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Abstract

Discontinuous fibre composites are under increasing investigation for structdral a
semistructural components as they are easily automateaking it possible to
remove costly hand labour based steps typically associated with advanced fibre
reinforced composites. Directéibire preforming(DFP) is one possible proceskich

has several advantages when compared with competing techniques. Low material and
process costs coupled with short cycle timesansthe processs suited to medium
volume production (typically <10,000 ppa). Predicting mechanical performance
remains a major obstacle to industrial adoption however, due to the stochastic nature
of fibre distribution. This is of particular importance for structural applications where
minimum property requirements and a greater certaofitperformance must be

achieved.

This thesis employs a stochastic macroscale modelling approach to predict f
locatiors during the reinforcement deposition stage. This is achieved through process
characterisation studying the effects of key microstructaral processpecific
parameters on fibralistribution and orientationThe proposedDFP simulation
software can genate realistic fibre networks for complex thiéenensional
component geometries providing feedback on preform quality. This information is
used to optimise the preform structure via process input parameters such as robot
trajectory and material propertiesith validation tests conducted to assess model

accuracy.

An interface between the simulation software and commercial finite element code
facilitatesmecthanical property analysis fdull-scale componestusingrealisticload
cases The complete software apkage is intended to streamline the route to

manufacture for DFP procesdesm a conceptual design stage.
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Chapter 1. Introducti on

Fibre reinforced composite materials are continuing to find new apphsatn the
transportation industry due to potential weight savings over traditional ntateria
whilst maintaining rechanical performance requirements. Composite materials offer
high stiffness and strength to weight ratios which are particularlyctieaqualities to
vehicle manufacturers where energy efficiency is of primary concernt Shia
composites manufactured via injection moulding and compression moulding
techniques have long been established forstarctural applications due to their short
manufacturing cycle times and cost effectiveness. High performance stuctur
composites are considerably more exgpem to manufacture however, using
expensive base materials and requiring longer production cycle times. Whilst
continuous fibre materials currently dominate the high performance compasketm
there is increasing interest irsing discontinuous fibre @mitectures forstructural
applications.These materials offer high levels of automation removing costly labour
intensive steps typically associated with advanced fibre reinforced ctegpasd are
under increasing investigation for high volume production. The work presented in this
thesis is primarily concerned with affordable technologies for highopesnce

applications using discontinuous fibre composites.

1.1. Composites in the transportation industry

1.1.1. Market forces

UK targets for the reduction in greenhouse gases (GHG) are split between the
domestic Climate Change Act and the international Kyoto Protocol. By 2050 the UK
is committed to reduce GHG emissions, of which carbon dioxide is the main
constituent, by 80% fronbase year (1990) leve[d]. The transportation sector is
currently the second largest contributor (~26%) with marginal year on year
improvements compared with other sect@}s This means that emissions from the

transportation sector are increasing in proportion to total domestic |§viglsn the

1



Chapter 1. Introduction

sector, road transport accounted for 68% of GHG emissions in 2009 with a dramatic
increase expénced in international aviation contributing to 20%wice the base

year emissions leve|8].

Current UK trends in transport emissions are representative across mostahsiest
countries where similarly ambitious emissions targets exist. A concerted isffo
being made to curtail environmental impact in transport; particularly with emerging
markets such as China and India fuelling further demand for increased mdtidity.
estimated that by 2050 the number of vehicles on roads worldwide could increase by
300% to 3.5 billion[4]. A rapid increase in air travel is also anticipated with the
International Civil Aviation Organisation (ICAQO) projecting an increase in €omns

of 70% by 2020; even after factoring in improvementtial efficiencies of 2% year

on year[5]. Clearly the transportation industry will play a vital role in whether global
emissions targets are achieved. Rising fuel costs is another impfatsmt with
consumers pressurising manufacturers to improve fuel econdsiryg lightweight
materials such as polymer composites to replace traditional metals has become a
significant area of interest across all transport sectors for thsrd@asducingvehicle

weight by 10% translates into an increase in fuel economy of ~6% provaling

sustainablesolution in reducingsHG emission$6].

1.1.2. Current status

With a greater understanding and stedadghnologicaladvancement irprocessing
techniguesadvaned composite materis are growing in popularity for a wide range
of applications. The role of composites has grown rgpoder the last two decades
led by heavy invetment in the aerospace industry. Large proportici% by
weight) of flagship commerciahircraft, suchas the Boeing Dreamliner, now consist
of advanced composite materialhie automotive industry is playing catch up with
strong interest from high volume manufacturers exploring usesc@onposites in
structural applicationsvhich can offer large weight sangs of up to 60% over
equivalent metallic part§7, 8]. Polymer compositesan take manyorms with a
myriad of processing techniques availabtefering flexibility in design and
manufacture making them suitable for thmajority of applications in the
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transportation industryMany of the obstacles restricting the usage of composites to
niche high performance applications are gradually being alleviated.

Mid to high volume car manufacturers are at a particularly interesting juncture
whereby technological advances inlueing fleet emissions are offset by increases in
vehicle numbers globall9]. To satisfy long ternefficiency goals, major investment

is required in adopting alternative propulsion technologies and lightweight designs.
The use of composites not only fulfils weight requirements but also insr¢lase
viability of using smaller, less powerful engines dlatigling technologies such as
electric powertrains; offsetting the increased component weight. Foy ears
lightweight glass fibre reinforced polymer composites (GFRP) lawed uses in
nonstructural applications using walktablished high volume anufacturing
processes. Carbon fibre reinforced polymer composites (CFRP) offer eyeer hi
specific properties suitable for structural applications where metals still dominate
therefore presenting an opportunity for large weight savings. Traditiombbrca
composite manufacture is labour intensive and costly however, due to the
commercially available base material forms. This has restricted its usage to low
volume industries such as motorsport, high end luxury cars and aerospace where
performance takes @ctedence over costs and production throughput. Unless a
commercially viable manufacturing process for CFRPs is found, the routes® ma

production in the transportation industry remains unclear.

1.1.3. Production rates

Part production rates are highly dependent on application and industry. The
automotive sector represents the largest spread in production volumes ranging from
high performance niche vehicles (<1000 units pa) to mass market vehicles (>200,000
units pa). Aerospace and marine industries are generally considered low to mid
volume with series production numbers less than 5000 units pa. Required production
rates generally dictate the choice of manufacturing proedsgling a compromise

between cycle times, capital costs, material costs and part performancellaviado

is a brief overview of commonly deployed processes for different productitas sca

For low volume production (<1000 ppa) traditional techniques such as open mould

wet layup are still used, requiring low initial investment in toolingl affording

3



Chapter 1. Introduction

flexibility for limited runs. Preémpregnated (prepregs) fabrics and unidirectional
(UD) materials offer a convenient alternative leading to less materigageasnd

lower variation in mechanical performance between parts. Prepregs typezpliyer

the use of an autoclave to achieve the necessary compaction pressures to produce high
quality, high fibre volume fraction (~60%) components. Autoclave curing adds
considerable capital investment and operational cost however. To overcome this, out
of-autoclave (Oo0A) prepregs have been developed which can be cured at atmospheric
pressure under vacuum bag thus reducing process costs but with the added caveat that

a longer curing stage is generally required to remove interlaminar voids.

Liquid composite moulding (LCM) processes are well suited to mid volume
production (1006- 30,000 ppa) with the benefit of short cycle times and the ability to
mould near neshape complex 3D components with good dimensional control. Resin
transfer moulding (RTM) is agpular closed mould process requiring low resin
injection pressures (<1 MPa) minimising tooling and plant costs. The fibrous
reinforcement, called a preform, is fsleaped to the final part geometry and placed
into the mould prior to resin injection. Commanaterial forms used for preforms
include woven, random mat, stitched, knitted, braided and unidirectional materials.
High fibre content is possible (>50%) making the process suitable for structural and
semistructural components. Faster cycle times can be achieved using structural
reaction injection moulding (SRIM) where injection rates are increased highgr
pressures (1020 MPa) and low viscosity resin systefh]. This process is suited to

mid to high volume production where the higher plant and tooling costs can be

amortized over increased part production.

Compression moulding techniques become attractive when production rates approach
high volume (>30,000 ppa) and mechanical performancgireaments are less
demanding. Sheet moulding compounds (SMC) are popular due to their processability
through the use of discontinuous glass fibres (~25 mm) finding applications for large
single piece mouldings such as body panels and interior fixtures. Advanced SMCs (A
SMC) replace glass with carbon fibre reinforcement offering improved mieehan
properties suitable for seratructural applications typically seen in the automotive
industry. Tooling and plant costs for SMCs are much greater than for LGddgses

due to the requirement of heavy duty presses (>500 tonnes), however, shorter cycle
times permits production volumes of up to 250,000 ppa.

4
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For cosmetic and nestructural parts, thermoplastic injection moulding processes are
capable of producing ithons of parts per year with typical cycle times of less than 1
minute. Short fibres (<5 mm) along with heated thermoplastic resin is injected at high
pressure into a closed mould and cooled beformal@ding. Thermoset alternatives

are also available ith the requirement of a heated mould for the curing phase.

1.1.4. Current applications

1.1.4.1. Automotive

The high costs and lengthy manufacturing cycle times associated witRsOfdve
typically restricted their use to the high performance market. Higbifsc mechanical
properties are of primary importance for structural applications wheteriada with

high reinforcement loadings are typically used (>5@¥ It is now common for high
performance cars to consist of large percentages of carbon fibre ¢mmpdserdow
volumes and high price tags still make handuayof prepreg materials cestfective

and sufficiently versatile for short production runs. McLaren sought higher praduct
rates using RTM technology to series produce carbon fibre components for the
Mercedes SLR creating up to 700 ppa. Similarly, BMW manufacture CFRP ooofs f
their M3 and M6 models as well as bumper supports for the M6 using preformed
nonwoven fabrics and RTM achieving series productibh]. Further process
development has facilitated the extensive use of carbon composites for the high

strength passenger cell in the future BM\War series.

High volume manufacturers found netructural uses for GFRP materials in body
panels and interior fixtures due to their low cost, high processability and shat cycl
times. SMC has predominantly been used for skin panels, side and tail doors and in
some cases, modular front ends with usage growing over the last couple of decades
[10]. It is reported that the number of body panels on Ford vehicles using SMC grew
from 250,000 in the 1990s to 2.5 million in 2002 [12¢rd investigated the suitability

of SMC for semustructural applications on the Ford Explorer Sport Trac deething
material suitable to replace steel. The SMC pickup box inner panel provided weight
reductions, corrosion resistance, increased durability and a reduction irbsgarts

[13]. GM explored applications for SMC to reduce the weight of a structural

5



Chapter 1. Introduction

transmission crossiember by increasing the materials glass compositio%o \bt.
Mechanical design performance was met through modifying the geometrie ghap

the crossmember and a total weight saving of 56% was realised over a steel
counterpart [14] The 2003 Dodge Viper saw the first application of SMC using
carbon fibre as reinforcement{&MC) in a body structure. Witture times between

1-3 minutes the process produces high performance structural components with the

potential to exceed production volumes of 100,000 ppa [15].

The main competition for the use of CFRPs in high volume applications comes from
high strength steel and aluminium; bathwhich benefit from estaidhed processes

and lower material costs. Deployment of advanced composites requires a change in
design philosophy but at the same time offers an opportunity to optimise existing
structures. For example the design and manufacture of complex componehtry wit
increased integration leads to part consolidatioeducing part count and assembly
times over metallic alternatives. It is suggested that optimally designed, umrgin
carbon fibre composites can result in parts as much as 75% lighter thafi&}eel
40% lighter than aluminium and 60% lighter than SMC equivalds In terms of

raw material costs, for CFRPs to become viable for mass production in the automotive
market, the price of carbon fibre needs to fall substantially from currers lex&20

/Ib). Significant resarch into alternative precursor material is taking place to reduce
the manufacturing costs of industrial grade carbon fibre towards $5 - 10 /Ib [6].

Toray Industries, a leading supplier of advanced composites, regards enterimgnthe hi
volume automotive industry a top priority. Development of a proprietary RTM based
solution for CFRP components has reduced moulding cycle times from >80 minutes
to 10 minuteq18]. Their partnership with Merced®&enz targets series production
figures of between 20,000 and 40,000 pp2]. Recently the prospect of increasing

the use of advanced composites in high volume markets has seen many mainstream
manufacturers follow suit engaging in partnerships with composite matepjaliess

[20]. Current initiatives such as the HIVOCOMP project brings together a camsorti

of companies from different facets of the automotive industry with the unifiddbfoa
producing cost effective CFRP components. Both thermoset and thermoplastic based
materials are being developed to cater for different performance and process

requirementg§21]. The development of a commercial automated production process
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for low-cost carbon fibre components remains a high priority and an essentiaf barri

to mass market.

1.1.4.2. Aerospace

Full composite airplanes first appeared during the 1970s in the &drsmall
recreational planes recognising the high specific properties exhibite&By and the
ability to produce efficient aerodynamic desig@2]. Uptake in commercial aircraft

was slow however, due to the knowledge gap for material failure modes and impact
damage responsg3]. Rising fuel prices and pressure from airline operators
motivated manufacturers to begin replacing metallic secondary structurasge |
civilian craft with advanced composites by the 1980’s; namely the Boeing 737 and
Airbus A-320. The next decadgave rise to applications in primary structures
including the empennage and main floor beams in the Boeing 777, and the centre

wing-box and pressure bulkhead in the A-380.

Significant investment was poured into advancing composite manufacturing
technologywith the development of automated tape layup (ATL) and automated fibre
placement (AFP) providing high levels of automation and repeatability. This led to an
abandoning of traditional prepreg fabrics in favour of unidirectional tapesAows
around 70% of structural composite components in modern aircraft use UD materials
[24]. Other structural applications include the use of HexMC, a commercially
available high performance carbon fibore SMC, for the first composite windove fram
installed in a commercial craft resulting in significant weight saving and isuper
damage toleranceompared to existing aluminium frami@s]. A major step in terms

of aircraft cesign was taken with the current Boeing 787 Dreamliner utilising
composites for ~50% of the total weight of the structure; aluminium and titanium
accounting for the rest. The previous 777 aircraft consisted of only 1% of
composite materials with alumum structures dominatinf26]. Airbus is to follow

suit with the A350 XWB where the fuselage and wing assemblies are manufactured

entirely using composite materials.

Away from airframe componentry, advanced composites are increasingindi
applications within aero engines. Progress in manufacturing techniques thatns

enghne fan blades can be made as aerodynamically efficient as titanium blades whilst

7
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providing weight benefit$27]. For less demanding roles glass fibre composites are
still used for a wide variety of applications such as radomes, body panels, flooring,

enghne cowlings and cabin interiors [23].

1.1.4.3. Marine

GFRP composites are used extensively in recreational, utility and commeegdtal cr
Large scale structures and low volume production rates means that open mould wet
lay-up is still common with littleof thetechnological advatementseen in aerospace

and automotive industriggtering through. Carbon fibre composites have found use

in high end competition and military craft but are not generally used in canainer

leisure boats [28].

Even though the industry lags the automotive and aerospace in terms of composite
technology, adoption of moulding techniques teeantnline operations and reduce
manufacturing costs is growing. For example, by switching to closed mguld
processes the infusion of matrix for a 80 ft hull can be completed within an hour with
the additional benefit of a significant reduction in consuemf29]. Economic
pressures have also led to boat manufacturers reassessing their choice of base
materials with examples of carbon fibre composite sandwich being usednf@aryr

structures in passenger ferries; replacing tiaua glass fibre materia[S0].

As was the case with aerospace and automotive industries, the niche and high
performance part of the sector was the first to adopt CFRP, demanding high specific
properties without the cost restraints that impair the transito commercial
applications. However, production boat builders such as Sunseeker are now using
carbon fibre prepregs for primary structures observing 75% weight savings over
GFRP versions through efficient desi¢Bil]. Fire safety regulations have so far
restricted usef advanced composites in large boat and ship construction but advances
in fire resistant epoxy resin systems are tackling this issue. There remargea |
scope for adopting such materials for larger vessels in the future wherednehey

IS an ever increasing concern for operators.
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1.2. Automating production of composite parts

1.2.1. Driving forces

The benefits of automating manufacturing processes are clear; reduced lalaowal
reduced intrgpart and intepart variability and the potential to significantlycrease
production rates. The aerospace industry has been instrumental in applying
automation to advanced composite fabrication with commercial ATL machines being
made available in the 1980s. This mature technology offers88% reduction in
personnel hours over hand {ap and high deposition rates for large structures (over
1000 kg per week)[32]. The automtive sector still uses labour intensive
manufacturing techniques however, particularly for advanced compositese w
automation is essential for these materials to break into the mass market. Robotic
systems can be used for the fabrication of tool plugs and composite parts, finishing
duties and quality control whilst providing scalability and process flexibids].
Advances in software control and the ability rfprm offline programming also

increases productivity and reduces production down time [34, 35].

1.2.2. Established processes

ATL and AFP technologies are used extensively in the aerospace industry for
fabricating load bearing structures using UD prepreg materials. ATL is tlhe mo
mature process best suited to relatively flat planar surfaces, such as s @rs
empennages, with difficulties arising from double curvature surfaces cagsmg
over{ap and buckling issues weakening the lamifidge 36] UD tape (75 300 mm

wide) is laid up as plies oriented to maximise enat properties in the loaded
direction with compaction and tape slitting operations controlletbaamd the tape
head enabling near nshape panels to be formed. Once the charge is formed the
composite panel is then cured in a separate process.

To process more complex 3D geometries AFP machines were developed using narrow
prepreg tows which can be steered over sharply curved surfaces without buckling.
When used with a rotating tool or mandrel, AFP more closely resembles filament

winding, though the use of tows tends to make it a faster process with significantl
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less waste[37]. Current advanced AFP machines can lay up to 32 tows
simultaneously via programmableaXis robotic systems. Applications include wing
sections for the military 85 joint strike fighter and monolithic fuselage sections for
the Boeing 78738]. Tow laying speeds have increased substantially over the last
decade with current manufacturers advertising speeds of up to 2000 inch&dimi
increased deposition rates have necessitated integration with process ngodelli
techniques to drive higprecision machingorogramming using products such as
FibreSIM®. ‘Contact’ processes such as ATL and AFP involve complex robot
kinematic path planning to ensure the pressure provided by the compaction roller
always acts normal to the tooling surface. It has been shown that-Bneam
relationship exists between part quality and compaction force requiriredulcar
planning to stay within a ‘sweet’ spf29]. High capital investments in equipnmt,
including aubclave curing, and their applicability to relatively large simple
component designs mean that these processes are confagedgdpace however.

The potential for high speed, high performance composite manufacture nedessary
the automotive market comasa the form of either Advanced SMCs or LCM
processes using advanced preforming techniques. Cure timesSbtCs are very

low (1 - 3 minutes) but require large expensive presses and some form of automation
for placing the charge, extraction and final trimgy The compression flow process
also inherently suffers mechanical performance knockdowns compared to using

preforms and LCM.

Automated methods of preforming are generally achieved through directed fibre
preforming (DFP). Programmable Powder PreformimgpcPs (P4) is an early
example of automated DRisIing glass reinforcement; later derivatives adapted the
process for use with carbon fibrd34 utilises low cost raw material in the form of
glass fibre rovings/tows (bundled filaments) providing a 40% reduction in raw
material costs over preforms constructed with continuous strand mat ({28M)
Rovings are chopped to length through an applicator head and sprayed onto a
perforated tool along with a polymeric binder. The chopped segments are held in
place under vacuum created by evacuating air from underneath the tool. Once the
spray stage is complete the tool is placed into an oven to dry and activate the binder.
Preforming can take 4 minutes for a full scale automotive structure andharfdrt

minutes for resin infusion using SRIM; opening up the possibility of production rates
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close to 50,000 pp#l]. Demonstrations investigating the potential of automated
DFP processes reported 48% cost savings over a prepregnbaBil A P4
derivative, F3P, provides offline robotic programming attancedchopper gun
technobgy along with other machine and process improvements such as a robotic
track adding a " axis. High deposition rates (4 kg/min) with scrap rates of less than
1% are reportefi3, 44].

A thermoplastic variant using commingled glass yarnsTP4was demonstrated to
compete with processes such as GMT anAdHD [8, 45] where high deposition rates

of around 1215 kg/min were achieved using multiple tows and upgrading the
processing speed of the deposition device. To achieve even higher mechanical
properties suitable for structural applications in the automotive and aerospace
industries, the P4 process was adapted to utilise carbon fibre reinforcemetst Furt
details of discontinuous carbon fibre preforming (DCFP) and the current Univafrsity
Nottingham DCFP facility is found iBectionl.3.

Another carbon fibre preforming technologyDEP is aimed at high volume
manufacture (~60,000 ppa) using vacuum extraction to retain fibres within a slurry
(carbon fibre / water)46]. Despite offering high levels of repeatability in terms of
partto-part mass variation, fibre volume fractions of ohi?6 are achievable making

it unsuitable for structural components.

1.2.3. Moulding developments

Most of the recent technological advances in composite moulding have been
concerned with reducing costs and cycle times. For low to mid volume production
there has bee significant development for OoA curing. Plasan has introduced a
hybrid OoA process reducing the curing cycle time down to 10 minutes with an
ultimate target of 2 minutes through the development of an advancexlifegs resin
matrix enabling production of CFRP parts in volumes of 30;060,000 ppd47].

For higher volume production rates; compression and injection moulding processes
dominate for nosstructural components offering very short cycle times (<3 minutes)
at the cost of mechanicperformance. Flow orientation and sidare reinforcement
orientation distributions significantly affect mechanical properties, edpeavhen

substructures (ribs, bosses, fittings etc.) are present [7].
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For these reasons liquid moulding processes such as RTM, VaRTM and SRIM ar
commonly used for structural apmtions where a greater control of the
reinforcement material in terms of orientation and mass distribution is necessary
Despite the popularity of using prepregs for demanding applications, liquid processes
such as these are increasingly being investigated as an altefB@tivearticularly in

the automotive sector. The lack of a high speed-do# preforming process has
generally inhibited their usage in high volume markets but advances towards net
shape highly automated preforming means that they are being reconduéigred
SRIM commonly uses a polyurethane resin system offering fast cure @ime3
minutes) whereas epoxies are typically used for RTM providing higher meahanic
properties with longer infusion times due to higher matrix viscosiey. A
combination of P4/SRIM is already employed for fabricating pickup truckdbake

rate of one every 4 minutes [50].

Other liquid moulding developments geared towards mass market automated
manufacturing include Compression RTM and High Pressure RTM. In the former
process, resin is introduced into a partially closed tool flowing over the preform
before being compressed at high pressure heeae through thickness impregnation
[51]. The latter process, which has been adopted by BMW for the upcoming i3
electric \ehicles, upgrades the conventional RTM equipment with high pressure
mixing (>120 bar) and dosing apparatus. The use of low viscosity resin systems can
further reduce fill times. Both processes have produced high volume fraction (>45%
V) laminates using mecrimp carbon fibre fabrics with total injection and cure times

of ~5 minutes[52]. With current development towards lowcte time moulding
techniques, the need for a high speed preforming process (such as DCFP) becomes

ever more important to reduce overall cycle times for high volume manufacturing.

1.3. Discontinuous carbon fibre preforming

The DCFP process offers a solution foid to high volume production of high
performance structural composites parts. The process is an advancethtedto
preforming technology used in conjunction with LCM techniques such as RTM and
SRIM. Chopping of carbon tows into short bundles of fipbypically between 3 mm

to 200 mm in lengthJacilitates various means of automation of the costly manual
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layup stage typically required in advanced composite manufaétigngre 1-1 shows

the main stages of preform manufacture for DFP processes consisting of
reinforcement deposition, preform consolidation, stabilisation and extractidre to t
moulding station. The work presented in this thesis is based around the dewvgjopme
characterisation and process modelling of the University of Nottingham DCFP

facility.

