediction. In future, a fibre tow
model shoulduse 3D solid elementsather than using 2D shell elements to
give a more realistic fibre architecture and flow channels. Additiongdy,
morphology of the binders on fibre tows can be included inrnlegv model.

The new modethen can be input into AP for accurate flow simulation.
Although this is a time&onsuming process, the prediction will be more

accurate.

2. Further developmentof the watersoluble core. In this thesis, the
characterisations for themechanical properties of the core have been
conducted. The resistance to humidity of the catsoneeds to understand
as the materials are watesoluble Furthermore, the heat transfer of the core
also need to investigate, as the properties of trehaldke binder, are related
to temperature. When manufacturing a core with large size, it needs to make
sure all the materials from centre to the edge can reach to the designed

temperature as soon as possible to reduce manufacturing cycle.
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Appendix B Matlab code of the Fibre Architecture Analysis Programme

gs=input( 'Grid sizeis' ,'st )
tgs=str2num(gs);

ch=input( 'Cavity Height is ' st ),
CH=str2num(ch);

bc=input( 'Binder weight % is "' ,'st )

BC=str2num(bc);

%% Load data and build matrix
NodesFileName=sprintf( '‘Nodes.txt' );
ElementsFileName=sprintf( 'Elements.txt' );
OriFileNam e=sprintf(  'Ori.txt' );
load(NodesFileName);

load(ElementsFileName);

load(OriFileName);

mgx = fix(280/tgs);
mgy = fix(110/tgs);
Matrix=cell(mgy,mgx);
for n=1:mgy
for m=1.mgx;
Matrix{mgy - n+1.,m}=0;
end
end

%% Orientation
LOri=length(  Ori(:,1));

for e=1:LOri;
newX=0Ori(e,1) - Ori(e,7);
newY=0Ori(e,2) - Ori(e,8);
Ori(e,10)=acos(newX./sqrt(newX.”2+newY."2));
end

%% Locating

ttn = max(Nodes(:,5)) + 1;

TowLengthE=zeros(1,ttn);

TowLengthN=zeros(1,ttn);

for i=0:ittn -1,
s=sum(Nodes(:,5)==i);
TowLengthN(1,i+1)=s;

end

for n=1:mgy;
for m=1:mgx;

for v=0:ittn -1,
if (v==0)
X=Nodes(1:TowLengthN(1,v+1),2);
Y=Nodes(1:TowLengthN(1,v+1),3);
gridxN =fix(X./tgs+1);
gridyN=fix(Y./tgs+1);
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I=length(gridxN);
Count = 0;
for j=1:l
a=gridxN(j,1);
b=gridyN(j,1);
if  (n==b && m==a)
Count = Count + 1,

end
end
if  (Count >= ((tgs*tgs)*0.70/0.333));
Matrix{mgy - n+ 1., m}{1,1)=Matrix{mgy - n+
1.,mi(1,1)+1;
Matriximgy - n+ 1.,m}1,2)=Ori(v+1.,10);
end
else
LN=sum(TowLengthN(1,1:v));
LE=sum(TowLengthE(1,1:v));
X=Nodes((LN +1.):(LN+TowLengthN(1,v+1)),2);
Y=Nodes((LN+1.):(LN+TowLengthN(1,v+1)),3);
gridxN=fix(X./tgs+1);
gridyN=fix(Y./tgs+1);
I=length(gridxN);
Count = 0;
for j=1il
a=gridxN (j,1);
b=gridyN(j,1);
if  (n==b && m==a)
Count = Count + 1,
end
end
if  (Count >= ((tgs*tgs)*0.7/0.333));
Matrix{mgy - n+ 1.,m}1,1)=Matrix{mg y - n+
1., m}(1,1)+1;
Ml=length(Matrix{mgy - n+1.,m});
Matrix{mgy - n+ 1.,m}(1,MI+1.)=Ori(v+1.,10);
end
end
end
end
end

%% Spacing

Nodes (;,2)=fix(Nodes(:,2)/tgs+1.);
Nodes(:,3)=fix(Nodes(:,3)/tgs+1.);
lI=length(Nodes(:,4));

for n=1:mgy;
for m=1:mgx;
if  (Matrix{mgy - n+1.,m}1,1) ~=0);
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if  (Matrix{mgy - n+1.,m}1,1)*(0.1646+BC*0.0012*2) <