A) Deposition / \ B) Consolidation

‘ Vacuum fan - Plenum Robot arm
}% ~ “% |

O O

rs

D) Extraction C) Stabilisation

Figure 1-1: A schematic diagram showing the four main stages in directed filer preforming. Image is taken
from [53]. (A) Deposition stage involves applying reinforcing fibre with powdred binder to the preform
screen whilst under vacuum. (B) The plenum is lowered applying pressute the fibre stack with heated air
cycled through the stack thickness to activate the binde(C) Once the binder has cured, cool air is passed
through the preform to stabilise prior to extraction (D).

1.3.1. Summary of previous work

Previous DCFP process development identified the need for an improved chopping
device specifically designed for carbon tow forms instead of a modified apparat
used in glass fibre preforming (P4/F3P). Ipeeform variability was deemed
excessively high (~15%) and additional features such as a tow filamentisation
chamber(filamentisation is discussed in detail in Sectibh.6) anda fibre alignment
device were required to conduct a thorough investigation into the influence of
microstructural process parameters on the mechanigpépires of DCFP composites
[53-55].
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1.3.1.1. Factors influencing mechanical properties

The following microstructural parameters were investigated: laminate thgkioss
filamentisation, fibre length andbiie orientation. Additionally, the effects spray
path design, chopping device standoff distance and lirdaot speed were also

examined

For random fibre architectures, laminate thickness (target areal demagyfound to

be the most significant variable with a dramatic improvement in mechanical figsper

as laminate thickness increased. High levels of tow filamentisation and giert f
lengths provided low areal density variation across preforms improving laminate
performance; further aided by ogi slow robot speeds and high chopping apparatus
standoff distances. A detailed review of the process and material parameters is
provided in Chapter 2.

1.3.2. Machine modifications

1.3.2.1. Previous limitations

Whilst the previous iteration of the DCFP deposition headcavee many of the
issues experienced with processing carbon fibre, a number of limitatiostedexi
which were addressed in the current design developed for the work presented in this
thesis.

A process optimisation study concluded that a slow robot speed (~200 mm/s) and a
high standoff distance (300 mm) were required for satisfactory fibre coverage.
Preform aeal density variation was also improved by up to 30%nwhr®cessing a
single tow of 24K fibre over two robot path layers rather than two tows ovegle s

layer. These findings severely affected depositiorsr@t6.5 kg/min). Whilst the UoN
facility is a researciscale installation it is still desirable to achieve representative

deposition rates>@ kg/min)which are scalable for commerciaiplementation.

The previous deposition head passed chopped fibres through an airmover and diffuser
(Figure 1-2) which gave rise to inherent filamentisation of tow segments which was
seen to be beneficial for fibre coverage but detrimental in terms of prefor@nibft
permeability[55]. Prefom loft is the thickness of the unconsolidated preform where
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increasing levels of loft requitgigher compaction presssrduring the consolidation
phase, pantially affectingpress selection and process costs. Preform permegability
which determines the resin impregnation process, also seen to noticeably decrease

as tow segment diameter decreased (increase in filamentisation) which has a
significant impact on moulding cycle times and repeatability. If automated DFP
processes are to emerge in higher mwu markets for structural component

manufacture then increasingpulding cycle timesnust be avoided.

Pressure roller

Driven cutting
roller

Air curtain feeds

Airmover
Binder feeds

Pressure vent

Filamentisation
cavity

Diffuser

Figure 1-2 CAD diagram and photograph of previousiteration of the UoN DCFP deposition head. Image
taken from [56).

A method for aligning chopped segments was also developed to extend the
mechanical performance envelope for DC[ER]. An alignment concentrator was
fitted below a revised atturtain attachment with a narrow slot to align the ejected
segments with the deposition head orientatieigure 13). A significant increase in
tensile properties was achieved but at the cost of deposition rate and cycleotvee. T
passing through the deposition head prior to the airmover attachment have high levels
of induced alignment which are then diminished by passing into an unconstrained
region at the top of the concentrator before being latatigaed at the rectangular

exit slot. Allowing the fibres to rotate before reaching the bottom of the concentra
contributed to excessive fibre blockage, particulariyhigh fibre speeds. Because

fibre speed is proportional to robot speed (to encourage homogenous fibre coverage)
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only very slow robot speeds could be used (=100 mm/s) restricting the maximum

deposition rate to 0.12 kg/min for reliable operation.

M |<\ Fibre centreline —7-/'!

|
Feed rollers \-»I

Knife roller

Backing roller —»

_— Air curtain ~—

Alignment
concentrator

Figure 1-3: Schematicdiagram of the alignment concentrator design used in previous studies.

1.3.2.2. Current DCFP @position head

The current deposition head developed during the course of this thesis is shown in
Figure 1-4 with the principle design goals of increasing deposition rate for both
random and aligned preforming whilst maintaining segment integrity. The faljpwi

outlines the current deposition headtures:

e Ability to process 4 x 24 K tows individually.

e Breaker bar introduced between feed rollers and chop rollers to corieain
motion of carbon tows prior to chopping.

e Improved alignment concentrator constraining segments immediately after
being cheped.

e An increased chop roller diameter of 180 mm expanding the range of possible
fibre lengths to 12 (previously 7).

e Tool centre point (TCP) is located further away from robot woiétring

greater 3D spraying flexibility.
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e Larger deposition device body to accommodate additional apparatus such as a
veil chopper or an experimental resin spray system.
e Selfconstraining feed pressure roller to ensure positive clamping forces

irrespective of how many tows are being simultaneously processed.

Fibre feed inlet

Breaker bar

Feed rollers
Pressure roller

Knife roller
Binder supply

<+ Alignment plates

Figure 1-4: CAD diagram of the current UoN DCFP deposition head with fibre alynment concentrator
attached.

The increased tow processing capacity ensures that a deposition rate of oven2 kg/mi
is achievable at fibre speeds of 5 m/s with an effective spray path width of ~50 mm
The alignment concentrator attachment constrains each fibre stream separately
therefore reducing the risk of blockage and achieving deposition rates comparable
with random spray (>600% improvement in deposition rate over the previous
alignment method). The head is still required to pass over the tool surfacseescl
possible however to minimise the distance and therefore opportunity for tow segments
to become misaligned for oriented fibre deposition.

1.3.2.3. Preform heating

The graphical user interface (GUI) and underlying programmable logicodent
(PLC) code was redegned to increase the functionality of the DCFP cell. One of the
main improvements was the automation of the preform consolidation phase. An oven

was installed to supply and circulate heated air within a closed system once the
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plenum is lowered to compatite deposited fibre stack. The lowering of the plenum
and initiation of the preform consolidation stage is automatically triggered bace t
spray routine is complete. Gates in the heated air circuit open and hot auliated

by fan through the compacted preform. Thermocouples located close to the preform
monitor the air temperature feeding data to a {iemperature dependant function
which ascertains whether the binder has cured. The time-temperature funbsads

on the curing characteristics tife powdered bindgiReichholdPRETEX 110) and
optimised through experimental trials. Oven temperature is monitored using
thermocouples located on the heater fins and close to the oven outlet and controlled to
supply a constant temperature across the preform. Once the binder hasdacdtieate
consolidation phase is completed by closing the heated air circuit and using the
vacuum fan to force ambient air through the preform to cool before transferring to the

moulding station.

1.4. Theme of work

The flow of workpresented in this thesisflectsthe development of a realistiibre
network modelwhich simulateskey DCFP process operationshe intention of
developing the proposed model isfémilitate the uptake in processes such as DCFP
for mid-high volume apptations By simulating 3D fibre preforms and predicting the
potentialpart performancehe model woulddlfil the role as alesign ool to optimise

composite structures using DFP processes.

Chapter 2 consists of a literature review exploring two keysaoéaesearch; the
performance of DFP composites anrentprocess modellingechniquesThe wide

array of process and material input parameters available in DFP processss offe
manufacturing versatility with a compromise usually required between(costsrial,

initial capital), composite performance, production volume and component
complexity. A detailed understanding of the effects of key parameters on
processability and final composite performance is therefore essérimlcurrent
techniquegor modellingrandom discontinuous fibre architectuege also addressed

A shift towards numerical based analysis away from traditional analytealhods

means that true stochastic fibre networks created using DFP processes can be

modelled to capture mesoscale interactions and macroscale variability.
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Details of the base materialssed to manufacture DCFP tensile speciméns
experimental testingspecifically the carbon fibre tow specifications and resin system,
are outlined in Chapter .3Experimental methadogy for preform manufacture and

mechanical testing is also provided.

Characterisation results from studies focussing on fibre spray are pdese@ieapter

4 along with a modelling methodology. The influence of the current UoN DCFP
deposition head isxamined along with key process parametevithin typical
operating range usedfor preforming. Fibre segment distribution and orientation
relative to the deposition device is of particular interest. A further stualy @ model

fibre flight motion using @emiempirical kinematic model.

Preforming technologies typically hold material in place by means of vacuum
retention until consolidated into the shape of the final part. Howettker kihowledge
exists on the sizing of the vacuum installation and suwles#getention performance

of preformed structuresThe retention characteristics of DFP type materials are
investigated in Chapter 5 along with other common preforming materials including

woven and non-woven mats.

Chapter 6 presents the proposeddelling approachto simulate DFP processes in
order to recreate realistic macroscale fibre networks for-tireensional component
geometry. The process software draws upon characterisation data acquinegter C
4 to accompany a robot kinematic model to satmiffibre spray based on the same
input parameters requirddr the UoN DCFP facility. An example of the proposed
iterative optimisation procedure grovided based on the quality of macroscale
preform mass variation. A finite element analysis interfacals® presented for

mechanical property prediction of the final composite part.

Validation of various model subsystems is performed in Chapter 7 using empirical
data obtained via the UoN DCFP facility. The current alignment concentettoled

in Section 1.3.2.2 is also characterised bynechanically testing manufactured
specimens in order to assess itiegerialproperties resulting from high speed aligned
depositim.. The mechanical testing data is subsequently compared ta&ipAtfor

simulatedaligned preforms created using the process model software.
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In this chapter, existing publications relating to discontinuous fibre composites and
directed fibre preforming are discussed. The reviewlivided into two sections; a
discussionof microstructural parameters affecting composite performance,aand
overview of currentmodelling strategies concerning DFP processes in particular.
Characterising discontinuous fibre composites is challenging due to complex
interactions between material and process parameters, therefore a cleannditheyst

of their effects on laminate performance and manufacturing processala#yestial.

2.1. Performance of DFP composites

2.1.1. Effect of fibre length

A considerableamount of research has been conducted into modelling the effects of
fibre length in discontinuous fibre composif3-61], particularly for short fibres (<6

mm) often used inflow moulding processes. Analytical models using shagr
analysis and micrmechanical based approaches have been adapted to account for
varying fibre lengths in an attempt to accurately predict mechanical propémes.
maximise tensile performance, fibre lengths are required to exceed a criti¢al (&ng
function of fibre diameter) to achieve full stress transfer from matrix tdoreement
preventing interfacial shear failure. For a perfectly aligned discontindibus
laminate, 90% strength retention of a continuous fibre laminate can be achieved by
utilising a fibre length 5 times greater than the critical lerj§#t]. Calculating the
critical length for fibre architectures created using DFP processes ifriviah
however due to the reinforcement taking the form of bundled filaments giving iase t
mesostructure within the laminate. Although chopped segments beisalarge
diameter single fibres, their cressctions are usually nemrcular meaning that
bundle dimensions should be considered in determining critical lef§8&65].
Harper et al[66] experimentally observed critical length effects for 3 mm fibres using

24 K carbon fibre tows which resides at the lower end of the DCFP operating range.
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This correlated well with critical length values derived using-thlgory and through
consideration of intrinsic segment fragmentation which occurs at short fibgéhée

reducing bundle size.

The strength of discontinuous fibre composites is strongly correlated to ceimfent
length where a tradeff exists between fibre length and the number of fibre ends
present in the laminate. Individual filament strength is dependent on the existence
fatal flaws along its length and can be described using a Weibull distributiae whe
tensile fibre strength reduces with len@#®]. This is due to the higher probability of
containing a critical flaw as length increases. Attempting to negate thig bffe
utilising shorter fibres presents other problems however. For a constant fijfobal
volume fraction; decreasing fibre length results in a greater amount of dihdefsbre
ends present in the laminate. This increases the number of stress concerdration
areas prone to matrix micracking which can lead to the onset of component failure
[67]. Wetherhold[68] developed a probabilistic strength model using the idea of a
critical fracture zone where the composite strength is governed by thelstoEhigte
bundles bridging this failure zone; composite strength in this case irgrease

asymptotically with fibre length.

Masoumy et al[67] isolated theeffects of fibre length, expressed as bundle aspect
ratio, on mechanical properties for highly aligned glass fibre specimef%w;5By
increasing the bundle aspect ratio from 50 to 557, stiffness retention improved from
82% to 99% of a UD continuous laminate. Tensile strength was found to be
significantly lower than the continuous case however; retention increasing26%m

to 59%. Typically the strength of a discontinuous fibre composite reachateayphs

the aspect ratio becomes sufficiently large. This has been observed both
experimentally and through the use of analytical models [68-71].

Feraboli et al[25] investigated the effects of fibre length a random discontinuous
composite comprising of unidirectional carbon fibre prepreg tape cut into ‘chips’.
Although only limited testing data was attained, significant gains in composite
strength was achieved by increasing fibre length from 12.8 mm 2on7@.. Tensile
strength increased linearly with chip aspect ratoefined as chip length divided by

chip width. No plateau in strength occurred over the dimensions tested suggesting that
the critical chip length had not yet been reached. This was further suppoeed aft
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examining micrographs of failed specimens showing chipquuilkather than filament
fracture. Tensile modulus appeared to be insensitive to aspect ratio but in close
agreement with calculated quasbtropic values suggesting that a critical fibre length

for modulus exists below the tested rangenilar results were observed by Harper et

al. [66] where tensile modulus was independent of fibre length through the range of 3
mm to 115 mmSegment fragmentation meant that fibeagth effects could not be

studied in truesolationhowever.

An important consideration for liquid moulding processes such as RTM is preform
permeability, which is entirely dependent on fibre architecture. Unedr [g2] found

that inplane permeability consistently improved through the use of longer fibre
lengths in chopped yarn preforms. Increasing lengths from 15 mm to 50 miedesul
in improvements in permeability of between 21% and 25% for different yarn
diameters at 40%/;. Dockum and Schell73] suggested using a minimum length of
50.8 mm for preforms consisting of low filament count glass tows to aid resin flow
using the SRIM process. A limit does exist however, with large fibres (>90 mm)
leading to undesirable effects such as folding and distortion during the preforming
stage. Fibre distortion both in and aftplane is also more likely to occur for longer
fibre lengths during resin transfer. This is particularly detrimental to czsawe
strength with a dramatic reduction in mechanical prigserobserved for excessive
fibre wavinesg[74]. For processes such as-P8, which targets rapid cycle times
using compression moulding, shorter fibre lengths are found to be beneficial in
enhancing compression flow characterisfi€s]. This could be desirable for instances
where difficultto-preform features (ribs, lips etc.) are required but only achievable by
allowing reinforcement to flow during the moulding stageirthermore, process
repeatability can be negatively affected using longer fibre lengthsincreased pait
to-part coefficient of variation (&) in mechanical performance observed using the 3

DEP slurry procesg!6].

Fibre length is also a pminent variable for random fibre structures investigated for
crash applications. Jacob et ff6] looked at the effect of three microstructural
parameters (tow size, fibre length and volume fraction) on specific crash aosorpt
Although the effects of tow size and volume fraction were inconclusive (due to
dependencies on the other process vagbh clear trend presented itself where
shorter fibre lengths improved crash worthiness. The findings are suppgrtedeln

22



Chapter 2Literature review

studies showing a similar trend for specific energy absorption perfornterea
broader range of fibre lengths (30 mm to 90 n®) 77] Varying fibre length can be
a useful mechanism for increasing composite toughness through the useticalb

lengths to encourage fibre pull-out.

It is clear that fibre length or aspect ratio should be chosen based upon design
objectives with the challenge of optimising between preform processaéildy

permeability, mechanical performance and crash worthiness.

2.1.2. Effect of tow size

Previous studies have focussed on utilising low cost, high filament count carbon fibre
tows (12 K- 48 K) to increase the attractiveness of preforming technologies for
structural applicationg65, 78, 79] In reality the cost of carbon fibre is highly
sensitive to market forces making it difficult to distinguish the true-teng cost
savings over the use of smaller tow sizes. It is believed that a significantidinan
benefit does still exist however. Commergyadde large tow carbon fibres (48 K

320 K) are being made available which can be produced more cheaply thar small
form aerospacgrade tows— taking advantage of cost efficiencies during the
manufacturing proced80]. Typical tow sizes used for carbon DFP processes reside
within the smaller form range (0.5 K 48 K) with the larger tow sizes carrying a
distinct advantage for increasing potential fibre deposition rates attractive
prospect for a technology aimed at high volume production. Unfortunately, larger tow

forms are found to negatively impact composite performance [65, 81-83].

Early attempts to understand input parameters which influence the mechanical
performance of discontinuous fibre composites have shown that processing lower
filament count tows i®eneficial. Schell and DiMarif81] attribute a ~20% increase

in tensile strength to halving the glass roving filament count providing greater
reinforcement surface area for matrix bonding. Preliminary adoption of catives fi

for the P4 process used bundle sizes of 3 K and 6 K (seveed targer than typical
glass rovings) resulting in large variations in material distribution througheut th
preform when compared to the equivalent glass fibre process. By andlysitight
transmission characteristics of preforms at different areaitiksit was found that

the effect of reducing tow size improved fibre coverage and hence preforrty quali
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[82]. A more comprehensive subsequent study using tow sizes ranging from 0.5 K to
12 K concluded that low filament count bundles provided significant gains in both
mechanical and thermal performance with an average increase in tensile stfength o
almost 200%[83, 84]. CV for tensile properties reduced by at least a factor of 3

indicating improved preform homogeneity.

Rondeau and ReeVé5] reasoned that the reduction in mechanical properties fo
architectures using larger tow forms is due to the increased occurrence of
synchronised filament ends giving rise to greater stress concentrations. This
significantly impacts tensile strength and is particularly apparent fortidimady

biased depositions where the probability of synchronised segment ends angsy str
concentrations even further. The study also reinforced concepts previously sgggestin
that a critical tow segment length exists as bundled fibres behave as large diameter
single fibres.This phenomena can be observed where different failure modes existed
depending on varying bundle size within the same coupon where larger bundles were

prone to matrix pull-out [85].

Efforts have been made to mitigate the apparent drawbacks of using largerrnmw f
whilst still retaining their coseffectiveness. Dahl et a[86] used tow splitting
apparatus to reduce large tows (80 K) to multiple instances of low filament count tows
(1.5 K, 2.5 K & 3 K) specifically for the P4 process. Using mechanical splited

fibre sizing operations on an intermediary production line, sufficient amounts ef fibr
was converted for preforming and subsequent mechanical property analysise Despi
the smaller tow forms the mechanical performances for all three tow sizes were
marginally inferior to a commercially available 3 K control roving. Whilst the
findings were contradictory to popular consensus it was speculated that the sizing
operation was subptimal and required further development. It is also not clear how
the inclusion of this interméaly production phase would impact the eost

effectiveness initially sought by using the 80 K tow.

Harper et al.[55] presenteda solution to reducing bundle size by pneumatically
disrupting chopped segments prior to exiting the deposition keatn asfibre (or

tow) filamentisation (the effects of which are further discussegkiction2.1.9. Clear
improvements in mechanical performance were realised but with undesirable effects

such as increased preform loft (affecting achievable fibre volume fractanms
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reduced preform pereability. The latter is an important consideration for LCM
processes affecting overall production cycle times. Permeability isndeest via
inter-tow and intratow porosities and despite the shortcomings of using larger tows
they have been observed to beneficial when moulding large structurgs7].
Preforms using higher filament count bundles produce a more porous and open

structure aiding resin impregnation.

2.1.3. Fibre volume fraction

The mechanical properties of a comp@saminate are heavily influenced by the level

of reinforcement content present. Random discontinuous fibre laminate stiffness has
been experimentally proven to obey a linear relationship with fibre volumeofragi

to values of 50%/; which can be accately predicted using simple statistical ROM
models [56, 8889]. Tensile strength generally exhibits a similar relation§bip 9Q

91], however micromechanical failure mechanisms can result in a more complex non
linear relationshig88]. It is suggested that an upper limit of 40%0% V; exists for
random discontinuous fibre architectures and 55%0% V; for highly aligned
architectures (matching typical high performance continuous fibre cotegpbefore
processing difficulties begin to impair mechanical performance §@bn92, 93].

Increases in fibre content significantly impact preform permeabilityineg elevated
injection pressures for moulding processes which can have detrimentad effdotal
composite performance. For higher injection pressures fibressasceptible to
movement within the mould cavity causing variations in volume fraction and
increasing the risk of inducing fibre waviness. A higher binder content could be used
to maintain preform integrity but Dockum and SchpiB] found that this can
negatively impact laminate performance. There is also an elevated risk of failing
achieve full preform webut leaving dry areas of reinforcement and increased void
content; compromising the performance and repeatability of the moulded part.

Dahl et al.[43] studied the compaction characteristics of random glass fibre preforms
manufactured using the F3P process over a wide range of fibre volume fractions (15%
- 45% V;). Compaction pressure increased exponentially with fibre content for two
distinct preform architectures. For structural preforms, a 900% increasessungare

was observed when increasing fibre volume fraction from 32% to 44% to achieve the
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required 3 mm peform thickness. Harpgb6] reported similar findings foDCFP
manufactured preforms using a power law model to describe preform comnpacti

characteristics.

2.1.4. Preform homogeneity

Arguably the most important characteristic influencing the mechanical perfoenoé

a discontinuous fibre composite is the degree of preform homog¢b&iys, 94-96]

By reducing intrgpart mass variability, confidence in characterising and predicting
the mechanical response of such fibre architectures increases. For @feRsps,
preform homogeneity is governed by several process variables addinghalieage

of designing and manufacturing high quality parts. It is well documented that
microstructural parameters such as tow size and fibre length have signéfifeants

on areal mass variatigh5, 66, 97] By reducing tow size and fibtength an increase

in fibre segment count is required to achieve a target volume fraction. The
introduction of a greater amount of fibre segments encourages improved fibre
distribution resuing in a lower intrgoreform G/ for reinforcement mass. The
inclusion of more segments could also be beneficial to failure response from crack
propagation. Han and Seigmunf®8] presented simulation results using a
discontinuous crack growth model to show an improveniencomposite failure
response for random fibre material. Interestingly, the macroscopic preform
permeability is seen to be independent of filament count and bundle length for DCFP
preforms[99]. These two material parameters do affect flow characteristics however

with larger tow sizes and fibre lengths leading wéased flow unevenness.

Individual segment location within the preform is dictated by the spray premsy

path trajectory, effectiveness of fibre retention and tool geometry. Previou® DCF
simulation models have suggested significant improvementmass distribution
across the preform can be attained using orthogonal spray patterns as opposed to a
parallel offset patter{66]. A simulated reduction of 30% in mass variability for a 2D
plaque shows the potential benefit of using such process models; particularly for 3D
geometrie where achieving homogenous coverage is challenging. Initial P4 design
specifications set intrpart areal density variations $12% as limiting bounds for the
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preforming procesq440, 97] however, a tighter tolerance is desirable for high
performance structural applications where high fibre volume fractions are required.

The intrinsic heterogeneity in discontinuous fibre architectures is highlighted b
Feraboli et al[25] where on average a 50% increase in tensile modulus and strength
was achieved through increasing specimen thickness from 2 mm to 6 mm. The
significant risein mechanical performance is highly likely to be a result of improved
fibre mass distribution. Thin laminates tend to exhibit inferior mechanical pieger

due to unreinforced resin rich areas as a consequence of poor fibre coverage.

2.1.5. Fibre alignment

A great deal of work has been conducted to identify fibre orientation distributions in
discontinuous fibre architectures to incorporate into analytical models in ah teff
improve mechanical property predictigsB, 100-102] Significant gains in laminate
performance are possible by aligning fibre reinforcement in the directiappied

load. For DFP processes the opportunity to tailor laminate performance through fibre
alignment paves the way for adoption in setnuctural and structural applications.
Aligning fibres is also conducive towards achieving higher fibre volume fraatioas

to increased packing efficiency compared with random fibre network4 (82.

Pneumatic methods adopted in glass -reatforced thermoplastics (GMT) used
alignment plates to deflect glass strands from a delivery tube dugfaymping[104].

A relatively wide fibre orientation distribution was experienced howewvken
compared with the much slower hydrodynamic method, once used for prepreg
materials. A similar deflection technique along with various fibre oriemtadevices

were developed for the P process where 90% stiffness retention and 50% strength
retention was achieved compared to an equivalent continuous fibre composite
(normalisedto 55% V;) [42, 105] Longer cycle times were required compared to
random fibre deposition but specific design and performance details fdigh@ent
device were not presentedy Reeve [105]. The alignment technology was
demonstrated by incorporating aligned fibres into a preform over adhremsional
complex GChannel tool. Maintaining levels of alignment proved to be challenging

however, particularly on vertical surfaces and subsequently abandoned.
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Previous DCFP machine developments for aligned deposition involved mechanically
aligning chopped fibres through a concentrator (see SettBop.1) Harper et al[54]
achieved high levels of alignment particularly for long fibre lengths and haghdiht

count tows (115 mm, 24 K) where 94% of the fibres were aligned wittifto the
intended direction. The increased segment weight is thought to supress the likelihood
for segments to become misaligned as they fall froen doncentrator. Specimens
containing 24 K reinforcement also showed the largest gain in mechanical ipopert
over the equivalent random fibre benchmark, with increases of 206% and 234% for
tensile stiffness and strength respectively. The highest atlaimabperties were
achieved using 115 mm, 6 K tows with absolute tensile stiffness and strength values
of 71 GPa and 444 MPa respectively. This represented an increase of 10% and 40%
over the 24 K specimens. A major drawback of this method was a sublsteméase

in cycle time to ensure high levels of alignment. The linear fibre speed wa®deth

match the robot travel velocity limiting the deposition rate to 0.15 kg/min for two 24

K tows compared with >1 kg/min for random deposition.

2.1.6. Fibre filamentigtion

Filamentisation of fibres, the segregation of fibre bundles into smaller buzdkg si

can occur naturally through the mechanical chopping action in DFP processes. It is
particularly likely to occur for high filament count rovingsl2 K) where bund
integrity diminishes once chopped to length leading to a distribution of bundle sizes
[55]. The variation in bundle size within a composite mesostructure further
complicates established property modelling techniques making prediction bf fina
laminate performance challenging. Filamentisation can also be deliberatetygdndu
via additional processing techniques such as pneumiatgference [87] and
mechanical separation via breaker bars or rojlE6].

The benefits of using small filament count tows have already been disaunssed
Section2.1.2 which includes improved reinforcement mass distribution and lower
intensity stress concentrations arising from synchronised filament engierH al.

[55] investigated the feasibility of reducing large filament tows to smaller bundke size
using a pneumatic device as a means of improving composite performance whilst

retaining he costeffectiveness associated with large tow sizes. Significant
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improvements in mechanical properties for 24 K fibres was realised viith @fal 3%

and 55% in tensile stiffness and strength respectively. This was achieved using the
maximum filamentisabn processing available and supported findings from other
studies [107].

An undesirable consequence of filamentising chopped fibres is the increas@impref
loft. The presence of more single filaments and small fibre bundles resultskier thic
preforms which in some extreme casead to unacceptable levels of loft post
compaction. Preforms made from highly fragmented 24 K segments also exhibited
significant reductions in preform permeability for resin injection praedsacreasing
mould fill time [99] and leading to longer preforming cycle timggS]. This is
particularly important for a technology aimed at ftoehigh volume production
where low cycle times are necessary for both preforming and moulding stages. A
compromise is clearly required between preform processability and theiglotent

improving mass variability.

Highly filamentised fibres are also used vgil type mats to produce a ‘class A’
surface finish by encouraging a resin rich lajyier, 87] There is evidence to suggest
that the introduction of a surface veil in a Adamentised peform decreases
permeability and increases required compaction pre$d8fewvhich correlates with

experimental results for filamentised preforms.

2.2. DFP process modelling

Rapid cycle times and nemaet shape preforming are attractive qualities of DFP
processes yet adoption in industry remains subdued. There is still very littlehedbli

work investigating the physical process of fibre deposition and the effectecafsgr
parameters on the multiscale preform structure. These have been identified as clear

areas of research in developing a process model for DFP techn¢gldxfigs

2.2.1. Fibre spray

Automated DFP processes employ a rabounted fibre chopping system which

ejects tow segments towards a perforated screen. Process parameters such as robot
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path trajectory, reinforcement properties and deposition rate have sighiifluence
during the spray process which in turn affects fibre distribution over the entire
preforming domain. Areal mass heterogeneity leads to inconsistent locahevolu
fractions resulting in variable mechanical properties. Clearly, a robe#tonoh for
predicting fibre bundle locations and the resulting fibre distribution is required t
reliably predict preform properties for DFP materials.

Previous attempts to model DFP processes have generally been restricted to
simulating simple 2D single layer architectures greatly limiting applicability to the
physical process. The creation of process simulation software was getafttome

for the Affordable Lightweight BOdy Structures (ALBOS) project alongside
development of DCFP technology. Harper et[8B] used kinematic mapping to
evaluate the stochastic effects of key process parameters on areal deinilynvar
across 2D preforms. Fibre deposition was modelled to conform to a virtual spray cone
which remained symmetrical irrespective of input parameters with the @ajeche
diameter dependdé on deposition head height relative to the target plaigei(e2-1).

A simple robot program with parallel path offsets was divided into discreteitiepos
points a&fining the cone apex location as the program iterated along each fibre release
point. Segment location relative to the cone base centre was generated yamsiog|
values returned form a normal distribution where the standard deviation was
determined exgxrimentally using a 24 K tow. Segment orientation was also generated
randomly using either a uniform distribution or according to a -deéned

distribution for directionally biased deposition.

Experimental tensile testing of specimens cut from fhen@ 90°directions (to robot
direction) have shown that there is intrinsic directional bias applied for ‘random’
spray which needs to be accounted for to accurately model laminate mechanical
response [66]Figure 2-2 demonstrates the potential of process modelling software

with simulated mass distribution correlating well with experimental results.
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Figure 2-1. (Left) Virtual circular spray cone base used for DFP process simation where R;, ; and ¢;
define the location of the segment centre of mass and orientatiofRight) A simulated low areal density
preform (0.5 kg/mf) with the horizontal lines represetiing spray paths. Images taken fron53).
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Figure 2-2: (Left) Black and white photo of deposited fibres. (Centre) Simulied deposition using the DFP
process model. (Right) ‘Xray’ of the deposited fibres showing the amount of tows present in the tii
dimension.Images taken from[53].

Liakus et al.[109] adopted a similar modelling approach to simulate fibre spray. A
discretised robot path was generated relative to a deposition plane whejectegr
spray radius was created for each fibre release site. The spray radius wa®a ain
chopper head height, chopper nozzle geometry and fibre feedrate with random numbe
generators used to locateetdeposited segments within the projected spray domain
and determine the iplane orientation. It is unclear whether the random numbers were
generated based upon a probability density function however. Spray processes often
bias deposition to the centre of a virtual spray cone rather than uniformly disgribut
material within the prescribed outer spray boundaty]. Determining final segment
placement was further complicated due to the presence of a circular mould wall and
the requirement to include tetew interactions. Btruding segments with their centre

of gravity outside of the mould perimeter were reflected back inside the bgwarahr

rotated until the full segment was completely contained within the mould. These
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boundary interactions resulted in fibre alignmentuacbthe mould perimeter similar
to experimental observationsigure 2-3). Tow-mould and towtow interactions were
consideredunder the assumptions that the tow segiare circular in cross section

and abide to rigid body mechanics.

Y

b

Figure 2-3: (Left) A schematic for the geometry used in the deposition process simula by Liakus et al.
[109 showing the outer mould boundary radiusr, and the virtual spray path radius rp,. (Right) Simulation
of the reinforcement deposition with fibres aligned with the mould boundry. | mages taken from[109.

Gunnerson et al. [111] proposed an alternative solution to simulating mass distribution
for spray processes. Instead of explicitly accounting for each $sdkgment location, a
similar procedure as used in paint spraying process models was adopted. The
deposited fibre mass was represented statistically from empirical obsesvathich

in turn feeds a patplanning simulation tool. Computational intensitpswgiven as a
primary reason for choosing not to model each segment explicitly; however there is
little evidence to support this view with the processing power available with modern

computer hardware.

The experimental apparatus used in the study delivers fibres in discretes reatéien
a cartridge assembly and released through a focussing nozzle. The shaped size a
height of the nozzle affect the segment distribution; all of which remained cottstant
characterise the fibre deposition. Characterisati@s carried out by dropping a
sparse amount of segments and using proprietary image analysis s¢iih@réo
extract segment lotan and orientation Kigure 2-4). The analysis software is
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unsuitable for dense fibre stacks due to errors arising from overlapping fibres,
therefore restricting itapplicability for characterising high throughput processes such
as DCFP. The experimentally determined mass distribution is compiled froataépe
depositions using a Gaussian distribution function to replicate experimental

observations.

Figure 2-4: (Left) Picture of a discrete fibre deposition (coloured fibres) ontoa surface already covered
fibres. (Centre) A Digital image of the deposited fibres and (Right) theapresentative mass distribution after
20 sparsedepositions Images taken from [111].

The physical spray process used discrete sites to release material rather than the
common approach of a continuous robot trajectory. A pattern of robot points were
evenly distributed using a Coulomb law repulsion algorithm to attempt to achieve a
homogenous fibre distribution inspired from similar applications by Drocco et al.
[113]. Each point was assigned a constant charge with the algorithm resolving
repulsion forces so that the system of charged points transition from a higly energ
state to a lower stable energy stefgg(re 2-5). Whilst this method of distributing
deposition sites is unsuitable for a continuous delivery process such as DCFP, it does
offer an interesting solution to optimising ttstribution of robot path offset points if

the points are prescribed a charge proportional to spray cone geometry.

Figure 2-5: (Left) Optimised deposition sites within a mould boundary for br&ke pad geanetries. (Right)
Picture of the mould populated with fibres using the optimised depositionites. Images taken from[111].
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Similar processes such as automotive paint spraying, again requiiagrumaterial
distribution, has received considerable attention from several authodevelop
reliable process simulation softwdfb, 110, 114-117]Paint spray is also modelled

to conform to a spray cone within which the paint mass flux distribution is non
uniform resulting in heterogeneous coating thidses[114]. Gaussiar{116], Beta

[114] and paraboli¢110, 115]distributions have been uséd statistically represent

the nonuniform surface distribution based upon empirical thickness measurements.
The majority of paint spray models use circular cone geometries Rigure 2-6,
similar to the discontinuous fibre spray models, with Chen efl1aD, 118, 119]
adapting their paint spray model to simulate a glass fibre spray forming $tasesl

upon the same principles.

Af(r)

Figure 2-6: (Left) A typical paint gun model used in paint spray process moels shaving a virtual spray
cone. (Right) A paint deposition rate profile with the axis origh representing the centre of the spray cone.
Images taken from[12(.

A significant proportion of published work with reference to papray modelling is
predominantly interested in automating robot path planning to achieve macroscopic
homogeneous material distribution, whilst also highlighting the necessity tategu

characterise the deposition process.

2.2.2. Robot path planning

The process models developed by Harper ¢63].and Liakus et al109] prescribes

the geometric robot path in a method analogous to programming an industrial robot
using a teacipendant. Optimisation of the deposition strategy occurs through trial
anderror, usually by adjusting path offset distance after evaluating theciéd

mass variation. Paint spraying process models briefly mentiorgeciion2.2.1have
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been developed to automate robot path planning by considering the material
distribution within the spray cone domain and minimising thickness variations
between parallel passes where deposited material overlaps. Paint spragess¢so
have almost identical input parameters and requirements to DFP processes: pa
surface geometry, deposition/applicator head configuration, path trgjeatot
process outputs such amterial distribution quality, cycle time, wastage etc. A great
deal of work has been conducted in the area of path planning for robotic systems to
achieve uniform coveragf21, 122]with some of the methods discussedtfins

section.

Chenet al.[123] recognised that manual path planning is complex, time consuming
and highly dependent on operatskill which is why there isignificant interest in
optimising and automating pafilanning duties. Heping et dlL18] simulated glass

fibre deposition for a simple 2Bectangularshape showing the potential for -tifie
simulation techniques producingeasonable correlation between simulated and
experimental mass variatiaesultsacross the preformarea Path offset was based
upon an optimised overlap distance using a golden section method [124], however, the
applicator head wa®quired to project in a direction normal to thegetsurface at all
timesin orderto simulate a realistimassdistribution which can becomenfeasible

for complex 3D geometryThis could lead to complex robot programs and lengthen

overall cycle time.

Chen et al]120] presenteca patch forming technique in an effort to minimige
deviation angle between applicator amthrgetsurface consisting of triangular mesh
elements. This was achieved by creating a projection plane based on avertzged su
element normal vectors contained within a given spray domain. If the deviatien ang
falls outside of a prescribed threshold then an additional patch is formed. The model
generates realistic gatlines for simple part geometriassing this techniquéout
produces high thickness deviations of up to 35% from the mesdarial thickness.
Commercial softwardROBCAD [125] was usedd simulate the paint spray process

for the generated robot trajectory

Subsequent development of the path generation software considered the effects of
material distribution between multiple patches showing that an optimal trajectory

pattern is achievable to minimise mass variatlmi becomesncreasingly complex
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when multiple patches are required to discretise affree surfacd126]. Again, only
simple surface geometries weused questioning the applicability to a complex 3D
component. It is anticipated that considerable difficulties would arise if ésaturch

as holes and irregular profiles are introduced and whether the optimisation routine
would find a suitable solutioat all. The autha claimthat the developed software
decreasedobottrajectory generation times from more than 8 waekagtraditional
techniques to % days[119]. The car part shape used to test the algorithm with the

resultingdisjointed path profile is presentedRigure2-7.
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Figure 2-7: Robot trajectory generated using a patch forming technique for an aaimotive part. Robot path
lines are disjointed using this approach despite the relativelysiple part geometry. Image taken from[119.

Weihua et al.[127] advanced the process of decomposing surface geometry into
patches to eradicate holes and achieve regular topology for each patch. Part of th
initial criteria was to minimise cycle time by reducing the amount gfatiens the
applicatoris required to make along a path. The resulting spray pattern for an
automotive bonnet does not represent the most efficient path ho{i#eyare 2-8) In

reality a much simpler blanket path could be utilised with judicious use of gun
operation instructions to achieve much lower cycle times in comparison. Other
methods involving path generation include similar decomposition methods to create
regdar polygon subsetdefore using genetic[128] or ant colony optimisation
algorithms[129] to generate a large number of possible trajectories. &alakion is
evaluated against perfoemce criteria to find a trajectowyith optimal attributes such

as path length and cycle timRartitioning becomes even more excessive when part
complexity increased 27] leading to increasingly disjointed robot programs.
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Figure 2-8: (Left) The automotive bonnet geometry used for automated robot path phning in [127]. (Right)
the generated robot trajectory after partitioning the bonnet intomultiple spray domains.

Arikan and Balkan[114] simulate robot motion by discretising robot path lines to
determine spray locations. At each location, paint is sprayed for a time péicidisv

a function of required paint flow rate and the level of path discretisaitectively
simulatinga continuous spray motion. After seeding the initial path line,adjacent

paint distribution curves are superimposed to calculate the range of paint thickness
within the overlap region. For two equal parabolic distribution cuthe optimised
offset distance, minimisinthickness variationis the spray area diameter multiplied

by 0.608. Paint thickness deviations between simulated and experinesoigover

a simple part profile are as high as 20% suggesting that further process

characterisation is required.

To reduce material waste asgated with ovesspray, process variables should also be
modified to alter spray cone geometry enabling efficient robot path déglanr.et al.

[130] emphasises the importance of intelligent path line seeding which plays a crucial
role in achieving thisas well as minimising cycle timegOptimising robot speed
relative to spray flow ratimproved paint uniformity by as much as 25% in some

cases compared with constant speed trajectories.

Even after achieving an optimised robot path uiege types asimulation toolsthe
trajectory hasto be physically possible for an industrial robddost published
trajectory planning techniquéakeplace in Cartesian space whereas industrial robots
typically operate in joint spadd31]. Transformation from Cartesian to joint space

requires the use of inverse kinematics which is-tiomal and can theoretically
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producean almostinfinite amount ofsolutionsto the same problem. Conversely,
using forward kinematg to translate joint motion tapplicatorposition is usually
closedform and relatively simple. Ideally a commercially available robot simulation

software package should be utilised to aid trajectory planning techniques.

2.2.3. Fibre retention and material perafulity

Traditional drectedfibre preforming methods use a vacuum assisted tool to evacuate
air from behind the tool surface thus providing fibre retention on the tooling surface.
The challenges in designing effective preform tooling is highlighted in dy st
improve preform quality of automotive vehicle-pglars [86]. Initial preforms
suffered from large areal density variations with areas over 100% aboveviztgee
fraction levels(40% V;); mainly attributed to inconsistent airflow through the tool.
Efforts to reduce flow variation were performed by baffling sections ofableafter
accumulating air flow field data via measurements using an @netfer.
Improvements were reported but ultimately insufficient to satisfy preform yualit
requirements even after modifying other process variables such asefigth, Ifibre
feedrate, TCP location and air speed. This suggests that air flow and thdrefere,
retention capability is highly sensitive to tooling geometry. Despite the contatenp
application of such fibre retention techniques for DFP processes, very little work has

been conducted in characterising the retention capabilities for such tsateria

There is substantial literature available for examining air permeability thraarghip
media however. The media typically tested comprises of a granular bgdigsid as

the permeating fluid with the resistance caused by a granular bed often gsoted
obeying Darcy’s law where a linear relationship exists between the meguessure
gradient and the superficial fluid velocif¥32]. The KozenyCarmen channel model

is widely used for relating physical constants to packed beds of particleg dur
laminar flow[133] but has limited use for fibrous materials and highly porous media
[134]. Forchheimer and Brinkmdi35] observed that Darcy’s law only held true for
low superficial velocities (“sspage” velocity) catering solely for viscous drag effects
where inertial effects are negligible and with frictional losses being attuilauntirely

to viscous drag from the permeating fluid. Scheide§@s] surmised that in order to
characterise the seepage velocity domain in which Darcy’s law holdstReynolds
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number could be introduced. Scheidegger noted that numerous investigations focussed
on finding a universal critical Reynolds number, above which Darcy’s law is no
longer valid, ultimately failed due to large discrepancies between theediffinids

and mediaxamined.

Deviating from channel theory, Forchheinj#85] proposed the inclusion of a second
order term to define inertial drag in addition to viscous forces for higher flow. rate
This permits modelling for pressure drops across porous media where flow conditions
exist in theturbulent phase at higher fluid velocities. Notably, Forchheimer further
suggested the use of higher order terms to provide a closer fit to experimental data.
Further extensions were applied by Erd@7] and ComitiRenaud [138}o adapt
Forchheimers principles to physical properties including porosity, spesifiace

area and tortuositfor packed particle beds. Belkacemi and Broadp£d®] further
developed Kyan's pore modeduited toair flow throughfibrous and woven fabrics
experiencing high pressure drops, showing good agreement between experimental
data and model predictions. mitternativemodel for woven textiles was developed by
Goodings [140]acknowledging the influence of structural parameters such as the
weave pattern and warp and wéftear densities. Foall of these models several
structural properties were required for each material involving expetane

characterisation.

Preforming processes use a perforated screen to support the material wielst un
vacuum retention which them® contributes towards the total air flow resistance in
the system. Zierep et dll41] usingmanufacturer’s data for plate porosity failed to
describe aerodynamic performance by relating pressure drop across the piete t
superficial velocity. It was suggested that the porosity value should beethfeom
aerodynamic performance using a Dii&nspiration law. A revision of the D/B
constants gave a relationship where the pressure drop was proportional toomass fl
squared. For increasing pressure drop the squared function resulted in an adequate fit
with experimental data. Haque et Hl42] investigated the influence of perforated
plates within electrostatic precipitators to characterise the plate perforrfanae

CFD malel. By modelling the plate as thin porous media the pressure drop can be
calculated using a combination of viscous and inertial terms emulating Fionense

equation. Changes in gas viscosity was predicted to have negligible effects
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pressure drop ovea wide range of superficial velocities, therebyllifying the

viscous term in turbulent flow conditions.

The bulk of work performed in this area has been concerned with highly
homogeneous fabrics at low superficial velocities and typically fotesiages. It is

not clear from the published literature how the developed models can be applied to the
fibore architectures of interestWork presented inChapter 5 compaes the
characteristics of various types of fabrics, fibrous mats and unconsolid&eEg D
fibre stacks with respect to a wide range of air velocities to attempt t lyodn

existing knowledge.

2.2.4. Mesoscale modelling

Material characterisation and accurate mechanical property prediction for
discontinuous fibre composites are essential for the development of materidé mode
which integrate into existing design procedur&everal analytical modelling
methodologies such as classical laminate theory, ROM based and statistiagiraver

are used to homogenise constituent materials within a given domain. Fomiatha
stiffness prediction these modelling approaches offer a convenient solution both in
terms of speed and accuracy because stiffness is essentially a volume averaged
guantity [143]. Strength predictions are less accurate however, with large over
predictions due to the inability to accountr foomplex fibre/matrix, fibre/fibre
interactions and localised volume fraction variation within the mesostructutes of
composite. Stress concentrations arising from fibre bundle ends and resin rich areas
are particularly susceptible to failure initiatiand damage evolution; therefore more
exhaustive methods of property modelling are required. Numerical modelling
combining the generation of random fibre networks with finite element method)(FEM
can reproduce the stochastic characteristics of randomdadmgosites and offers a
promising solution to capture localised stress and strain fields requirethrizage

analysis.

Finite Element Analysis (FEA) is commonly used to model the mechanicalibeha
of a wide range of fibre reinforced composite materi@tee random heterogeneous
nature of discontinuous fibre composites means that a repeating unit cell &pproac

used for textile and UD materials is rapplicable however. Hil|144] states that a
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representative volumdesnent (RVE) should be used instead which can be defined as
a macroscopic statistical representation of the constitutive materials. This thata
sufficiently large sampling of all the microstructural heterogeneities presehe
composite is required. An alternative view adopted by Drugan and Y¥dli§ states

that the RVE should be the smallest material volumeneh which accurately
represents the mean constitutive response. Harper[&4@].provide a useful review

of current approaches in generating RVEs for random fibre architectures. It is
apparent that accurately recreating mesoscale architectures remains challeegong d
complex fibre networks and the wide range of inclusion geometric forms ltypica

used in discontinuous fibre composites.