2);
GridZ=zeros(  0);
for ii=1:lI;
if  (Nodes(ii,2)== m && Nodes(ii,3)== n);
GridZ=[GridZ;Nodes(ii,4),Nodes(ii,5)];
end
end

GL=length(GridZ(:,1));
TLengthGrid=zeros(0);
for v=0:(ttn - 1.);
s=sum(GridZ(;,2)==v);
if (s >=((tgs*tgs)*0.7/0.333));
TLengthGrid(1,v+1)=s;
else
TLengthGrid(1,v+1)=0;
end
end

TLengthGrid(TLengthGrid==0)=[];
LT=length(TLengthGrid);

LocationZ=zeros(0);
Spacing=zeros(0);

for vj=1.LT;

if (vj==1);
LocationZ(1,vj) =
mean(GridZ(1:TLengthGrid(1,vj),1));

else
LGZ=sum(TLengthGrid (1,1:(vj - 1.));
LocationZ(1,vj) =
mean(GridZ(((LGZ+1.):(LGZ+TLengthGrid(1,v)))),1));
end
end
LocationZ = sort(LocationZ);

for ii=2:(length(LocationZz));
if  (LocationZ(1,ii) - LocationZ(1,ii
(0.1646+BC*0.0012*2));
LocationZ(1,ii) = LocationZ(1,ii
(0.1646+BC*0.0012*2);
end
end

if (Lo cationZ(1,length(LocationZ)) >= CH);
LocationZ(1,length(Locationz)) = CH
end

LLZ = length(LocationZ);
if (LocationZ(1,LLZ)>= (CH - 0.0823
LocationZ(1,LLZ) = CH - 0.0823 -

0.1646 - BC*0.0012*2;

_]_) <=

_1)+

- 0.001;

BC*0.0012));
BC*0.0012;
LocationZ(1,(LLZ - 1)) = LocationZ(1,LLZ)
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for ii=1:(LLZ - 2);

if (LocationZ(1,(LLZ - i) - Locationz (1,(LLZ -
i -1)) <=(0.1646+BC*0.0012*2));

LocationZ(1,(LLZ -ii - 1)) = LocationZ(1,(LLZ - ii))
- (0.1646+BC*0.0012*2);

end

end

end

for uu=1:length(LocationZz);
if  (uu==1);
Spacing(1,uu) = LocationZ(1,1);

else
LGZ=sum(LocationZ(1,1:(uu -1.));
Spacing(1,uu) = LocationZ(1,uu) -
LocationZ(1,(uu -1));
end
end
Spacing(1,length(Spacing)+1.) = CH - max(Locationz) -

0.0823 - BC*0.0012;

if (Spacing(1,1) <= (0.0823 + BC*0.0012))
Spacing(1,1) = 0;

else
Spacing(1,1) = Spacing(1,1) - 0.0823 - BC*0.0012;
end
for u = 2:(length(Spacing) - 1)
if  (Spacing(1,u) <= (0.1646+BC*0.0012*2))
Spacing(1,u) = 0;
else

Spacing(1,u) = Spacing(1,u) -
(0.1646+BC*0.0012*2);

end
end

if  (Spacing(1,length(Spacing)) <= (0.0823 +
BC*0.0012))

Spacing(1,length(Spacing)) = 0;

else
Spacing(1,length(Spacing)) =
Spacing(1,length(Spacing)) - (0.0823 + BC*0.0012);
end

for u = 1:length(Spacing);

Ml=length(Matrix{mgy - n+1.,m});
Matrix{mgy - n+ 1., m}Z1,(MI+1))=Spacing(1,u);
end
end
end
end
end

%% Output file
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OutPut=cell(0);
for n=1:mgy;
for m=1:mgx;

OutPut=[OutPut;m,n,Matrix{mgy - n+1.,mj];
end
end
fid = fopen( 'OutPut.txt' W)
for cld =1 : numel( OutPut)
fprintf( fid, '%g , OutPut{cld}) ;
fprintf( fid, “\r\in" );
end
fclose( fid ) ;
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