Numerical generan of RVEs can be categorisbg the following methods; Random
sequential adsorption (RSA), Monte Carlo (MC) procedures, image recoistruct
techniques [147and processriven simulation. RSA and MC methods are the most
widely adopted; randomly generating fibre centroid positions and orientations which
can be tailored to experimental observation by using statistical distributions. For
threedimensional RVE generation, issues relgtito ‘jamming’ occur where the
constraint preventing fibre intersections is no longer valid prior to readinengesired

fibre volume fraction[146, 147] This is usually a consequence of modelling high
aspect ratio fibres as rigid cylinders. Efforts to increase ultimate voluangofn in

RVE generatiorallow out-of-plane curvature for improved fibre packing efficiency.

A model using a modified RSA technique is presented by Pan[&4d].for in-plane
fibre networks. Fibres are puitted to locally bend to avoid intersecting neighbouring
fibres achieving fibre volume fractions of 35940%, approaching levels suitable for
structural applications. This is achieved by dividing the RVE intelsyérs to allow
fibres to occupy adjacérayers thereby avoiding intersections. Fibre bundles are
approximated using a series of polyhedra with elliptical cross sections buikstitof

capture realistic oubf-plane curvatureRigure2-9 — A).

Higher volume fractions were achieved using a random walk -fuieseed packing
approach [148]. Each fibre was modelled as a chain of spheres, limiting its
applicability for elliptical carbon tow segments, but does offer control ovee fibr
tortuosity and oubf-plane orientationKigure2-9 — B). For a 24 K tow segment with

an effective tow diameter of 1.4 mii46], the maximum fibre volume fraction
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permissible is 65%/ (7.5 mm fibre length) decreasing inversely with aspect ratio to
~50%V; (46 mm fibre length)148]. A similar forcebiased approach was proposed
[149] for mixed dimension modelling targeting >50% The model can output either

1D truss or 2D shell fibore meshes constrained in 3D continuum elements with no
limitations on fibre bundle aspect ratijproducing realistic fibre networks applicable

for DFP processesFigure 2-9 — . Commercially available software such as
DIGIMAT can also provide RVE generation @g with direct portability to
ABAQUS/standard but covers a generalised approach rather than process, spetif

can only achieve relatively low fibre volume fractionstfog architectures of interest.

(B)

Figure 2-9: (A) RVE of a random chopped fibre composite with curved fibre bundles gemated using a
model developed by Pan et a[147]. (B) An RVE generated using a random walk based stochastic model
proposed by Altendorf et al.[148]. (C) RVE of a polymer matrix reinforced with carbon nanotubes created
using Digimat software[150. (D) A compressed RVE with shell fibre architectures producing realistic DFP
fibre architectures [149.

To remove the fibre volume fraction jamming limit, several researchers hatvd Dse
beam eleents permitting fibre intersectiod43 146, 151, 152] Obviously this
simplification to the 2D domain negates complex 3D phenomena resulting from
fibre/fibre contact and the effecbf outof-plane curvature on mechanical properties

[149]. A stochastic fibre network model developed by Harper ¢14RB] was used to
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simulate DCFP fibre architectures at the mesoscopic level using 1D beamtelémen
ABAQUS/standard) to represent tows which are tied to 2D solid continuum etement
using the embedded element teicjue. Using beam elements is computationally
inexpensive and permits the analysis of larger volume models approaching alacrosc
modelling that replicate process specific fibre networks. For largel&bgths or high
aspect ratios this can alleviate thecurrence of boundaittp-boundary bridging fibres
which can exist when constrained to small scale RVE dimensiansesult of using

computationally expensive 3D continuum elements.

2.2.5. Macroscale modelling

The process driven models discusse&attion2.2.1are capable of spraying virtual
macroscale preforms in an effort to simulate the physical preformingeggcand
reproduce accurate mass distributions. The discrete deposition model developed by
Gunnerson et a[111] was used to optimise fibre release locations to manufacture
netshape preforms for an automotive brake pad. A Coulomb law repulsion algorithm
was used to distribute deposition locations until the system achieved-enégyy
equilibrium providing an optimised deposition pattern. The simulated preformiag are
was discretised to graphically represent preform height, in the form of a corapur m
based on the underlying statistical mass distribution functions. The deposieqg\s

was replicated for experimental preforming with a 3D scanner used tondetethe
height of the fibre bed and subsequently compared with simulated r@Sigiise

2-10) The difference in height between predicted and experimental results was found
to be within £10% across the preform for the specific combination of material
parameters presented (8.5 mm, 10 K carbon fibre tow). The simulation software
appearsd be solely developed for optimising deposition location in order to obtain a
uniform material distribution with no further application to predict mechanical

properties.

43



Chapter 2Literature review

Percent of Mold Height

I 10

10

«+— Mean Height
5

Pixels

100 ¢ - -

120+ 1 '
140 ' . s : . r . : .
20 40 60 80 100 120 140 160 180

Pixels

Figure 2-10: A deposition contour map showing the difference between actualbfie mass distribution and
model predictions using identical deposition sites. Image taken frofi11].

Rather than modelling each deposition as a statistical distribution LiakugE23I.
explicitly located each fibre in the deposition plane to build up a-tfirmensional
preform. Tow segments were modelled as rigid bodies with significardfglane
orientatons resulting from high aspect ratio fibres coupled with the inclusion of a
mould wall. As fibre lengthsncreased fronil2.7 mm to 76.2 mm the use ofrigid

body mechanicked to increasing overestimatiooktrue out-ofplane orientatins due

to entanglement when faced with te@n towtow interactions. This would lead to
lower in-plane mechanical properties when compared to experimental résyitsne

and outof-plane fibre orientationwereof interestduring the study due tihe preform
thickness being ahe same ordesf magnitude as the preform diametaesulting in

a threedimensional preform.

A threelevel micromechanical modelling approach was applied to predict the elastic
constants using the Mefianaka method153] and to evaluate the dependence of
process parameters on elastic and thermal properties. No experimentaiovaiices
presented however for the rigid body deposition model or for final composite

performance.

Harper et al[53] used a 2D simation model to investigate the effect of several
process parameters on preform mass variatidore Hength and global areal density
was found to significantly influence the local density variatiorequiring an

optimisation of the deposition strategy to improve variability. Areal mass variation
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was redued when simulating the deposition of shorter fib/2s rom instead of 75
mm) consequently leading to increases in mechanical properties from expakiment

testing.

To capture observed namiform strain distributions for tested tensile specimens,
Feraboli et al.[154] proposed generating multiple random RVEs (RRVE) over a
discraised specimen representing the heterogeneous nature of discontinuous fibre
composites. By examining distinct strain regions from experimental digital image
correlation DIC) specimen results a characteristic length scale was determined from
which definedthe RRVE area; in this case 161 farfo put the RRVE area in
perspective; the area of a single intact fibre used in study was 476 Tine
mechanical properties of each RRVE were generated independently of neigbbouri
elements based upon classical lanertaeory (CLT) and solved simultaneously using
FEA (Figure 2-11). The strain distributions generated proved to be similar to
experimental DIC plots replicating the beigemous reinforcement distribution.
Employing CLT based RRVEs is therefore a promising solution to capture the
generalised response of discontinuous fibre composites.

LA

Figure 2-11: (Top) Tensile specimen divided into 48 regions described as RRVEstwiindependently
generated material properties. (Bottom) FE output showing the s&in distribution contour plot over the
specimen length. Images taken frorfil54).

2.3. Chapter onclusions

A review of the keymicrostructural paraners affectingcomposite fabrication and

final laminate performance for DFP matesialvas conductedThe mesoscale
architecture arising from the use of bundled reinforcement nthkesptimisatiorof

these parameters challenging. A compromise is often required between material
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processability and mechanical part performance. Increasinfprcement length was
proven to be beneficial iterms of increasing laminate properties but can suffer
knockdown effects during preforming and resin transfer stages if fibrehtemge
excessively longThe costeffectiveness of using larger carbon tow forra24( K)

was found tonegativelyaffect mechanical properties of the composite compared to
the use of smaller filament count tovoth fibre length and tow size dictate preform
homogeneity -smaller fibre lengths and bundle sizes increase preform segment count
for a given target areal density. The increase in segment count has the neff effect o
increasing preform homogeneity through improved reinforcement distribution.sThis i
highly desirable to lower intrpreform and intepreform mass variabilitythus

increasing the repeatabilibf the process

Se\eral researchers have attempted to accurately reproduceateealmesostructure

to facilitate mechanical property prediction. Numerical modelling approduires
focussed ondeveloping arepresentatie volume element to capture the complex
fibre/fibre and fibre/matrix interactions which can lead to failure initiation sites
defining the materialsmechanical responseAlthough this method offers the
opportunity to characterise the material on the mamd mesoscale a RVE is not
necessarily a suitable representation of the macroscale stochastic fibreknetwo
particularly for complex 3D part geometrie€urrent nacroscale mcessdriven
models attempt to recreate mass variation but are limited to sRipléepositions

failing to capture the versatility offered through directed fibre preforming

Analogous processes such as paint spray deposition Hevestrong interest in
developing macroscale modelling techniques to replicate the physical pracds
offer a solution to optimise material coverage. The importance of effectiveitt@pos
characterisation for such models was highlight€gtimisation of the material
distribution was proposed using automated robot path planning based upon the target
geametry. Although the potential forsuch techniques could significantly reduce
experimental trials for robot trajectory generation, the examples given siiffered

from disjointed path profiles even for simple planar part geometries. The path
planning optimisatin tools outlined appear to be suited to planar surfaces with little
evidence for application to genuine 3D geometries. Suggested robot tragector
become unnecessarily complex particularly with the inclusion of geanfetariures

and irregular part boundaries. Rather than developing autonomous solutions to
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effective path planning a more appropriate technique would be to take a heuristic
approach allowing the operator to define a simple path program and intuitively

optimiseprocess parametebpsased on peskmance criteria.
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3.1. Preforming materials

Carbon fibres of various types obtained from Toho Tenax Europe GmbH are used as
the reinforcement material for all experimental preforming operations arckgs
characterisation throughout this thesis. Four tow sizes were availalmedstigation

with larger tow sizes (higher filament counts) providing a cost advantage due to
manufacturing efficiencies. All four derivatives and their propertiesiarararised in
Table3-1.

Reichhold PRETEX 110, a powdered epoxy with a heat activated curing agent, is used
as the preform binder. The binder has an observed melting temperature®Gf wisid
onset of exothermic reaction at ~75 °C peaking at ~115 °C [155].

Table 3-1: Specification of carbon fibre reinforcement used forpreforming operations. Values taken from
manufacturer’'s data sheets.

Desianation Fibre Fibre Filament Densit Elongation  Linear  Sizing
9 modulus  strength  diameter y at break density level
(GPa) (MPa) (nm) (g/ent) (%) (Tex) (%0)
SKEATAI0  93g 3950 7 1.76 1.7 200 13
6K E HTA
5131 238 3950 7 1.76 1.7 400 1.3
12K Ell-;TS4O 240 4300 7 1.77 1.8 800 1.0
24K E STS
5631 240 4300 7 1.77 1.8 1600 1.0

3.2. Preform manufacture

The latest iteration of the UoN DCFP deposition head is mounted on a Fanuc RJ3iB

six-axis industrial robot with direct fibre feed from bobbins located in close priyximi

Chopped fibre segments are directed towards a vacuum plenum, held in place on a

perfarated screen using a constant vacuum fan speed of 1000 rpm. Powdered binder is

stored in a robemounted fluidised bed chamber where the atomising and carriage air
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streams are calibrated to deliver ~6% wt (of total preform weight) of bindtret
depositon head. A Daniels dowstroke press was used for preform consolidation

with a 5 minute cure cycle at 120 °C.

To characterise the performance of the updated alignment concer{attron
1.3.2.2)several preforms were manufactured to areal densities of 1.61% (@f#b

Vi) and 2.865 kg/m(50% V) for a 3mm mould cavity. Preforms were sprayed to 500
mm by 400 mm dimensions in order to-dig a finalpreformarea of 400 mm by 300

mm for resin infusion. Due to efficient fibre packing achieved through aligning the
chopped segments, preform consolidation was performed without additional
compaction pressure using only the weight of the top platen (3148 kg) to ensure the
mould cavitywas filled. Compaction pressure was therefore ~154 kPa for a preform
area of 0.2

Prior to manufacturingaligned plaques for mechanical testintyvo spray patterns
were considered and compared in ordemaximise mechanical properties. During an
initial trial a typical northsouth robot trajectory was programmed with the robot head
continuallypointing in the northwards directiqirigure 3-1). On southward passes a
small proportion of fibresf@r fibre lengths>60 mm) would stand on end before
falling leading to visibly misaligned segments. This was due to a bias applibe by
chopping mechanism discussed in ChapteAd alternative trajectory wasialled
which only sprayed fibres whilst the robot travelled northwards to allevistessue
taking advantage of the robot direction to ‘lay dowhopped segmen(&igure3-1).

The robot travelled to the start point of each subseoquiéset path using fast joint
motion to minimise the impact on cycle time. By monitoring the robot motion signal
(as described in Chapter) 2he cycle time was found to be 23%jreater when
compared with the nortbouth program. Two plaques were manufactured (6 K, 60
mm, 30%V;) to assess the difference in mechanical properties with the-manttin
program offering speerior performance for tensile strength. A 21% increase in tensile
strength was experienced with less variability between the 10 specimens ¢ested f
each plaque. Tensile stiffness was found to be near identical in terms of average
stiffness and variabilt The northnorth strategy was therefore adopted for the rest of

the alignmenstudy in Chapter 7.
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Figure 3-1: (Left) A north-south robot trajectory typically used for single layer coverage for random
deposition. (Right) The alternative program used for manufacturing aligned preforms onsisting entirely of
north passes

Additional preforms were manufactursgecificallyfor process model validation tests
with preform specifications outlined in Chapter 7 eTorth-southpattern inFigure
3-1 and an orthogonapraypattern were used for random oriented deposition using
the same comdidation conditions as faligned preforms. The validation tests studied
the mass variation ac®s 400 mm x 300 mm area O cutting the preform into 25

mm x 25 mmcoupons Figure 3-2). Each coupon was weighaadividually to an
accuracy of:0.001 g.

Figure 3-2: Picture of a die cut preform used for process model validation. Té preform is cut into 192
couponsof 25mm x 25 mm dimensions.
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3.3. Resin transfer moulding

RTM was employed for all moulding activities using a steel 4007860 mm tool

with a 3 mm cavity. All preforms were trimmed and weighed prior to transfer to the
mould station in order to provide a good fit almdascertain the final plague fibre
volume fraction. A tight fit was required within the mould cavity to prevent
compaction issues and raitacking. The tool was placed into a Daniels destnoke
press with both platens heated to°60and a pressure of ~2.7 MPa applied to prevent

leakage during injection.

The Gurit PRIME 20LV epoxy infusion system along with a slow acting hardener
was stored, preheated, mixed and injected using a CljectMOmsin injection
machine. According to manufacturer’'s data using the recommended curing ogcle, th
cured resin system has a tensiledulus of 3.5 GPa and a tensile strength of 73 MPa.
The resin system was preheated to %7@ reduce viscosity and aid preform voeit

to avoid disturbing fibre segments within the preform which can potendatiyade

laminate mechanical properties.

A vacuum was applied to expel air from the cavity via the mould tool outlet before
and during injection similar to the vacutamsisted RTM (VaRTM) process used in
industry. Initial trials indicated that only low injection pressurek lfar) should be
used for aligned fibre preforms to prevent the resin front from advancing tooygdickl
resin flow coincides with the direction of reinforcement. If a flow path to the outlet
develops prior to full preform wetut there is a high risk of incurring dry regions of
reinforcement in the final plaque. To encourage full impregnation, the outlet of the
mould tool was briefly closed once resin had reached it with resin still beingethject
Once injection was completed the temperature of the platens was raisecP@altl0

left to cure for an hour before cooling to below 40 °C for demoulding.

3.4. Mechanical testing

Mechanical property data presented in this thesis is derived from tendig) test
establish basic design information on the strength and stiffness of aligned

discontinuous carbon fibre compositéesultscan be directly compared to existing
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tensile test datpertaining to DCFP architectures as well as ranflbre architecture
results gathered as part of the overall ASP project.

Each plaque produced 10 specimens cut to 220xn2% mm dimensions in the® 0
direction with averge thickness and width values, gathefreth 5 measurements for

each dimension, taken along the gauge area using vernier calipers. Tetisewas
conducted on an Instron 5581 50 kN machatexn extension rate of 1 mm/min in
accordance with BS EN ISO 527 1997. Applied load was recorded from the
crosshead load cell and strain was measured using an extensometer over a 50 mm
gauge length. Young’'s modulus was measured using the gradient of the liriear por

of thestressstrain curve between strains of 0.0005 and 0.0025.
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4.1. Introduction

Although the high performance composites market is currently dominated by
continuous fibre architecturethere is increasing interest in utilising discontinuous
fibres for structural applications; mainly in the form of mesoscale addasbeet
moulding compounds (ASMC) [156]. These materials consist of chopped carbon
fibre bundles with resin systems optimised for compression moulding (typic&ty a

— 140 bar). Critically, chopping of the carbon fibres into short bundles facilitates
various means of automation of the costly layup step in the composite manufacturing
process[45, 157] and underlines the potential for directed fibre processes such as
DCFP. These processes are generally designed to operate in conjuitttiomwveost

liquid moulding technologies; although developments towardsshoe deposition
strategies to produce similar material\t&MCs do exisf158].

The heterogeneous fibre architecturesulting fromDFP processes make material
propertyprediction challengin@nd difficult to implement into established industrial
design practice For demanding structural applications requiring high mechanical
properties, a detailed knowledge of the fibre architecture is required. Attempts a
explicitly modelling such architectures thus far have either focussed oretuscale

[143, 147-149])or are only applicable to simple tvadmensional component
geometries[53, 109, 111] A realistic processdriven model suitable for complex
threedimensional geometries is currently lacking restricting the uptake fd® DF
processe and is the main focus of study throughout this thesis. In order to develop a
macroscale process model, detailed process characterisation is requiredifiotigen

dominant parameters affecting reinforcement distribution.

In the present work a methodgly to characterise and model the UoN DCFP
deposition head is outlined. The chopping device dictates fibre location and
orientation with fibre spray being a function of material parameters (fibgghetow

size) and process parameters (head position and orientation, fibre feedrate, induced
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fibre directionality). A further study attempts to characterise choppedeseglight
kinematics as a precursor tergerating a fibre flight model.

4.2. Deposition head characteristics

4.2.1. Methodology

Fibre spray can be assuntedconform to a spray cone emanating from the deposition
device creating a projection area on the tool surfa8e 109, 119] The shape of the
projected arean the deposition plarie dctatedby the spread of fibres released from
the tool centre point (TCP) which coincides with the pinch point between the chop
rollers(Figure4-1). The spread of the fibres is accounted for in orthabdinections;
in-line with the device orientatioxi andthe perpendicular directioyi. This is due to
observations that in some cases the fibre spreadnassan elliptical distribution

rather thara symmetrically circular distribution.

A preform screenvas placed in the deposition plangh a markedyrid split into 100

mm by100 mm squares. The grid was used as orthogonal datum lines to position the
deposition head and to latealibrae measurement scales when processing data in
CAD software. TheTCP was aligned with the centre intersection of 4 adjacgial

cells as inFigure 4-2 andthe TCP height determined by measuring the distance

between the pinch point of the chop rollensl ¢he preform screen

Each deposition consisted of passing mh.®f carbon tow+10 times greater than the
chop roller circumferengeat a predetermined feedrathilst the robot was stationary.
Photographs of each deposition wasken using a high resolution digital camera
(tripod mounted for consistency) and subsequently imported into AutoCAD 2005
where the preform screen gridlines were used to scale the image.c@librated,
vector lines werenanuallydrawn in the position of each fibeegment in the image.

In the case of overlapping fibresaslong as a fibre end was visible an accurate
estimation for fibre orientation was feasible. Position and orientatema &br each
vector line is relative to the projected TCP (PTCP) and the posikiveaxis
respectively Figure 4-2). Data for each line is then expedtto a spreadsheet for

further processing.
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The conebasecentre point was located by averaging the midpoints of each vector
line, essentially calculating the centre of mass for the deposited fibre Staek
degree of spread from the mean midpoint locatias attained statistically, dictating

the projected cone boundary and fully defining the spray cone domain relative to the
TCP. Segment orientations were sorted into a discrete frequency distribution in the
range of 90 about the positive’ axisusing18 classes (each frequency bin equating

to 10°).

Figure 4-1: Coordinate systemconvention used for process modelling.
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Iﬁﬁ :
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Figure 4-2: Photograph of a staticdeposition of fibres illustrating the spread of fibre segments aroundhe
PTCP. White lines are drawn on each segment in AutoCAD to obtain orientation andgsition data.

A method for automating the detection of fibre location and orientation is presented
by Mather et al[112] using an image analysischnique in MATLAB. Although the
software showed potential; processing images of high throughput depositic#)es i
case here, is limited due to poor segment edge definition and multiple instances of
overlapping segments. Manual detection was preferred to allawdi@ sophisticated
interpretation and informed decision making in determining segment location and

orientation.

4.2.2. Design of experiments

An experimentafeasibility study was conducted to determine the process parameters
which affect spray cangeometry with four variables identified: tow size, fibre length,
fibore speed and TCP height. Range bounding and intermediary values for each
variable were chosen to represent typical DCFP operating conditions, saatriar
Table 4-1. The range of tow sizes tested includes the entire range of reinforcement
material forms available during the project listedTable 3-1. A fibre length of 10
mm was chosen as a lower bound value because smaller fibre lengths suffered from
excessive fragmentation where the integrity of the fibre bundle diministasng it
difficult to accurately deermine segment count and location. For the upper bound
value, the knife roller installed in the deposition head can cut segments up to 180 mm
in length. However, during the feasibility study segments of this length had an
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undesirable tendency to fold lead to excessive uplane distortion. This would
severely impact mechanical performance due to inefficient stress transfer between
fibre and matrix and was therefore omitted from the study with the next@me (90

mm) selected as the limiting value. Tlmaximum fibre speed for this experiment (3
m/s) was chosen based upachievingreliable and repeatable deposition across all
fibre length and tow size combinations. Slower feedrate values of 1 m/s and 2 m/s
were included to assess the effect on the imcatf the cone centre point. For TCP
height, 300 mm is a typical value used in preform manufacture to encourage even
fibre coveragg56]. For instances where this is unfeasible due to ttir@ensional

part profiles, geometric features or robot reach, a lower value of 100 mralseas
studied.

Table 4-1: Process parameters and corresponding values investigated for randonrap characterisation.

Process parameters Units Values investigated
Tow size - 3K, 6K, 12K, 24 K
Fibre length mm 10, 30, 90
Fibre speed m/s 1,2,3
TCP height mm 100, 300

A full factorial experimental design for the factors and levels outlinefainie 4-1
was conducted resulting in 72 unique depositions, providing a thorough investigation
into the random spray process. Each unique deposition was repeated a further two

times for additional datand to assess repeatability.

The experiment was replicated for aligned depositions where an alignment
concentrator was fitted to the deposition head to mechanically induce directianal bia
to chopped segments. The distance between the bottom of the concentrator and the
preform screen was fixed at 50 mm (equating to a TCP height of 11)0afften
manufacturing trial preforms. Alternative distances were investigated with fib
blockage and fibre bed disruption culminating from distances too close to tka.scre
Conversely, noticeable degradation in alignment levels was experiencdue as t
distance increased negating the benefits of using the alignment concentrator. A 110
mm TCP height produced reliable highly aligned depositions and was subsequently
used for preform manufacture as in Chapter 3. During the feasibility studysit wa
visually apparent that the concentrator was ineffective in orienting 10 mm fibre
lengths due to the fixed concentrator plates being set 11 mm apart to accomhmdate t
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width of 24 K tows. Chopped segments were able to rotate between the plaieg lea

to low levels ofalignment;therefore an intermediate fibre length of 60 mm was
investigated instead. The complete list of factor levels used in the alignment
characterisation study is peeged inTable4-2.

Table 4-2: Process parameters and corresponding values investigated for aligngat@y characterisation.

Process parameters Units Values investigated
Tow size - 3K, 6K, 12K, 24 K
Fibre length mm 30, 60, 90
Fibre speed m/s 1,2,3
TCP height mm 110

4.2.3. Results and discussion

4.2.3.1. Random deposition

The most significant observation for trendom spray characterisation experiment is
that n each case the spray cone centre point (fibre stack centre of mass) was located
rearwardsx’) of thePTCP. This isdue to a bias applied by the chopping mechanism
where the knife roller is sited behind the pressudler in terms of position along

the local hea’ axis. Figure 4-3 illustrates the effect of the chopping bias with the

spray cone centre point moviagvay from the PTCP as TCP height incesa

Figure 4-3: The effect on fibre distribution when increasing TCP height in isolation 12k, 10mm, 2m/s)
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Minitab v.16 was used to analyse the effect of each factor in the full factorial
experiment by performing a general linear analysis of variance (ANOMAan fibre
distance from the PTCP and fibre distribution to one standard deviattbex’ and

y’ directions were investigated separatéligure 4-4 shows the mean fibre midpoint
distance from the PTCP along thexis The main effects plot shows that fibre speed
is relatively insignificant compared to the other three factors with taesasid TCP
height having the greatest effect on location. The variation in mean fibrgohsca
from the overall mean8.5 mm) is small however when the scale of a typical preform
is taken into consideration. Boundary mean valuésnfm and-12 mm) and the
overall mean clearly indicates that a bias is applied by the deposition hegéidgesul

fibres being sprayed off centre.

A two-way interaction plot is presented kgure 4-5where it is clear that many
interactions exist between the four variables investigated. Increasirapanariable

with respect to another does not provide a predictable response in mean fibre location.
For example the mean response for the three fibre lengths tested betweerokfeeds
m/s and 2 m/s show that 30 mm and 90 mm fibre lengths behave in a very similar
manner approaching the PTCP as speed is increased. 10 mm fibre length depositions
oppose this trend with the mean fibre location moving further away from the PTCP.
Increasing the speed from 2 m/s to 3 m/s now shows depositions using 10 mm and 90
mm fibre lengths responding similarly and opposite to the behaviour observed for 60
mm fibre lengths. These types of interactions make it very difficult to haye a
confidence when trying to predict the response of mean fibre location when using

intermediary values or values outside the scope of this designed experiment.

Figure 4-6 shows the main effects plot for mean midpoint distance along’ taeis

from the PTCP. The factor which is responsible for the largest deviation from the
PTCP is the TCP height. A further significant effect is also observed wheasmge

tow size from 12 K to 24 K. The mean distance from the PTCP for 24 K depositions
was 11 mm- at least a factor of 3 lower than results for other tow sizes. When
considering individual segment propertiesavier segments and segments with a
larger geometric form would be expected to fall closer to the PTCP. This is not
apparent when comparing 6 K and 12 K tows however. The spray bias applied by the

chopping mechanism appears to be accentuated when incrisesingte above 1 m/s
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with a plateau between 2 m/s and 3m/s indicating that further increases irtefeedra

may not have any further influence on mean fibre locations.
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Figure 4-4: Main effects plot for mean segment midpoint location along thg’ axis.
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Figure 4-5: Two-way interaction plot for mean segment midpoint location along thg’ axis.

Secondary interactions are shown kigure 4-7. Although the main effects plot
suggests that TCP height is the dominant factor with regards to mean fibre lotation, i

is also apparent from the interaxts plot that 24 K tows are affected less than other
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tow sizeswhen changing thether factors investigate@he interactions plot confirms
the complex relationships that exist between each factor as experienced foibmeean f

location along thg’ axis.
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Figure 4-6: Main effects plot for mean segment midpoint location along thex’ axis
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Figure 4-7: Two-way interaction plot for mean segment midpoint location along thex’ axis

As expected thelistribution of fibres from the mean midpoint location veaen to

increase in both th& andy’ directions withincreasingTCP height in almost all
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casesThis infers that as the deposition head moves away from the deposition plane
the projected spray cone area increabegure 4-8 andFigure 4-9 present the main
effects plots for dispersion from the mean to one standard deviation yn dinel x’
directions respectively. TCP height is the dominant factor for fibre spreadtakyig

axis and also has a significant effect alongxla&is; however, increasing fibre length
between 30 mm and 90 mm sees the largest variation in dispersion from the mean.
Fibre spread increases linearly with fibre speed in both cases whereazet@apars

to have very little effect. The mean dispersion for all the treatments highlegha th
greater spread of fibres exists alongxhaxis gy = 36 mm) than thg’ axis @y = 24

mm). This suggests that the typical spray cone shape using the current depaattion he
design is elliptical rather than circular. Therefore, the generalisedagpof using a
circular spray cone shape utilised in other spray process mia®ld18, 159]is

unsuitable.

Further analysis of each recorded deposition concluded that a normal distribution
provides a satisfactory fit to describe the dispersion of segments feomehan in

both thex’ andy’ directiors. An example of the statistical fit is providedHigure
4-10.Table4-3 presents collated data for 3 K depositions which is used to define the
geometric properties of the spray cofikeentire array of experimental data from the

full factorial experiments provided in Appendix B.
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Figure 4-8 Main effects plot for segment midpoint spread to one standard desfion from mean midpoint
locations {/’ axis)

62



Chapter 4Process characterisation
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Figure 4-9: Main effects plot for segment nidpoint spread to 1 standard deviation from mean midpoint
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Figure 4-10: Fibre distribution from the mean midpoint location for a 12 K deposition (100 mm TP height,
10 mm fibre length).
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Table 4-3: Spray cone characteristics for 3 K tow segments. (* Projection angle vads are explained in
Section4.2.4.9. Characteristics for 6, 12 & 24K tow segments can be found iAppendix B.

Fibre Fibre TCP Mean fibre Standard Projection
length Speed height location deviation angle*
(mm) (m/s) (mm) (mm) (mm) (degrees)
XY y1 X) y) XY y)
1 100 9.69 -7.69 1240 12.90 1.06 582

300 30.74 -3.59 30.47  29.67

100 2128 -956 1492 1321
10 2 300 5513 -912 2633 2317 212 1057

100 2292 -1055 17.37 1436
3 300 8213 764 3402 2796 92 1907

100 7.71 3.91 2533 19.31
1 300 68.69 -2.80 39.04  33.57 026 12,07

100 1967 -7.61 19.80 10.43
30 2 300 87.38 500 2698 2156 L°r 1574

100  -1.99 -11.40 36.35 14.83
3 300 8191 -118 3698 3558 o0 1370

100 -7.36 234 5104 2163
! 300 2545 -12.00 5412 2627 240 3%

100 1144 275 4452 23.47
%0 2 300 60.09 -6.81 6388 2074 063 1085

100 -21.67  2.24 40.76  26.30
3 300 80.36 -19.11 78.45 44.94 160 12.38

The final procedure to characterise fibre spray was to determinestnbudion of
segment orientations betwee®0° about the positive’ axis. It was observed that two
types of distribution wereommonthroughout the results; normal andiform. For

each treatment botldistributions were fitted ta frequency density plot with the
Kolmogorov Smirnov test employed to determine goodness & fiw significance

level value ¢ = 0.01) was used to compare with the test statistic to determine which
hypothresized distribution was in closest agreement with the experimental distribution.

All depositions using 10 mm fibre lengths could be adequately approximated to a
uniform distribution. Treatments with 90 mm fibres followed a normal distribution
with increagng levels of alignment experienced as TCP height was reduced to 100
mm. For 30 mm fibre lengths, 24 K tows were uniformly distributed betw8énfor

all fibre speed and TCP height combinations. For the othersizes a uniform
distribution was only suitable for a fibre speed of 1 m/s. Faster rates of fibterje
produced normally distributed fibre orientations. Orientation results for 3 K sg¢gme
are presented in Tabfie4 with a complete set of results for each tow sizAppendix

B.
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Table 4-4: Fibre orientation distribution for deposition s utilising 3 K tow.

Fibre Speed TCP Uniform Normal Mean Standard
length P height distribution  distribution deviation
(mm) (m/s) (mm) (degrees) (degrees)
1 100 . - - -
300 . - - -
100 . - - -
10 2 300 . i ) i
100 . - - -
3 300 . - - -
100 . - - -
1 300 . - - -
100 - o 5.17 36.65
30 2 300 - o 0.61 43.63
3 100 - o -2.29 40.96
300 - o 0.61 43.63
1 100 - . 5.79 37.37
300 - o 8.33 39.38
100 - o 6.95 38.96
90 2 300 : . 306  42.09
3 100 - o -3.21 41.00
300 - o -4.77 39.15

The dominant factor affecting fibre orientation distribution was fibre lentjté,
effects of which are clearly depicted kigure 4-11 for a 24 K deposition. Longer

fibre lengths have less time to rotate once released meaning that the inhement alig
state attained whilst processing the carbon tows through the deposition device is
retained to some degree. As TCP height was raised to 300 mm the variance in
segment orietation also increased for permutations following a normal distribution
and remained uniform for all other treatments. Changes in fibre speed only appeared
to noticeably influence the orientation distribution for treatments with 30 mm fibre

length.
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Figure 4-11: Frequency density plots for segment orientation with corresponding fitid distributions. Effects
of increasing fibre length is clear, all other variables are kept constan24 K, 100 mm TCP height, 1 m/s
fibre speed).

4.2.3.2. Aligned deposition

Due to the close proximity of the alignment concentrator to the preform screen (50
mm) fibre speed lhvery little influence on the mean fibre location relative to the
PTCP. Alignment plates restricted the motion lebgped segments along theaxis

with mean fibre locations within £5 mm from the PTCP for all but one of the
permutations (24 K, 90 mm). The mean fibre location along'tlaeis was found to

be fibre length dependant with fibre ends contacting the preform screen behind the
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PTCP before falling forwards. This resulted in the mean fibre location moving close
to the PTCP as fibre length increased.

A large disparity exists betweengseent dispersion from the mean in ttig/’ plane

due to the 12 mm channel between alignment plates constraining fibre motion in the
y' direction. After averaging all the treatment resuits, is found to be a factor of

four greater tham,. This means that a slender elliptical spray cone is generated for

aligned depositions at a TCP height of 110 mm.

In previous studies, levels of alignment were found to increase with tow filament
count and fibre lerty [54]. This trend was observed for fibre lengtmowever,
alignmentperformancewnas less sensitive to tow sif@ long fibre lengths (90nm)

and wadfoundto deteriorataisingshorter fibres (3@nm) due to tow filamentisation
(Figure4-12). Peak levels of alignmemtere achieved processing 24 K, 90 mm fibres
with 90% of fibres oriented within £10° of the desired direction.

A Laplace distribution (double exponential distribution) was used to approximate
fibre orientation with a normal distribution fit proving inadequate, agreeing with
previous work conducted by Harper et #4]. For each treatment, segment
orientations were reduced to angles betwetand 90 and then mirrored abouf 0
resulting in a symmetrical distribution betwee®0° This increased the number of
data points available to fit a Laplacian function a&igure4-12 using the following

probability density function:

(4-1)

exp[—(|6] —#/ﬁ)])

f(9)=a< T

where is the location parametef,is the shape parameter,is the normalisation
constant and) is the fibre orientation in radians between/2 and w/2. Curve
parameters and percentage of fibres betwe#®® for each dbned deposition
(averaged over the fibre speeds investigated) is preseniatlied-5.
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Figure 4-12: (Left) A typical aligned fibre distribution plot with fitted Laplacian curve. (Rig ht) Fitted
orientation distribution curvesfor 30 mm fibre lengths.

Table 4-5: Orientation distribution parameters for all tow size andfibre length permutations considered for
alignment characterisation.

Tow Fibre Normalization Location Shape Fibres
size length constant (o) parameter ()  parameter (B) between
(K) (mm) +10° (%)
3 30 1.20377 -0.4513 0.1814 60.2
3 60 1.03247 -0.3238 0.1387 51.7
3 90 1.03579 -0.3184 0.1362 88.3
6 30 1.23382 -0.4181 0.1664 55.3
6 60 1.09016 -0.3483 0.1458 81.3
6 90 1.05147 -0.2541 0.1080 89.7
12 30 1.11827 -0.7643 0.3175 47.3
12 60 1.10112 -0.3807 0.1587 75.0
12 90 1.08280 -0.3173 0.1332 75.1
24 30 1.09635 -1.3386 0.5752 31.1
24 60 1.05475 -0.4325 0.1345 82.4
24 90 1.09003 -0.1364 0.0571 90.0

4.2.4. Spray cone modelling

4.2.4.1. Modelling schema

Due to the complex interactions that exist between the four factors investigetst
likely arising fromstochastic spray behaviour, it is unfeasible to produce a predictive
model which can define spray cone geometric parameters with any confidence.
Therefore a database containing spray cone characteristics wagl fasing the

averaged results obtained from repetitions for each permutation. The database is
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populated with information from both full factorial experiments for random and
aligned depositions.

Prior to preform manufacture, the material parameters tow size and filgta ke

fixed according to preform requirements. This leaves fibre speed and TCP dight
the only variables which can change during the spray process. Fibre speed is
dependent on both preform property requirements and robot trajectory whereas TCP
height is entirely governed by robot trajectory and tool geometry. The database
structure is therefore designed around this parameter order so that the procéss mode
can extract spray characteristics efficiently by performing a closasth routine to

each variable.

Tow size was seen to hasgreater influence de spray condase centre poirthan

fibre length (Figure 4-4 & Figure 4-6), consequently, the characterisation data is
initially grouped by tow size and then by fibre length. The data can then be grouped
further by fibre speed as this variable is less likely to change as freqasnliCP

height for threadimensional geometries. This leaves the spray cone characterisation
data for each tow size, fibre length and fibre speed permutation stored as a function of
TCP height. The database order is depictedrigure 4-13 with the closesmatch
routine assessing each variable in turn to generate the appropriate spray

characteristics.
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Figure 4-13: A diagram showing the execution order of the closeshatch routine to extract spray cone
geometry and segment orientation based upon tow size, fibre lengthhifé speed and TCP height.
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4.2.4.2. Determining spray cone characteristics

Figure4-14illustrates the response of mean fibre location as TCP height is increased
for three separate variable permutations. Tow size and fibre length are heshtons

this case (12 K, 10 mm) with thiree data series representing different fibre speeds.
A linear fit appears to provida good approximation to the mean response in both
directionsand is tied through the origifigure4-14is representative for all tow size

and fibre length combinations. The linear approximations in effect representdlye spr
cone centrelines in the andy directions —finding the inverse tangent of the linear
gradients provides thepray cone anglesi{, Jy) used for process modelling in
Chapter 6.Table4-3 lists the spray cone angles for 3 K depositions anpimendix

B for other tow sizes.

For segment distribution from the mean, a linear approximation between the two data
points (TCP heights of 100 mm and 300 mm) for each series is kigede4d-15). A

third data point (the origin) cannot be applied in this case Bgjime4-14. The same
approach is used to describe the distribution of segment orientations about the mean
orientation for random spray. For aligned depositions the TCP height is always
assumed to be 11®m and therefore the aligned spray cone characteristics are not

stored as a function of TCP height.
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Figure 4-14: The effect of increasing TCP height on mean midpoint location. Diffent fibre speeds are

shown for 12 K 10 mm fibres. A linear fit provides a good approximatiorto the spray cone centre point
along both -x’ andy’ axes.
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Figure 4-15: The effect of increasing TCP height on spread of segment midmts from the midpoint mean.
Different fibre speeds are shown for 12 K 10 mm fibres.

For every combination of tow size, fibre length and fibre speed there are six spray
cone characteristics stored in the database: spray afglés), distribution offibres
from the meandy, oy), orientation distributiomy (if the orientation distribution is not

uniform) from the mean orientatiah

The process of simulating the randomised position and orientation of a fibre segment
using the proposed database is described in Chapter 6. In summary, the spray angles
are combined to generate a single spray cone centreline. The TCP heightuseithen

to find the position of the spray cone centre point relative to the PTCP. Two random
numbers are then generated to locate the segment midpoint in the deposition plane
using the standard deviation valugg and ,. A Box-Muller transformation is
employed totransform a twealimensional set of uniformly distributed random
numbers to a bivariate normal distributi@@quations (4-2) and (4-3)J.he simulated
location for each fibre within the spray cone can then be found by scaling the
normally distributed numbers by the fibre spread (to one standardtideyia

depending on TCP height.
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Zy = mcos(ZnUz) (4-2)
Z,, = \[—2InU; sin(2nU,) (4-3)
Sxr = OxZy (4-4)
Syr = 0yZy (4-5)

whereZy, is the standardised scoré;. are uniformly distributed random numbers
ands, is the segment location from the mean in the inxthe plane.The segment
orientation is either uniformly random or calls once more on the-NBaler
transformation to randomly generate an orientation using the meam standard
deviationgy. An example of a fitted segment midpoint distribution is presented in
Figure4-16 for bothx’ andy’ directions.
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Segment midpoint location from PTCP (mm)

Figure 4-16. Experimental segment distribution versus a fitted distribution ushg the BoxMuller
transformation for 6 K, 30 mm fibres at 2 m/s and a TCP height of 100 mm.

4.25. Conclusions

Four variables were identified as the princigletors governingfibre location
distribution and orientation during preformirfdyre length, fibre speed, tow size and
TCP height. HIl factorial experimers for random and aligned depositions were
performed over a range of values for each factor representing typical DCFPngperati
conditions. TCP height was determined as the dominant factor in defining spray cone
geometry for random lfire spray. Increasing height accentuated a bias applied by the
chopping mechanism which resulted in almost all depositions accumulating behind
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the PTCP (along the local negatixe axis). Fibre distributions about the segment
midpoint mean also increased in both #ieandy’ directions with heighthereby

increasinglte size of the virtual spray cone.

An important observation was made with regard to segment orientation for random
fibre spray. Processing fibre lengths 80 mm gave rise to a directionblas
meaning that a quasandom deposition can no longer be achieved without orienting
the gun on subsequent passes to alleviate this effect. This is an important
consideration when designing spray strategies to achieving desired laminate
mechanical perfanance. The directional bias can also be diminished by increasing

TCP height and reducing fibre speed.

Tight control over spray cone geometry was achieved using the alignment
concentrator due to the constraints placed on ejected.fses result of thelender

spray cone profiles, accurate robot trajectory planning is requwegroduce
homogeneous preforms. An optimised distance of 50 mm (110 mm TCP height)
between the concentrator and the fibre bed was established through trial preforming
operations where high levels of orientation could be achieved without disturbing
deposited fibres. Orientation analysis showed that very high levels of alignment
(>90% betweer10°) can be achieved whilst maintaining deposition rates comparable

with typical random sy preforming.

A modelling schema waslso presented which structures the entire array of
characterisation data into a database with the intention of using a closest mtbeh ro

to find representative empirically derived data to suit simulation conditionsdatae

is structuredn orderby tow size, fibre length and fibepeedSpray cone geometry is
retrievable as a function of TCP height which is the variable most likely to change
during 3D preforming. This approach was adopted due to the complexactiens
existing between the four parameters investigated meaning that a predictleé mo
was unfeasibléWhilst this method of characterising tdepgition devicerequires an
investment in terms of time, it is clear that a reduced DOE may have missed&o

the parameter interactioasid possibly led to incorrect trends being identified.
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4.3. Fibre flight kinematics

The deposition head characterisation study outlined a procedure to repimrate
spray onto planar surfacesth knowledge okey process vaablesduring simulation
To recreate fibre distribution for complex thh@ienensional preforming other factors
such as gravity and aerodynamic effects need to be considéthitial trajectory
of the fibre from being released from the healdetermmedby the head orientation
and the four variables discussedSection4.2.2. The motion of the fibre is then
dictated by aerodynamitrag and grawt which will ultimately determine final fibre
locations on the tool surfactiis section of worlkattempts taquantify these effect®

develop a fibre flight model.

4.3.1. Methodology

This study comprised of two separate experiments. The first was a simplalvertic
fibre drqo test to calculate drag terms for different tow and fibre length permutations.
The second experiment involved processing the fibres through the deposition head
positioned horizontally and recording the distance between the point of releake and t
landing site. The results from the second experimegeate used to validate thdrag

coefficiens derived from the drop test via a numerical fibre flight model.

Test specimens were selected to represent typical DCFP process paramejdosiusin
tow sizes; 3 K, 6 K, 12 K and 24 K cut to four lengths; 30 mm, 60 mm, 90 mm and
180 mm. The tow segments were released from a height of 4.34 m in a stable
environment with the descent time recorded. The average descent velocity was
calculated to find the relfing quadraticdrag term. The quadratic drag equation was
employed due to observed turbulence and relatively high speeds (>2 m/s) endountere

when fibres are ejected from the deposition head.

1 2
FD S _Epv CDA (4_6)

whereFyp is the drag force is the density of ail is the fibre velocityCp is the drag
coefficient andAis the reference area. The drag force can be determined assuming the
fibre segment is in steady state where:
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mg—F, =10 (4-7)

During the experiment it was observed that fibresl tenfall in either a tumbling
motion with angular momentum (bluff body) or close to vertical along the fibre axis
(streamlined) Kigure4-17). This adds significant complexity in trying to establish a
consistent value for the reference afethherefore a value for the combined dirga
term CpA was calculated— knowledge of the independie drag coefficient is

unnecessary in context toeating dibre flight model.

CpA = 4-8)

Bluff bady Streamlined

Rotation about fibre axis

Direction of mation

Figure 4-17: A diagram of bluff body and streamlined orientations which define segment deent behaviour.

S ol

v

Fo

:LT Fos

mg Fo,

Figure 4-18: Free body diagram of the forces and velocity componentgting on a tow segment during flight
in the plane of motion.

A numerical model wadeveloped to simulate projectile motion derived from the free
body diagram inFigure 4-18 The fibre trajectory, after being released from the

deposition head, was determined by considering motion in the horizoraat
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vertical s directions individually. The quadratic drag force in Equafit) resolves

along bah axes as follows:
Ur

F. = Fpcos0, cosf = % so K. =Fp (7) (4-9)

F, = Fpsing, sind ~2 so F, = F, (”;) 410

Substitutingh = %pCDA so that Fp = —bv?:

E. = —bv? (%) = —bvv, (4-12)

F, = —bv? (%) = —bvv; (412

Resolving the forces alonmgands gives:

ma, = —bvv, (4-13

mas = —bvvg —mg (4-14)

Substitutingr = \/v? + vZ and rearranging gives the following closed form

expressions for the segment acceleration atcngls:

d*r  —bvJv? + V2

dt? m @19
d%*s —bvgvZ+vZ—mg
T m 0

The solutions fow, andvs and position along ands were solved numerically using
the Euler method with a 0.001 s time st€pe adopted Euler method was written in

the C# programming language specifically for this task.

The second experiment involved positioning the deposition head so that segments are
giected parallel to the datum surface at an initial height of 0.Figuie 4-19. The
same tow size and fibre length permutations were processed from 1.8 m lengths of

carbon tow at an initial fibore speed of 2 m/s. A grid of 20 x 20 mm cells was
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positioned on the datum surface to accurately locate the deposited tow segments using
the sane image analysis outlined 8ection4.2.1to find the mean segment midpoint
location and the distribution from the mean to one standard deviation. The results
from the second experiment were compared with predicted fibre locations output from

the numerical model usingpA values calculated from the first part of the study.

Diepasition head

Figure 4-19: (Left) Schematic of the experimental setup (Right) with the 20 mm by 2@m grid in place to
accurately locate each deposited segment using image analysehteques outlined in Sectior4.2.1

4.3.2. Results and discussion

Table4-6 presents th€pA terms calculated from the drop test using Equaib8).

As anticipatedCpA valuesfor the 12 K and 24 K segments are significantly larger
than for 3 K and 6 K segments due to larger cross sectional areas in each of the
segments principle axes. The predicted landing positions along with exptitiata
obtained from the second expermmare presented iRigure4-20. The error bars for

the experimental data series represent the dispersion of fibres fronedimelanation

to one standard deviation.

The quadratic drag model significantly underestimates the distance ddabglleach
segment. Predicted values are ~50% of the observed mean midpoint lofatialhs

tow size and fibre length permutations. However, the relationship between predicted
distances for each permutation correlates well with experimental results whi@ shar

similar trends.
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Table 4-6: CpA terms derived experimentally for each tow size and fibre length permutatins.
* denotes the twecomponentCpA terms obtained to increase the accuracy of the numerical modeThis is
explained later in thetext.

. Segment CeA (m?) CoA* CgA*

Tow size Fibre length mass(kg) (values from initial (m?) (m?)
(mm) (x10%) drop test, x10%) x10%  (x10%

30 0.6 0.64 0.72 0.32

3K 60 1.2 1.01 1.54 0.45
a0 1.8 1.74 2.04 0.50

180 3.6 2.60 3.10 0.71

30 1.2 0.79 0.96 0.39

6 K 60 2.4 1.33 1.79 0.51
a0 3.6 1.93 2.81 0.66

180 7.2 2.52 3.78 0.91

30 2.4 1.86 2.48 0.86

12 K 60 4.8 4.06 5.27 1.70
a0 7.2 4.88 6.27 2.11

180 14.4 6.66 8.92 2.92

30 4.8 2.01 2.71 0.65

24 K 60 9.6 4.44 5.44 1.23
90 14.4 6.56 8.34 1.60

180 28.8 8.54 12.70 2.01

By observing the flight of the fibre segment once ejected from the deposition head, it
is clear thalCpA values are too high for the horizontal component of drag force. The
segment initially exits the head aligned horizontally and therefore has dowvery
frontal reference area. In the vertical direction the entire lengibrefit contributing

to the reference area and will therefore provide a greater resigtametion. To
account for this the model was modified so that sep&gheterms were used @hg

the longitudinal axis of the fibreCpA; and in the corresponding perpendicular
direction accounting for the full length of fibr€pA,. As previously discussetivo
different mechanisms exist when describing tow segment descent duringtibal ve
drop test. The longitudindlbre axiswas eitheligned with the direction of traver
parallel to the ground revolving about this axis with angular momentlm vertical
drop test was extended to inclutlemeasurements for bottharacteristicseparats|,
thereby achieving representati@gA values rather than the combined values gathered
previously The twecomponent dragrea terms are included ifable 4-6. Figure
4-21shows a vast improvement for model prediction by considering the oriention
the segment and the appropri&@gA; > termsin ther ands directions Prelicted
values fall within experimental uncertainty for each tow size and fibre length

permutation.
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Figure 4-20: Comparison of experimental and predicted values for the distance alonge r axis versus fibre
length for each tow size. Predicted values using the numerical fibre flighhodel consistently under predict
the final segment location by ~50%.
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Figure 4-21: Comparison of experimental and predicted values for the distance alonge r axis versus fibre
length for each tow size. Predicted values are obtained using the twomponent drag term producing
simulated values within the error margins of the experimerdl results.

Plotting CpA; and CpA; terms against fibre lengtfor each towsize investigated
highlights a distinct relatnship. SimilarCpA values exist fo8 K and 6K tows and
likewise for 12 K and 24K tows Figure4-22 andFigure 4-23). This is due to the
similarity in segment aspect ratios within the two groups wh&&« and 24 K
segmentsare atleast twice the width of the 3 K and 6 K variantsia@ratic curve are

fitted toeach tow size data series to approxintagéd terms wer the full range of
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fibre lengths that can be gqumessed using the UoN DCFP equipmerdble 4-7
presents the quadratic equation coefficients for each tow size.
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Figure 4-22: Streamlined drag term CpA; versus fibre length for each tow size approximated by quadratic
polynomial curves.
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Figure 4-23: Bluff body drag term CDA2 versus fibre length for each tow size approxnated with quadratic
polynomial curves.
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Table 4-7: Coefficients for the quadratic polynomial curves used to approximi@ the relationship between
drag-area terms and fibre length inFigure 4-22 and Figure 4-23.

T . Quadratic coefficients
0\3/( )S|ze CAL CAy
x? x R? x? x R?
3 -0.0027 0.8772 0.84 -0.0062 2.8417 0.99
6 -0.0031 1.0590 0.91 -0.0091 3.7535 0.98
12 -0.0073 2.4380 0.99 -0.026 9.6250 0.99
24 -0.0089 3.2128 0.99 -0.0197 10.635 0.99

Figure 4-24 illustrates the effect oAssumingzero drag owsing alinear drag term

comparedwith the adoptedjuadraticdrag model for the pedictedflight trajectory

For this particular case the zeaind linear drag models overestimate the landing site

by 20.1% and 14.4% respectively.
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Figure 4-24: TCP height versus distance along axis (horizontal distance) for simulated 12 K, 30 mm
segment trajectories using different drag terms. An experimental data point with error bas (one standard

deviation) is provided.

Further modifications are required tequations (4-15) and (4-16) taccount for

variable deposition head orientationtsis assumed that the fibre segmentiways

aligned with the initial release trajectory famplicity so that the twacomponenCpA

terms can be resolved along the horizontal and verticattionsin the plane of

motion The limiting bounds fothe two CpA values have been identified #se
streamlined and bluff body orientations:
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1
by, = EpCdAl,Z (17

However,to consider head orientations that are not coincident with the orthogonal
directionsr ands, new CpA values must be obtained. This is achievediéyermining

the orientation of the deposition lieeelative to the vertical axis within the plane of
motion and then scaling the€CpA values proportionately.For example if the
deposition heacjectssegments verticallglown to the tool surface the drag term
along thes axis will be CpA; due to the streamlined orientatioGipA; would be used

to resolve the segment velocity along thexis Turnng the head through 980 that

the segments are now ejected alongrthriswill switch the CpA valuesaccordingly

Any orientations in between will be proportionally scaled to lie between these two

bounding conditions as follows:
0
ma, = — [(1 - —) (by — by) + bl] Y (4-18
90
0
mas = — [<%> (by — by) + bl] UV —mg (4-19

d?r 1 0 420
S (1— )(bz—b1)+b1]vﬂ/vr2+vsz (420)

dtz2 - m 90
d?s 11/6 )
P_——K%)(bz—bﬂ"‘m]l’s vE+vi—g (42D

4.3.3. Conclusions

A study intothe flight characteristics of typical tow size and fibre length combinations
used in DCFP has highlighted the ndedan appropriate model for 3preforming
simulation. Two modes of flight have been identified; streamlined and bluff body,
which significartly alter the corresponding dragea term required for predicting
fibre trajectory. Through observation, it was found that chopped segments exit the
deposition head in a streamlined orientation with the initial direction of travel. By
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using a twecomponeh dragarea term to account forsegment orientatigna
numerical model based upon projectile motion was developed providing reasonable
approximationsfor all tow size and fibre length permutations investigated when
comparedo experimental results. A furér modification was made to the governing
projectile motion equations to account for variable deposition head orientations. This
was achieved byscaling the twecomponent dragreaterms according to initial

segmentrajectory in the plane of motion.

4.4. Chagper conclusions

The objective of this chapter was to identify and understand the key process variables
which affect fibre distribution during the preforming process. Four vasalbw size,

fibre length, fibre speed and TCP height) were varied within typical apgfabunds

for DFP processesotcharacterise their influence on fibre location and orientation
relative to the deposition device. Fibre spray was modelled to conforrootweawith
segmenimidpoint location dateobtained from discrete depositionsedto definethe

cone geometry. TCP height was found to have the greatest effect on cone geometry
for random spray with the projected spray areaeiasing as TCP height increaséd
chopping bias was also accentuatedth TCP height resulting in segments
accumulating at varying distances from the target .afBae other variables
investigatedalso affected both fibre distribution and orientation, however, data
analysis failedto identify consistent interactions betwe#re process parameters
required for predictive modelling. Therefore, it was suggested that the acquired
characterisation data is stored in a database employing a ¢ltetest routine to
extract spray cone geometry and orientation data for process mgdelli

Characterisation of aligndire deposition showed that very high levels of alignment
(>90% betweert10°) is achievable whilst maintaining deposition rates comparable to
random spray preforming a significant improvement over previous alignment
metlods used in DCFP. Levels of alignment were seen to increase with fibre length
leading to slender spray cone profiles making accurate robot path programming
essentibto achieve homogeneous fibre distribution.
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A study into the flight kinematics of ejected tow segments revealed that initial fibre
orientation to the direction ahotion has a significanbearing on flight trajectory
predictions A semiempirical fibre flight model was developed with a ta@mmponent
dragarea ternto take into account thaitial segmentrajectory Predicted deposition
sites fell within experimentddounds of uncertaintyof each tow size and fibre length
permutation tested.

The modelling procedures discussed in this chapter are used in the development of th
DFP process model in Chapter 6.
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Chapter 5. Process characterisation-fibre retention

5.1. Introduction

Many preforming processes are reliant uparsuction to provide retention of fibres,
fibre bundles or textile broad goodsis method of retention is particularly prevalent

in directed fibre preforming and other process derivativesarge centrifugal fan
evacuates air fra behind a perforated screen with fibretained on the screen by
atmospheric pressure until a binder is applied and cured. Upon cessation of the air
flow the shape of the preform is retained. Sizing of the fans for this type afssroc
tends to be highly empirical and little data is available on the performanvagiofis

fibre types andan the factors thadominate performance. Of particular interest is the
force available to retain the fibre bundles on the preform screen and thus the
maximum thickness or areal density that can be deposited dnalert complex
surfaces. This section of work aims to itignthe limiting factors in fan selection and

to investigate various fibres and preform types to determine the maximum areal
density and determine coefficients that can be used in analytical and coomalitat
fluid dynamics models. Furthermore the exact mechanism of fibre retentionhviehh
understood -the relative contribution of atmospheric pressure derived force and

aerodynamidluff body inertial force is not known.

5.2. Methodlogy

This section provides details on the apparatus used to measure ah#ieagteristics

and on the performance of the installed UoN DCFP vacuum fan.

5.2.1. Air flow measurement

BS EN ISO 5801:2007 provides the recommenaigoaratugieometry and method
for determininghe mass flow ratéor air drawn from free spaceas is the casfor the

DCFP facility. Mass flow rate was measured using a conical inlet duct taldagupe
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readings with respect to atmosphere at a certain point downstream of thEignuie.

5-1 shows the geometrgf the airflow measurement duct which was placed in the
position normally occupied by the preform scredfigyre 5-2). To initially
characterise the entire systewaguum fan with upstream ducting including the
plenum section) the differential pressuweas measuredvith a FC0510 digital
micromanometeand lgyged with respect to fan speed. The materials tested in this
study were placed on a perforated screen located in the middle of the duct with a
second micromanometer attached to the apparatus to measure pressure differential
readings across the plate anord stackn orderto generate mass flopressure drop
curves The mass flow rate wasetermined according to Equation (5-1).

dZ
m = aeﬂT\/ZpuAp (5-1)

Om, Mass flow rate (kg/s)

d, throat diameter (m)

pu, upstream density (kg/in
Ap, pressure difference (Pa)
a, flow coefficient

&, expansibility factor

whered = 0.2 m Figure 5-1), ae = 0.94 in accordance witAS EN ISO 5801:2007
andp, = 1.1839 kg/mat an ambient temperature oPg5
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Figure 5-1 Schematic crosssection of the conical test duct used to measure mass flow rate pArforated
plate is placednear the middle of the ductwhich holds the material specimens.

Figure 5-2: Experimental setup with the test dut positioned in place of the perforated screen.

5.2.2. Fan performance

A Halifax Fan Ltd Chinook No027 backward inclined centrifugal fais used to
provide a vacuum for fibre retention in the current UoN DCFP facilitye initial
sizingof the fan was based on discussion with DFP system users which suggested that
a fan of 10,000m*hr volumeflow rate and 800mmWG fan pressure would be
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sufficient for a 1m? preform area. The fan speed is controlled by &®&7 WEG
CFWO09 inverter. A filter system is used betweke fan and the preform bechich
comprises of 3 large F9 grade particulate bag filters with efforts being toaskal

the entire system from air leakadgeégure 5-3 shows the pressure versus mass flow
rate characteristis of the fan at various speeds usidgta sipplied by the fan
manufacturerFigure 5-4 shows the absorbed power for both a fully open condition
(no preform screen) and the fully blocked condition. The final operating power is
determined by the extent of preform coverage and the size of the installedrpref
screenand thus lies somewhere in the region bounded by the two curves. Maximum
suction level for a fan speed of 2500 rpm was measured at 5492 Pa which agrees well
with the manufacturers’ scaled performance data reproducdgigure 5-3 and
suggests that some leakage in the system upstream of the test apparatus allows th

generation of slightly higher static pressures at zero measured mass flow.
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Figure 5-3: Performancecharacteristics of the installed DCFP fan for various fan speedsiven in rpm.
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Figure 5-4: Absorbed power characteristics othe installed DCFP suction fan

Table 5-1 summarises the wide variety of materials tested to provide an extensive
cross section of fibrous architectures and mediums available for preforinives df
particular interest taeterminethe effect of tow size i.e. the difference between a
highly lofted low filament count random material and akdnidirectional material

with large stiches It was also desirabléo establish whether DCFP architecture is

analogous to a fabric material @sposited areal mass increases.

Specimens for the apparatus were prepared using a circulauttée of 200 mm
diameter to place over the top of the perforated plate in the experimental disst. Gl
and carbon fibre rovings were chopped directly into the duct using the DCFP
depositiondevicewith an Archimedean spiral robot trajectory programmed to provide

a uniform distribution.

Pressure differential measurements for each material type across theotrargal
mass values supplied fable5-1 werelogged for fan speed increments of 2p@n
between Gpm and 225Gpm.
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Table 5-1: Details of the coupon materials and theicorresponding lay-up configurations. * denotes supplier
areal density data.

Material Suoplier  Desianation Areal Tow size Tested Tested areal
type PP 9 density* orientations  density (gsm)
Non-woven  Technical .
) - Single . 10,20...120,
carbon fibre fibre TP-10 10 gsm filament CE 0] 200, 300, 500
mat products
24 K Toho
Crilan T:t:: .. Sigmatex PC333 450 gsm  Tenax STS 0° 450’93?606(1)350"'
P 5631 CF
UD Non- . 12 K Toray 0°, 0/90°, 300, 600,
crimp fabric ~ >'9Matex PC251 300gsm  “170050C  0/90/+45° 900....3600
UD Non- . 12 K Toray 5 200,400,600...1
crimp fabric ~ o'gmatex - PC278 - 200gsm - “ro04 56 0 200
Continuous
- 25/50 tex 375, 750,
filament Vetrotex U750-375 375 gsm GE Random 1125.. 9000
random mat
Chopped Owens 450,900,1350...
strand mat Coming M534-450 450 gsm N/A Random 4500
Chopped 32, 64, 96, 128,
glass roving PPG 2001:600TEX - 600 tex Random 256, 384, 512,
(F3P) 640, 960, 1280
. 1267, 2597,
DCFP Sotira - - - Random 3947
DCFP UoN 24KESTS - 24 K Random 939, 1951
5631
3 KE HTA40 471, 1009,
DCFP UoN E13 - 3K Random 1509, 2040

Two perforated preform screens (coarse and fine), manufacturedrfild steel, were
tested as representative of commonly used screen geomEfgesoarsecreen haa
thickness of 2.5 mm with 4 mm diameter holes on a 6 mm diagonal pitchdgéfo
area). The fine screen haghickness of 1 mm with 1 mm diameter holes on a 2 mm

diagonal pitch (23% open area).
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5.3. Modelling porous media

The computational fluid dynamics code Fluent (Ansys Ltd) was used to model the
behaviour of the perforated platasd preform layers. The recommended porous jump
boundary condition is a 1D simplification of a porous zone and allows the user to
specify coefficients which describe the performance of a perforated plate or a packed
bed under various flow conditions. The pressure drop produced by a porous jump is
described by Equatio(b-2) which is a modified form of Darcy’s law including an

inertial resistance term.

Ap u 1 )
E_ EU-I—E,DCZU (5-2)

wherey is the laminar fluid viscosityy is the permeability of the mediur@; is the
pressurgump coefficient,U is the air velocity normal to the porous face, afidis
the thickness of the medium [160].

5.4. Results

5.4.1. Performance of perforated preform screens

Figure 5-5 shows the mass flow versus pressure drop performance across the coarse
and fine preform screens. As expected the screen with fine perforations provides
significantly hidher resistance to air flow than the coarse plate. A polynomial curve
was fitted to the experimental data where the behaviour was seen to be entirely
dominated by the pressdamp coefficientC, and notthe permeabilitya from
Equation (5-2) An excellent quality of fit was obtained up to flow rates of 1 kg/s. For
the coarse plat€, = 2715 (R = 0.997) and for the fine plat, = 17117 (R =
0.9999) implying that the pressure drop caused by the fine plate is apatelyiré

times that of the coarse plafeable 5-2 simmariseghe limiting perfornance of the

ducted system at each fan speed set point for a fully open and closed duct.
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Figure 5-5: Characterisation of perforated plate performancecomparing two different geometries

Table 5-22 Performance limits of the ducted system.

Open duct (no plate) Closed duct (sealed)

Fan speed Mass flow rate Pressure drop
(rpm) (kg/s) (Pa)
250 0.296 53.9
500 0.647 223.6
750 0.951 513.9
1000 1.305 924.8
1250 1.609 1451.4
1500 1.928 2069.2
1750 2.282 2804.7
2000 2.563 3657.9
2250 - 4560.1

5.4.2. Performance of various fabric preform architectures

The same curve fitting approach was employed for both the fabric and discontinuous
fibre preforms usingxperimental data recorded at fan speeds up to 2250 rpm. For the
majority of fabrics the quadratic curve fiEquation (5-2)produced a poor fit ageal

mass increased. A high quality fit to experimental data was achievedaugungytic
polynomial curve. For all materials tested the cubic and linear terms of threopoat

were over 10 orders of magnitude smaller than the quartic and quadraticatetms
therefore considered negligible in determining pressure drop. Therefore #uk fitt
curves take the form of a biquadratic expression as follows:
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AP 4 5
m =aU*+ bU (5-3)

Initial biquadratic expressions combined the effect of both the first layeb fand

the coarse preform plate. Subsequent layers of fabric contribute to increasiogs

as air flow reduces towards 0 m/s and material thickness increases. Thie quar
coefficienta does not follow a similar correlation with areal mass across the different
materials. Figure 5-6 shows the superficial air velocity versus pressurepdr
performance of a single layer of fabric restrained by the coarse preform soreen f
selected materials. It should be noted that maximum pressure drop acrosgehe pl
achievable when the duct is completely sealed above the plate resulting irfflow air
through the duct. iEed curve coefficients for each tested fabric over the range of areal

masses set out in the design of experiments is presented in Appendix C.
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Figure 5-6: Comparison of the resistan@ characteristics for the first layers of selected woven and nemoven
fabrics.

5.4.3. Performance of discontinuous fibre architectures

Discontinuous fibre preforming consists of depositing fibores at a desiredorate
achieve a target areal density. This diffevsfabrics which build up part thickness
through the addition of discrete layers. As fibres are deposited in DFP prot¢esses t
areal density increases as a function of linear fibre speed. Therefore to #ficien

manage the fan speed to provide enough retention pressure throughout the deposition,
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a characterisation study was conducted using both 24 K and 3 K fibres. By cagtrolli

the speed of the fibres being processed through the deposition head, the number of
chopped fibres could be determined and usedalculate the areal mass for each
cycle Figure5-7 shows the pressure drop and superficial air velocity response as areal
mass is increaser a maximum fan speed of 2250 rpithe random deposition of
carbon tow segments shares very similar characteristics with theringmUD fabric,
particularly for 3 K tows. To achieve equivalent areal densities, the segment count for
3 K depositions is 8 times greater than when using 24 K.tdWwe increase in
segment count results in improved coveraféhe perforated plate blocking open
channels for which air can pass through. Explains the lower superficial velocities

recorded up to 600 gsm and the faster rise in pressure drop before reachingua plate
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Figure 5-7: Change in pressure drop and superficial air velocity as areal mass is in@ged for 24 K and 3 K
carbon tows and glass rovings. All fibre segments are 60 mm in lengiind fan speed is held constant at 2250
rpm. The data for NG-300 UD fébric is included for comparison.

5.4.4. Discussion

The purpose of this study was to characterise the chosen materials so shgivim
areal density the air velocity is sufficient for full retention on the prefscreen. The
pressure required to retain theteral was calculated from the areal density (Ky/m
for one layer of fabridy dividing the weight of the fabric by the area of the specimen.
A summary of the required pressure values for each fabric is preseritadl@b-3.

In theory additional layers can be added until the maximum permissible presgure dr
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at that particular fan speed is reached, however this is unrealistic as agrminukt

amount of fabric layers is required to achieve a fully sealed state.sTHigito the

nature of the porous media, such as the materials investigated, allowinglaw to
through the thickness preventing complete vacuum. The method of determining if
there is enough available head pressure edtba layer of material and obsethe
pressure difference betwedme current and previous layer. If the change in pressure
drop between layers is less than the required pressure drop then this means the current
fan speed is insufficient to hold the fabric in place. In this case the fan speedmeeds t

be increased until a high enough head pressure is reached within the sygtem |

Table 5-3: The retention pressure required for selected fabrics and discontinuousbfe architectures.

Required retention

Material type / Composition Areal density (gsm) pressure (Pa)
Non-crimp UD Q° 200 1.96
Non-crimp UD Q° 300 2.94
Non-crimp UD Q° 450 4.41

Unifilo CoFRM 392 3.87
Chopped strand 512 5.03
Non-woven mat 10 0.10

24 K DCFP preform 939 9.21

3 K DCFP preform 471 4.62

24 K DCFP segment spray 67 0.66
3 K DCFP segment spray 84 0.82
Glass roving spray 32 0.31

Results suggest that for 300 gsm +ooimp fabric a maximum of 3 layers (900 gsm)

can be retained by the fan at 2250 rpm whereas the glass CoFRMmie loailt up

to over 9300 gsmBy combining the pressure drop and mass ftata with the fan

curve a decision can be made on how many layers can be stacked before being

constrained by fan performance.

To calculate the required speed for a given fan specification an iterative model
proposed. Using manufacturer’s data for woduflow rateversushead pressure a fan
curve can be modelled and scaled accordingly with respect to fan speed. Each ply of
material deposited onto the preform screen can be represented by a resistange curv
the fan curve plot. The equations for eachkistance curve is fitted as described
previously. Initially there are two resistance curves for the preform screen and the
first layer of fabri¢cand a fan curve for the minimum operating speed. By intersecting

the fan curve with both resistance curves pressure drop values are obtairlethe
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difference between the two pressure drop valloes not exceed thiequired pressure

drop value [Table5-3) then the current fan speed is insufficient to achieve retention.
The fan speed is then incremented giving a new curve equation with which to evaluate
against the two resistance curves continuing until the required pressure drop

difference is achieved.

Due to theresistance curves being based on test specimens of relatively small size, up
scaling is required to represent the final preforming scale for a given part

5.5. Scalability

To achieve a target areal mass that can be fully retained under vacuum the size of the
pat and fan characteristics need to be considered. For a given areal mass and to
maintain a constant superficial velocity across the preform bed, the volume fiiow ra

of air is related to the square of the part area. Therefore if the part arealeddben

the volume flow rate needs to be increased four times to maintain superfic@alyelo

The limiting value for which can be determined by consulting the maximum speed
plot on the fan curve. The fan curve also provides the maximum possible value for
headpressure thus giving the limiting areal mass that can be deposited. The pressure
drop is independent of area unlike the volume flow rate and therefore consideration of
the two variables is important when sizing a fan for these types of applicatioss. T
study looked at characterising fabrics and the preforming screen thterthe
observing the overall performance of the fan. To be abtelate the fan performance

as areal mass is increasémlthe manufacturers fan curve; additional manometers are
required to measure the pressure and mass flow rates upstream and downstream of the
fan according to BS EN ISO 5801:2007. This will also provide information on losses

throughout the system.

For this study however the materials tested have been charactesiegdpressure
drop versussuperfigal air velocity plots which isarea independent. The required
pressure drop across the material is always constant for a given arealTimass.
calculate the fan speed needed to provide sufficient pressure differeregiv@n

part area and areal massowledge of the quartic and quadratic terms discussed
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earlier isrequired for the current layer and subsequent layer (or deposition masses if
considering automated discontinuous fibre procgsses

5.6. Chapter onclusions

Attempts have been made to characterise the air permeability of vdaiorss and
preform types to determine the fibre / fabric retention force on a perforated
preforming tool. This permits the sizing of fan equipment and intelligent design of
both tooling anddeposition patterns. Results show that a wide range of air
permeability is displayefbr common preforming materials with the implication that
different limits in areal masexist for retention purposes. Individual carbon fibre
segments were also charaied and shown to behave in a similar way to-cemp

UD fabrics even at low areal masses (300 gsm).

An iterative approach to detaining the required fan speed to fully retain material
was proposed. By approximating the resistance curve for each layeaterial
experimentally, the resistance curves canubed in conjunction witlfan speed
characteristics data tocrement fan speed until the required pressure drop is achieved
to retain the next layer of materid.is anticipated that a maximum 6800 gsm of
non-crimp UD fabric (and DCFP type architectures) carfutly retained using the
current UoN vacuum fan installatiomhis equates to low volume fraction laminates
(~17%V; for 3 mm part thickness) and highlights the requirement for either degdra
fan specifications or alternative forms of fibre retentidbdditional testing is required

to validate this theory by developing the experimental rig further in order talréwor

force required to remove ayler whilst under retention from the fan.

Other forms of forms of retention should also be investigated for discontinuoes fibr
architectures, especially when targeting structural specification pretdrhigh areal

mass (>2000 gsm). One possible solution could involve spraying the resin system
simultaneously with the reinforcement. By selecting an appropriate resimsygsteh

as used for prepreg materials, having undergone a staging cycle (giviagkg ‘t

characteristicjhe potential exists to retain fibressitu for 3D profiles.
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Chapter 6. Process modelling

6.1. Introduction

Chapter 2has highlighted the potential to increase manufacturing efficiency for
various deposition processes througiarameteroptimisation using computational
modelling techiques. The ability to recreate discontinuous fibre networks for-three
dimensional componérgeometry was lacking howevdn this chapter a modelling
schema for a versatile software package capable of simulating a typiPapiocess

is presented with specific detaills on mbohg approaches and software
implementation provided throughout. Whilst the modelling methodology is applicable
to any DFP process, the software developed inctiégpteris based around the UoN

DCEFP facility drawing upon characterisation data acqumedhapter 4.

6.1.1. Modelrequirements

The rationale behind developing a process model is to streamline the route to
manufacture for DFP processes from a conceptual design stage. Several egairem

were identified in order for the model to succeed in this ¢gpac

e The design procedure for creating a process model should consider each element
or subsystem involved in the physical process to gain an understanding of the
potential limitations and difficulties which may exist in formulating modelling
strategies.

e The principle mechanism fomaximising the performance of parts manufactured
using DFP processes is through the optimisation of reinforcement covérage.
meaningful method of assessing the quality of areal mass coverage is ¢herefor
required with the abilityto modify process parameters to improve preform
quality.

e Once optimised, the preform architecture is to be made available for subsequent
mechanical property prediction. This is achieved via an interface with camamer
Finite Element Analysis software.
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e Model validation is a necessity for confidence in simulation output which is
achieved through characterisation studies and direct compavisibnempirical

data. The majority of the validation work is summariseGhapter 7

6.1.2. Previousmodelling limitatiors

Previous attempts at modelling DFP processes have generally focussectastate

and mesoscale structures. Due to the stochastic nature of the material and the
complexity in predicting mechanical properties based on fibre araméeanuch of

the work has been conducted on producing realistic RVEs. This approach by its
definition means that the RVE is representative of the entire preforming arela w

can cause complications when determining appropriate RVE scales. This approach
may offer a suitable solution for simple planar structures but their suitatwlity f
capturing the mass variability across genuine tdigeensional part geometry is
limited. Through observation, it is significantly more difficult to optimise fibre
distribution for threedimensonal preforming than for planar profiles due to various
factors including; noitrivial robot trajectory planning, gravitational effects which
affect final segment location and the difficulty in assessing preform qudlity.
thereforequestionable whethea mesoscale RVES indeed epresentative over an
entire preform structuri®r real part geometries

Other modelling attempts have included proaf®sgen approaches such as a
previously developed twdimensional DCFP process model which was primarily
corcerned with specimen scale analy&8]. Very basic spray cone characterisation
coupled with rudimentary robot path generati@srestricted its applicability to the
physical preforming process; however, this has demonstrated the potential for
replicating macroscale masanability for complete structures. The work presented in
this section builds upon ideas from the existing m¢s@] to resemble the physical

processnore faithfully.
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6.2. Program development

6.2.1. Basic framework

The complete software package is implemented in C# via Microsoft’s Visual Studio
an integrated development environment (IDE). Visual Studio provides an extensive
set of libraries and toolkits to aid efficient software development with-ioudtipport

for applications requiring a front end Graphical User Interface (GUbptrate the
underlying software engine. Managed DirectX is used for more intensaghigal

rendering calling upon Direct3D, one of the APIs contaiwétin DirectX.

An objectoriented programming design philosophy is adoptbtth is well suited to
mocklling DFP processes. These types of processes can be decomposed into core
functional subsystems which can be programmed assg#ifient independent
modules enabling explicit control of data flow during program execution. This is
important for program tability and topermit revisions and expansions in module

functionality without compromising overall program execution.

To model the DCFP process each element of the process was examined to ascertain to
what extent it can be feasibly modellddgure 6-1 illustrates the main subsystems
involved for spraying a preform via DCFP with additional subsystems included which
are required for computational simulation. The flow diagram serves asual vis
representation of the program framework and the interadi@sexistoetween each
subsystem. Details for each part of the flow diagram are discussed in twrfgll

sections.
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Figure 6-1: Process moel flow diagram combining DCFP processes with simulation requirements. Orange
blocks represent userdefined input files for the model. The top row of orange blocks signifiehé required
inputs to initiate execution of the process modeFinal output is aninput file for finite element analysis (blue
block).

6.2.2. Tool meshing and import of surfaces

The typical modern day design approach takes advantage of parametric 3D CAD
software to generate component geometry. The vast array of software avadabke m
that doosing a file format common across all platforms is important for program
accessibility. A parametric model (in file formats such as STEP and)IGikSs a
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precise representation of the geometry, however, each surface is independegt makin
overall surfaceanalysis for material coverage unnecessarily com2g]. Graphics
engine requirements mean that component geometry hasexplessed as a three
dimensional surface consisting of triangular facets creating a tessetfiatizl. The

file format .STL is ideal in terms of both universal CAD software adoption andaits ra
geometry definition structure. It was found that in generalCAD packages only
offer very basic mesh generation options such as the ability to alter chord height
which controls element resolutio This is acceptable for simple planar profiles, but
for geometries where features such as curves, rounds and holessaet glement
surface areas tend to vary significantly agrigure 6-2 (eft). Analysing coverage
variation using thigype of mesh would not only be computationally expensive but
also of limited value when attempting to visualise mass distribution across the
component surface. Significantly distorted element geometries can alsasgive r
errors in downstream FEA techniques.

To achieve greater ctol over mesh generation it is suggested that @&Bmetry is
imported into meshing software where node seeding, element resolution, distribution
and shape can be modified. Tailored seeding of element nodes improves the
distribution of elements which isital for effective coverage analysis described in
Section6.2.6. The mesh import routine was extended to accept the native .INP file
format for ABAQUS/CAE which habeen chosen in this thesis to generate meshes as
well asfor fulfilling FEA duties. Figure 6-2 (right) shows the improved mesh after
processing theriginal .STL file in ABAQUS.

102



Chapter 6. Process modelling

Figure 6-2 Comparison of mesh quality generated from identical surface geometry.hE left image is a .STL
file output from Pro/Engineer which offers very limited mesh control.Element area is affected by geometric
features resulting in significant area variation. Mesh quality $ improved using ABAQUS/CAE by

controlling element seeding. The images are top down view§a car seat tool.

6.2.3. Modellingrobot dynamics and defining prefo properties

Modelling of the Fanuc RJ3iB robot usedthe UoN DCFP cell is generalised to
simulate any industrial éaxis robot whichcan differ in the exact nature of their
programming methodology but remain kinematically similEine laboratory robot
executes commandsased on coordinates for 3D position and spatial rotations
movement control parameters and gun confrdtructions. Movement control
parameters dictate pott-point robot motion via a smoothing variable. No
smoothing means that each path point is reached with the robot sacrificing speed for
accuracy whereas increasing levels of smoothing allows the robot tdataleu
trajectory to minimise speed variation but at the cost to positemwlracy. For the

purposes of this model it is assumed that no smoothigpisedfor simplicity.

In this subsystem the intention is not to model the rotations of each robot joint but to
store a local copy of the desired point location, tool centre point (TCP), and target
velocity information pogrammed to the robot. The structured data file therefore
consists of 3 coordinateg, {f andz in world space), 3 rotationsv(p andr about the

local tool centre point axesX(, Y’, Z') respectively), target path velocities and
deposition head controlghals on a linéby-line basis. The data is stored in an XML

file allowing for efficient parsing and editing via a custom user interface.

103



Chapter 6. Process modelling

Figure 6-3: Diagram showing the process model coordinate system, Y, 2 is the world axes shown as
centre of the virtual platen whereX projects into the preforming area. The local deposition head coordate
system is also shown with relevant notation to describe headentations.

The robot program can be further difeied by initiating a graphical representation
where each program line corresponds to a manipulable spherical Figdee 6-4).

The nodes can be selected and transformed via user interaction with the dmporte
mesh geometry overlaid for visual referenEegure 6-4 shows an optimised robot
path used in later sections to create 3D preforms.
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Figure 6-4: Screen shot of the process model GUI for robot trajectory editing. The fwt program has been
read from an external XML file and converted to a graphical representatia with each instruction line
taking the form of a spherical node. Orthogonal view planes are rendered faid accurate node placement.

6.2.3.1. Robot kinematics

Once the robot tragtory is defineda set of kinematic equations are applied to
account for accelerations as the path changes direction. The robot is assumed to be
capable of accelerating at @With a peak velocity of 2 m/s. The distance between

two point locations is calculated to obtain the stroke distaasdollows:

= (Bt DY+ O ©

As previously mentionedmotion smoothing is not utilised meaning that tebot
accelerges from and toest. Therefor¢he time taken to accelerate between pdyits

found using the target velocity

tan = 209 (6-2)
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whereg is gravitational acceleration (~9.81 R)/sTotal distance taken to accelerate
and to travel at peak velocisyis expressed as:

San = 10gtan (6-3)

Sy, = Sn — 2Sq, (6-4)

The elapsedtroke timeat constant velocity, is given by:

Sv,

ty, = v (6-5)

Thus giving a total stroke timteand total cycle timé;:

n S tvn + Ztan (6-6)

n
te = Z ts; (6-7)

Storing this data for each path stroke means that a velocity profile can be mapped
along the path lines with respect to time. At any given distance along the rdibot pa
the instantaneous robot speed, required for spray deposition simulation, and

accumulated cycle time can be deduced.

6.2.3.2. Preform design

Several material and process parameters are configurable to satisfy pretoagm d
requirements prior to simulatioffrigure 65). Material parameters include; tow size,
number of tows, fibre length and target areal density. Other process variables
requiring definition include; area of interest (component area), total robotgpejtin |
andknife roller circumference. The UoN deposition head uses 180 mm circumference
knife rollers to accommodate a large range of segment lengths from 7.5 mm to 180
mm. Total path length is determined via the robot kinematics module byisgmm
each path length. Component argais calculated on generation of the part mesh
object by summing the area of each element which are defined by three position

vectors Y1, V2, V3) So that:
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Uy = Vap — Vin (6-8)
VUn = V3n — Vin (6-9)
n
1 (6-10)
Ay = 3 lu,, X v,|
i=1

These parameters are subsequently used to determine the location of where each fibre
is likely to be released from the deposition head along the robot path. The waisulat
used for this stage resemble those used by the DCFP laboratory equgssentifly
simulatingthefunction of a programmable logic controller.

Robot Program Sei ed: 400300 - Aligned8Layer Part Mes
Total Path Length: Total Tool
Mumber { 7 MNumber Of Eler

i Linear

Tatal Linear Density: (0. Fibre Linear ©
Deposited Fibre Mass: (0.004833 {kg) Mazimur {rpm)
Depesition Rate: | 1.217 W 60266 (rpm)

Number Of Layers: 8

e —

Figure 6-5. Screenshot of the preform design input form. The top section is used tetsprocess variables
such as microstructural properties and target areal density. The midection displays key attributes from
the robot input and component mesh files. The bottom section dispts the process outputdased upon
calculations using the previous two sections.
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To find the distance between deposition locations the calculations can be splitinto tw
parts. When designing a preform the key consideration is the desired areal. density
This value dictates theequired linear densitgf materialfor processing through the
deposition head based on robot path length. Required linear density is a value for the

mass of fibre deposited per millimetre of robot travel.

fibre mass target (g) target areal mass< part area (6-11)

fibre mass target
total path length

required linear density (g/mn* (6-12)

Tow size multiplied by the number of tows processed equates to the avhilabte

density of reinforcement:

tow size xnumber of tow
15

available linear density (g/mmn) (6-13)

Dividing the required linear density by the available linear density predadgensity

ratio:

required linear density
actual linear density

linear density ratio= (6-14)

Finally, dividing the linear density ratio by the chosen fibre length tegsula value

for the number of segments deposited pdlimetre of robot travel. Dividing by a
further factor of 1000 and taking the inverse gives a figure for the number of microns
travelled per deposition. The reason for converting to microns is for the benefit of
iterative routines where positive integeaise beneficial compared to fractions of

millimetres.

1000 x fibre length
linear density ratio (6-15)

distance per depositiofum) =

Fibre release locations are mapped out along the tadjettoryby incrementing by

the distance found iEquation(6-15) from the initial seed point. This information is
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fed back into the robot kinematics modulefited the instantaneous robot speed at

each release location and subsequently stored for spray simulation.

It should be noted that segment release locations are assumed to be evenly spaced
along a given path stroke even though the robot does not maintaimstant speed
between points due to acceleration zones. This is because the laboratory setup is
configured so that fibre feedrate is controlled proportionally to robot velotign

effort to provide homogeneous fibre coverage. This means that rebeaserls are
independent of robot velocity explaining its absence from Equai@hs$) to (6-15).

The instantaneous robot velocity is used in this case to calculate fibretdemulsa

6.2.4. Modelling fibre spray

The deposition head simulation sybtem deals with the mechanics of fibre spray
where theoutput is a projection patfrom the head to the tool surfader each
released segmer deposition head characterisation study was conductEthapter

4 to gain an understanding of which process variables affgposition The results
from this studyare stored in a structured XML file describing the spray cone
geometry via projection angles and bivariate mass distributions. An orientation

distribution is also stored to fully define the ejected segment on the tool surface

With tow size, fibre length, TCP height and fibre speed known at each release point,
the program cycles through the charastes file applying a closeshatch routine.
The routine begins by matching tow size and fibre length; storing values fectjowoj
angles and segment spread as a function of TCP height for all avaitablegeeds,

as these two process variables change during preforming simulation.

Prior to any fibre segment being released, the local orientation of the dapbsi&d

has to be accounted fdfigure6-3 shows the local head coordinate system in relation

to the world coordinate system. An initial fibre projection ray (FPR) ptejown the

local -Z’ axis of the chopping device ashigure6-6 (left). This projection ray is the
idealised path a segment would take if there was no bias applied via the chopping
mechanism. However, results from Chapterindlicate that a bias does exist.
Depending on the values for the four process variables investigated in the

characterisation study, two rotatioase applied about the locak’ and Y’ axes
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respectively to transform the FPR. This represents the cone ceatpedjacting from
the deposition head TCP.

Using the heightlependant segment distribution values virtual spray cone is
created where a further two rotations are applied generating a randomised iRPR as
Figure6-6 (right). Several rotations are required for each segment released in order to
fully define the FPR exiting from the deposition head. Because ofthliscision was
made to utilise quaternions which are found to be computationally efficient imsize a
speed when compared with equivalent matrix representations fordinmeasional

spatial rotations.

FFR Virfual spray

|
|
|
|
| cone
|
I

Figure 6-6: Schematic diagram showing the rotations applied to the fibre projeadn ray (FPR). The left
image has two rotations applied to the FPR which defines the conente line (red line). The right image
shows a further two rotations producing a randomised FPRconforming to process parameter dependent
spray cone characteristics.
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Theq,, g2 andgs component of a quaternion describes the axis about which a rotation
will occur. Theqo component is the magnitude of the rotation about this axis.

Q =qo + q1i + q2j + g3k = qo + (q1i, q2j, q3k) (6-16)

whereqo, g1, 02 andgs are real numbers and:

iz :jz = kz = l]k = —1 (6-17)

It is convenient to think of the componemtas a scalar and the imaginary past, (
02, g3k) as a vectow which means the quaternion takes the form of a scalar plus a

vector:

Q=w+v (6-18)

A pure rotation about the unit vect@by an angle can be represented. as

6 0
Q= cos> + vsing (6-19)

The deposition headrientationis permitted to change during preforming with all
rotations described in the robot program file. Initially the head orientation sk

using an identity quaternion:

Q=1+ (0i + 0j + 0k) (6-20)

Rotations are applied in the same order as the laboratory robot with rotdukorn $hee
Y axis first, theX’ axis second and finally th#' axis through anglep, w andr

respectively. Therefore the first rotation can be expressed Hqumgfion (6-19as:

p , , . b
Qy = cos 7 + (0i +1j + Ok)smz (6-21)
p, . .D
Qy = cosz +].sm§ (6-22)
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Expressing rotations about theand Z’ axes in the same manner results in a further
two quaternions. To add rotations, quaternions are simply multiplied together in order
— quaternions are noncommutative so care must be iakeunltiplying them in the

correct order. At each release location the head rot@amtherefore calculated as

follows:

Qn = Q;0,0,0, (6-23)

The next stage is to express the FPR as a quaternion. There are two rotations about the

local X’ andY’ axes which describes the cone centre line direction such that:

Qc = QryQrx (6-24)

A final quaternionis required to apply the additional rotation to the FPR to produce
the randomised fibre trajectory according to the normal segment distribUtsamy

the BoxMuller method a uniform set of random numbers in the interval (0, 1] are
transformed into two khependent normally distributed values. These values are then
scaled by the height dependent distribution variables to generate a location gant in t
X'-Y’ plane (offset by TCP height). This gives a random fibre locatgry{, zrcp)
relative to the TCPTo find the axis and angle by which to transform a projection ray
from the cone centre line to the randomised fibre location some vector algebra is

required. An initial vectov, is created:

Vo = (O, 0, _1) (6-25)

The fibre location derived from the distribution values is expressed as a position

vectorvy:

ve = (x",y', Zrcp) (6-26)

Vector v; is normalised so that the axis of rotation can be found using the cross

product rule as follows:
a=v, XV (6-27)
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The angle of rotation about axis vecéds calculated using the dot product rule:

0 = cos™ (v, - y) (6-28)

Finally, this can be converted to quaternion notation as before:

0
Qf = cos > + asini (6-29)

All the information to construct th&nal randomised FPR is now available. The
guaternion containing rotations for the head, cone centre line, and randomised fibre

location within the cone is given by:

Qrpr = QnQ¢ Qf (6-30)

The FPR itselfs a vector defined by an origin and a direction in 3D space. The origin
is always the TCP locatiom,(y, z2) and the ray directiowpr is found by transforming

Vo as follows:

_ -1
Vrpr = UrprVoQFpR (6-31)

Quaternions), andQ. can remain constant dependifghe input parameters remain
consistent as the fibre release location is incremented from point to point. The
quaternionQ; is recalculated at each step however, providing the randomised fibre
path within the spray cone.

Two pieces of information now exist for each released segment; initial exdtyelo

and trajectory. Program execution is passed to the fibre flight model whichrfurthe
manipulates the FPR based on the factors and equations preseGieapter 4 A

small time step (0.01 s) is used to resolve the segment velocity and location in 3D
space as it falls from the deposition head to the tool surface. At each time step the
FPR is passed to a mesh intersection algorithm to ascertain whether the segment h
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collided with the mesh surface. The fibre flight routine increments until a collision is
detected with the resulting intersection point stored as the segment midpoint.

6.2.5. Modelling airflow

One of the features of the DCFP process is the use of a vacuum fan to ekpeh ai
underneath the perforated tool providing a means of fibre retention. The air from the
surrounding environment is forced through the tool area by a centrifugal famgreat
an airflow profile above the tool. Fibres being dropped from a height above the tool
will be influenced by this air flow in addition to the gravitational effects taken into

consideration via the fibre flight model.

To take into account the flow of surrounding air through the poroustteDCFP
cell can be conveniently modellegsing a Computational Fluid Bnamics (CFD)
software package. To develop the full field airflow the DCFP environment is iaaport
into CFD software along with the tool geometry and permeability properties.ishi

described irgreateretail inChapter Jor small couporscale characterisation.

Once the system is solved for a particular set of boundary conditions the resulting a
velocity profile can be exported as a three dimensional vector field coveringtitee e
spatial envelope above the tool. As a segment is released from the deposition head
there is a set of 8 vector nodes surrounditegsegment centraidy averaging and
weighting the effect of the 8 vectors, dependent on node proximity, a resultt for
can be included in the fibre flight free bodyagram Eigure6-7).

v,
\Q;
LS 4 e ff‘--______‘

For
mg F':-’ gl

Figure 6-7: Fibre flight free body diagram with the addition of a force provided by he resultant external
airflow.

For the purposes of this thesis, this stage is omitted from the model due to high

computational expense and inefficiencies that arise from implementing the airflow
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model. The methodology of interpolating surrounding vectors to find the resultant
airflow induced force is applicable, but a more efficient method of locating
neighbouring vector nodes on each time step is required. An additional reason for the
omission of the airflow model is that a full characterisation study woe&t to be
conducted to ensure that a reliable and robust method of modelling air extraction
through different tool profiles is possible. Other challenging aspectsdmdbeing

able to accurately model the effects on airflow of partial fibre coveragagduri
deposition as layers are built Uphapter 5demonstrated that tool perforations can be
covered at low areal density levels significantly affecting the total ymeess$rop
through the fibrous stack and tool thickness, therefore impacting retentiointgapac

6.2.6. Coverage routine and preform analysis

So far the fibre spray subsystem has simulated segment descent and inténgected
mesh creating a segment midpoint on the tool surface. Code execution now passes to a
routine which assembles the segment to the required fibre length. Theatorreof

the fibre segment, relative to the local deposition head coordinate system, islyandom
generated using the parameter dependent distributions derived from the
characterisation studyn Chapter 4. It was demonstratdtht for random deposition

the orientation distribution was found to be adequately approximated by using either a
normal or uniform distribution depending on process parameters. For normally
distributed orientations the BeMuller transform method is usedith mean and
standard deviation values applied to scale the distribution accordingly. For aligned
deposition the Laplace distribution was found to provide a close fit to experimental
data in Chapter .4To generate samples from this distribution a genpuapose
AcceptanceRejection algorithm is used. Bounding values for the distribution are
determined and tested against using uniformly independent random numbers within
the range P0°, 90°] to see if they fall within the probability function. The three
orientation distribution curves employed by the model are presented as generic

functions for illustrative purposes kgure6-8.
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Figure 6-8: Generic orientation distributions used for random and aligned deposion. Values from a
random number generator are scaled for depositions that can be apptonated as a uniform distribution. A
normal distribution is used for random spray where levels of aligment bias are expected-the Box-Muller
transform is used to generate fitted values. The Laplace distributin is approximated for aligned deposition
using an AcceptanceRejection algorithm.

6.2.6.1. Fibre segment assembly algorithm

The coverage routine begins by projecting the segment (fibore bundle) midpoint
vertically up ¢Z axis) onto a twalimensionalX-Y reference plane above the mesh
surface and incremented 1 mm in the direction of orientaicom this incremental

step, an intersection ray is constructegbroject vertically down-Z axis) to intersect

the mesh again. The new surface point represents the first portion of the fibre
segment.This process is repeated by incrementing in the reference plane and
projecting down to generate intersection poimtsl tnalf of the fibre length is reached;

this is illustrated inFigure 6-9 The segment is then incremented in the opposite
direction from the midpointTotal segmentength is found by summing the distance
between each mesh intersection point with the entire process repeated for each
subsequent fibre depositeligure 6-10 shows he difference between random and
oriented spray modes on a 2D surface with intersections points visible along the

segment lengths.

A value for mass is assigned to each intersection point taking into account that the

number of intersections will be one gierathan the fibre length:
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tow size fibre length

mass per intersection (g) 35000 fibre length+1

(6-32)

For each intersection point the element identification number is retrieved from the
mesh object and the intersection mass value is incremented to the element mass
attribute. Once the spray simulation is complete, the total mass for each element will

be proportional to the number of times it has been intersected.

Projaction points

Qffzel plane

Intersechion ponts

Too! surfacs

Iritial intersachion point
{segrment migpail)

Irfersechion rays ﬂ__,_____‘_hh‘__h

Figure 6-9: Schematic of how the intersection algorithm builds up a virtualtow segment. Half of the
segment has been assembled on the tsakface.

Figure 6-10: Close-up screenshots of sparse segment depositions using random (top) and radig) (bottom)
orientation distributions. Segments of 30 mm length are used whtthe intersection points visible along the

segment lengths.
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This method for assigning segmenéasa distribution across the mesh is satisfactory
for 2D preforming simulation; providing a fast route to evaluating macrosdake fi
homogeneity. Problems occur on significantly contoured tool geometries however.
Accuracy for each incremental intersectitotation diminishes for surfaces that
deviate away from th&-Y plane. This can result in the iterative assembly routine
completing prematurely due to the target fibre length condition being satisfiad eve
though the number of intersection points indicdated the segment is underweight.
This is demonstrated iRigure 6-11 where the target length is achieved in the top
diagram (2D surface) but 4defined in the bottomdiagram (3D surface). The
accuracy of segment mass distribution is lost due to the surface gradieiting in

the fibre assembly routine completing after only 7 intersections compattedl for

the 2D case. Trial 3D part geometries were used dudbgystem development with
deposited mass approaching levels 20% lower than target mass values in extreme
cases. Since the process model is primarily concerned with evaluatirggnpref
properties by examining areal mass variation, it was imperative to imgnevmethod

of fibre asembly for 3D surfaces.

Profaction points Infersaction points

\

Figure 6-11: A diagram showing the potential problems with using the incremental intesection routine for
heavily profiled 3D surfaces. The segment is built up to the correct filer length in the top image on a 2D
surface. The segment is poorly defined in the bottom image with fewentersection points due to steep
surface gradients deviating away fronthe X-Y plane.
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The revisedsegment assembly method retrievesshelement properties aftehe
initial intersection 4 position vectorg3 elementverticesandthe intersection point)

are translatedo global axes origin bgubtracting the last elememertex from each
point. The element normalecor is calculated along with the axis and angle of
rotation to theX-Y plane— found using the same methodology set ouEquations
(6-25) to (6-29). The resulting pure rotation quaternion is used to transform all 4
points into 2D spacelhe same method mlsoappliedto transform the rotations of
the deposition heatb 2D space theby determining the positiva direction relative

to the element so that the orientation of the fd@gment can be correctly assigned
The orientation determines the direction ihieh to incrementally assemble thlere

as was previously accomplished.

Once incrementeda barycentric technique is employed to check whether the new
intersection point remagwithin the element boundaries and then transforms the point
backinto 3D space. If the point was found to remaithwi the elemenboundaries

then the3D coordinate istored as the next segment intersection pdinnot then the

point is offset relative to the element plane. This is achieved by multiplying the
element normal by aominalvalue to ensure that the point is far enough away from
the meshAn intersection rays sent back to the mesh \l& inverseelement normal

If the rayencounteranother element in the mesh, thev intersection point is stored

as the nexsegment point. The properties of tberrently intersecteeglement are

stored and used to transform to &p@aceas before. This process is repeated until the
target fbre length is achieved. Execution of the routine is illustrateéignre 6-12

where the intersection points appear to traverse the element surface to accurately
assemble the segment. This provides a robust method of distributing segment mass on
contoured tool geometries with errors of <1.B%ween target mass and simulated

values.
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Intersection ,r;'D.I'nfs.. ~

. Projoction point

Figure 6-12: An example of segment construction using the improved 3D intersectiomutine. The segment
is assembled by traversing the element surface from the npdint until it crosses the element boundary
(left). A projection point is established by transforming the ‘oversloot’ point into a parallel offset plane and
then projecting back to the mesh to locate the next element (rightfhe process is repeated until target fibre
length is achieved.

Once preforming simulation completes, the next phase is to meaningfullyifguan
levels of fibre coverage. Fibre mass per element and the correspaneithgnass are

determined by:

element magg) = number of intersections mass per intersectio (6-33)

element mass
area of element

element areal maggsm) = (6-34)

During preform desigiiSection6.2.3.2)a value for target areal mass was required to
calculate the fibre deposition rate. The areal mass for each element is evaluated
against tis global target areal mass value to determine the relative error per element.
This leads to the creation of an error map which is scaled viedafiaed limits to a
colour palette. This allows visual feedback of areal density variation oveantire

tool area. By visualising preform variability the user can modify robot pathspant

other process parameters accordingly to produce higher quality depositions.
Additionally, fibre distribution is quantified by finding the coefficient of a#ion

(CV) of reinforcement mass over the entire population of mesh elements.

Thus far, a key assumption for coverage analysis is that using-weagsed

intersection points provides a suitable approximation to modelling the full fibre
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segment on the mesh surface. Phienary reason for adopting this method is that for

3D meshes it is a relatively inexpensive procedure to simulate fibre deposition. A
more realistic but complex assessment of coverage is achieved by assigning each
segment an areal mass value (dependentow properties) and finding the true
segment area within each elemehigure 6-13 is an example of how the mass
distribution can differ. The ‘idealised’ methoduging segment area encounters over
twice as many elements than the intersection method in this case. Element mass is
proportional to segment area whereas element mass is proportional to the number of

intersection points for the adopted method.

+
/
v

7

Figure 6-13: An illustration of the number of elements encountered using the pypgon coverage method (left)
and the intersection method (right). In thisparticular case the polygon coverage method interacts with over
twice the number of elements.

Clearly the massveighted approximation performance will be sensitive to mesh
resolution, with divergence expected as element size decreases. Therefore, a
validation study was conducted to understand the limitations of the adopted method
and to attempt to formulate a suggested range for average element area through the
use of planar meshes. This required developing a polygon clipping algorithm to
evaluate the ‘idealised’ method (referred to as the polygon coverage method) in
Figure6-13(left).

6.2.6.2. Polygon coverage algorithm

The routine uses the same segment midpoint and orientation values as the mass
weighted method to allow for direct comparisons with identical fibre architscture
Using simple trigonometry the four corner points of each segment are aalculat

forming rectagles known as subject polygons. All mesh elements are stored as
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triangles which are called clipping polygons. The aim is to determine whethertsubjec
polygons exist within any given clipping polygon and calculate the corresponding area
occupied. By summinghe subject areas the total mass within each element can be
established. To achieve this, a modified Sutherldondgman algorithm adapted from

[161] is utilised to clip each subject polygon to each element boundary in turn.

Elements are dealt with sequentially by cycling through all subject polygods
checking whether the segment vertices (subject polygon cornes)exmst inside the

clip line.

H\' —
o

u

Figure 6-14: Vector and vertex definitions used for the SutherlaneHodgman polygon clipping algorithm. In
the left image the first subject vertex is checked against the elenteclipping edge (vectoru). S is
immediately rejected and a line intersection test is conducted between 8nd S and the clipping edge
(right).

This is accomplished by creating three vectoys; ands as inFigure6-14. Element

edge vectory andu are used to find the normal vec@Qrfor the clipping polygon.
Vector u is also the clipping edge. Subject vectochanges depending on which
vertex is being testedlTo determine if a subject vertex lies inside the element
boundary, normal vectors of both sets of vectors are calculated using the cross product
rule:

P=u Xs (6-35)

Q=uxv (6-36)

If the subject vertex lies inside the clipping edge then both normal veBtd@s ill
be of the same sign. The model checks this by taking the dot product of both vectors;
if the result is positive then the subject vertex exists within the clipping &ddjee

case ofFigure6-14the dot product would return negative which means that the vertex
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is rejected by the algorithm and would move onto the next subject vertex. The
algorithm executes by testing each vertex against each clipping facealduol$esting

for any intersections between subject vertices and the clipping Edged 6-14 —
right).

After testing against a clipping edge has completed, a fresh set of ‘clippetides

are stored and passed to the next clipping edge for testing and repeated until the
algorithm has traversed around the element boundary. This is visualifegune

6-15 (top left) where sand g have been rejected by the first clipping edge. Two
intersections have been detected with 4 vertices stored for the next clippendfedlg

of the segment vertices were to exist outside of the clip edge, the segment is

immediately rejected and the algontladvances to the next segment.

Figure 6-15: A schematic showing the progressive clipping of a segment polygto the element boundary
(clockwise from top left). All subject vertices are tested against eachigledge in turn resulting in the shaded
portion in the bottom left image.
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All the clipped polygons are further subdivided into triangles for graphical
represetation and to determine polygon areas by summing the area of each triangle.

This method gives a rigorous evaluation of segment distribution across a 2D area.

In reality the tow segment footprint is affected by the processing thubugh the
chopping device and is not necessarily a consistently uniform&reawidtls of the
subject polygons arbased on empirically derived values for tow segment widths
taken from an average of 3®rocessedsamples for each of the four towzes
investigated (3 K, 6 K, 12 K, and 24).Keven though the polygon coverage method
provides a close approximation to true areal coverage, mass distribution acwss a t
segment width is neaniform and therefore segment mass is not spread evenly over
the segment footprint. The crosection of a tow is generally elliptical with the
greatest concentration of filaments towards the-ptache of the segment. For the
purposes of this study the mass distribution at filarseate is neglected as the effect

is insignificant wherconsideringhe scale of analysis.

6.2.6.3. Mesh sensitivity study

The majority of published work on FEA modelling for mechanical property response

in discontinuous fibre composites has concentrated on the microscale and mesoscale.
Fibre/matrix and fibre/fibre interactions\ebeen the principle area of interest which
typically requires elements of between 0.02 mm and 0.5 mm depending on desired
RVE scale. However, topological tool areas suitable for DFP processes cogdd ra
from experimental plaque scale (~0.F)no severhsquare metres depending on
application. Using a 0.5 mm element would result in approximately 8 million
elements for a tool surface area of 2 @learly this is impractical for FEA and for the
current process modelling technique where issues surface within Direct3D; thie uppe
limit for a single mesh object is ~65,500 facets. Tool meshes can be discretised and
imported into the model but at a significant cost to computation time due to the spray
simulation routine calling on a mesh intersection algorittasting each mesh object

in turn. Therefore a compromise must be met between average element area and
model accuracy; both in terms of geometrical representation in the procedsanthde

for subsequent FEA.
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Each intersection in the adopted method takesfdhe of a massveighted node
representing a discretised portion of tow segment. It was anticipatedehatriation

in simulated areal mass over a meshed area will diverge between the polygon
coverage and intersection coverage routines as elementesmemses. If meshes are

too fine then there is a risk of obtaining anomalous values for element mass due to the
inability to replicate mass distribution over segment widths.

To establish the lower bound for element area a mesh sensitivity studyrncased.

Two tow sizes (3 K and 24 K) have been investigated due to the vast difference in
aspect ratios and their similarities in geometric form to 6 K and 12 K tow sizes
respectively. A preform area of 400 mm x 300 mm was sprayed targeting 3rdiffere
areal eénsities (100, 200 and 300 gsm). Identical fibre distributions were used to allow
direct comparisons between the two methods with 5 repetitions performed for each

permutation of variables.

The performance of the masgighted routine was assessed by comparing element
mass found using this routine against the ‘idealised’ polygon coverage values which
gives a mass error value. In all cases the mean error for the entire mesh area is a small
percentage (<2%) of the target areal density. This is as expectad;ttemagh
variation exists on an elemeiatelement basis, the two methods will average out to
give very similar global mass totals. The standard deviation of errorsvatuess the

mesh provides a clearer picture of the relative performance of the atit@ns@utine.

In Figure6-16 standard deviation is expressed as a percentage of target areal density
to allow direct comparison between all experimental permutations. In each ease th
variation from elementio-element shows that mass distribution is highly sensitive to
element areaparticularly for the larger tow size. Small element areas coupled with
increasing tow density leads to localised mass concentrations comparedswith re
using the polygon routine. The effect is seen to reduce as target areal density is
increased in both cases with variation between the two methods reducing by as much
as 50% for 24 K segments. A tolerance level of 10% (depicted by the horizontal line,
Figure6-16) waschosen as a compromise between mesh detail and mass distribution
accuracy which suggests an element area of 200 imatceptable for 24 K tows as

long as the target areal densities exceeds 300 gsm. For 3 K segments a much finer

mesh is permissible down &9 mnf for the equivalent areal density.
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Figure 6-16: Element mass variation between the two coverage algorithms versaserage element area.
Mass variation is expressed as a percentage of target areahdity for 3 K and 24 K depositions with a 10%
threshold line used to determine element size limits. Mass distuion accuracy for the intersection
algorithm is highly sensitive to element size for higher filament cot segments.

Figure 6-17 shows the number of elements encountered by the intersection routine
normalised to the polygon method. For 3 K, 100 gsm preforms 96% of the same
elements are occupied using 20 frelement areas. A mesh consisting of 200°mm
elements results in around 98% of the same elements encountered for depositions

using 24 K segments at 300 gsm.
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Figure 6-17. Percentage of elements occupied using the intersection routine normaiis to the number
encountered by the polygon routine across different mesh densities.

126



Chapter 6. Process modelling

For a reliable representation of mass distribution across the tool sutface t
conclusions from this study is that for slender aspect ratio segments (3 K anal 6 K)
minimum mesh element size of 20 miwm recommended. For 12 K and 24 K tows a
mesh element area of 270 mamould be used. In both cases at least 300 gsm should
be deposited ensuring thiie segment count is sufficiently high to reduce the effect

of localised mass concentrations. In reality, final preform areal densite not going

to be as low as 300 gsm; this would equate to a fibre volume fraction of ~6% for a 3
mm thick moulded lanmate. This value is far more likely to represent a single layer
during the spray process where it may be desirable to analyse the coverage
performance of the layer in isolation.

Whilst the SutherlantHodgman polygon clipping algorithm can be extended to
process 3D contoured meshes, it is computationally more expensive than the
intersection routine in its voptimised state. Rather than commit significant time to
extending, optimising and testing the routine, the intersection method is preferred

providing anacceptable approximation to macroscale mass distribution.

6.2.7. Preform areal mass variability

The stochastic nature of spray processes result in inherently variable ayalgeo
Previous work has investigated the effects of three microstructural garaniew

size, fibre length and laminate thickness) on simulated areal densityioradad
experimental mechanical performani&3]. Simulated depositions showed that areal
density variation was strongly correlated with laminate thickness and i@y s
Increasing the target areal density from 0.75 Kgin2.25 kg/m resulted in an
average decrease of 31% in am@hsity variability. A decrease in tow size from 24 K

to 6 K saw an average decrease of 50%. The mean effect of increasing fibine lengt
was found to be significant at the lower areal density bound but generally less of a
factor than the other two parameters. These correlations translated to clésrinren

mechanical performance highlighting the need to understand and limit aniatibna

Due to the change in modelling design philosophy and experimental et tips
thesis it wasimportant to performa similar investigation into the likely effects on
areal mass variation across virtual preforms. The same three parameters wede stud

with the experimental design shownTiable6-1.
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Table 6-1: The three factors investigated in thesimulated areal mass variability study with their
corresponding factor level values.

Tow size Fibre length Target areal density
(K) (mm) (gsm)
3,6,12,24 10, 30, 90 200 400, 800, 1200

160Q 200Q 4000

The deposition head height was fixed at 300 mm from the mesh and an orthogonal
robot path used to promote even fibre coverage. The spray area was oversized in
relation to the tool mesko remove any large mass variations that arise at spray
boundaries. Each robot pass targeted a deposition ofg@®0so for higher areal
densitieanultiple passes were required.
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Figure 6-18: Areal density variation across the simulated preform versus target areal densityof 3 K and 24
K fibre architectures. An inverse power law relationship is observed in eéiccase.

The simulated results for the relationship between target areal densitynasxl
variation follows a decaying power law in each case. As previously observed,
increasingbundlefilament count results in increases in mass variation for any given
target areal density. This is due to fewer segments being sprayed on each robot pass
Figure 6-18 illustrates the potential increase in variation when switching from a 3 K
tow to a 24 K tow whilst keeping all other process variables constant. Fefcanpr
designed for 3% V; at 3 mm laminate thickness (~1600 gsm) the areal mass variation
can be expected to rise by an average of ~130% for the three fibre lengths
investigated.
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Preforms consisting of 3 K tow will result in segment counts eight times greater tha
for the emivalent 24 K tow preform. The actual segment count can be estimated in the
model by dividing robot path length by Equation (6-15):

robot path length

number of segments depositeg—= — .
g P distance per deposition (6-37)

100% T T

* 3k

10%

y = 3.6907x°0-388
R2 = 0.9363

Areal density variation (%)

1%

100 1000 10000 100000
Segment count

Figure 6-19: Areal density variation versus segmentount for all tow size and fibre length permutations

investigated. An inverse power law is observed giving a linear relationgp using loglog axes. Simulations
suggest that areal variation is strongly dependent on the number of segnts deposited.

Expressing preform areal density variation for all tow sizes and fibre hlengt
permutations with respect to segment count resulisguare 6-19. Model simulations
suggest that areal density variation is strongly dependent on segment count and not on
the specific microstructural parameters investigated. The literature revi€haiter

2 highlighted thamprovements in intr@reform G/ for discontinuous fibre laminates

when tow size and fibre length are reduced and laminate thickness is increased
(keeping global fibre volume fraction constant). The net effect is anaseri@ the
number of segments present in the composite thereby ngdtiee occurrence of
unreinforced resin rich areas prone to failure initiation. The relationslijgime6-19

further supports these observations.

For thisparticular robot path strategy, attempting to limit the areal mass variation to
5% across the 406im x 300 mm preform area would require ~65,000 segments. If a
fibre length of 10 mm is selected, using 3 K tows would require an areal density of
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least 1090 gm (~20%V; for a 3 mm thick plaque). This is comfortably within the
operating range for botbhysicalpreforming and mouldingperationsincreasing the

tow size to 24 K means that the lowest global areal density value is eight times
greater, due to the difference in tow linear density, which is unfeasible for a 3 mm
cavity (this laminate thickness is used to create mechanical testing specimens in
Section7.4.2) Therefore preform quality would have to be sacrificed to accommodate

larger filament counts unless the part thickness was substantially eatreas

If the use of larger tow sizes is desirable for reasons such as material cost and
potential deposition rates, then the fibre length should be reduced to approach critical
length to increase segment count. Other modifications to the spray process sloould als
be considered to further improve coverage such as programming more complex robot
paths by offsetting sequential orthogonal passes. Fibre filamentisation procedures
have also been effective decreasingntra-preform G/ by splitting fibre bundles into

lower filamentcount forms[55, 87, 106] Filamentisation can occur naturally during
fibre spray (as a result of low levels of sizing or short fibre lengths) or induced
mechanically; however, undesirable effects such as incregsiigrm loft and
reducing permeability can negatively impact manufacturing cycle timesrafatm
processability. The current iteration of the UoN DCFP deposition head tends o retai
tow integrity during fibre spray, therefore low levels of inherentrfdatisation is

experienced.

6.2.8. Iterative solution based on homogeneity

The visualisation of fibre distribution and preform variability offers a useful
mechanism of feedback to optimise process parameters based upon initial design
criteria. As described in previous sections; tkitgeensional fibre networks are
graphically represented using fibre centrelines constructed from ictiersgoints
spanning thetool mesh. Intrgoreform variability is illustrated in the form of a
coverage map based on the difference in areal density between the local element
domain and the average preform areal density. Areas which deviate excessively f

the preform mean are identified according to a -deéned colour scale. Process
parameters can then be modified to improve material distribution until preforen mas

CV requirements or other design criteria are met. In Chapter 2, work investitaing
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optimisation of material idtribution for paint spray process showed potential for
automated techniques; however, severe limitations existed for complex 3D gesmet
such as unrealistic robot programs and large disparities between simulated and
experimental datalhe conclusion wathat a heuristic approach would be viaible
process simulations can be performed rapidly to simulate informed changes ts proces
parameters. The current simulation software adopts this approach demonstitated by

following example.

Figure 6-20 shows an iterative process to transform a simple plaoiaot trajectory,
suitable for spraying flat plaques, into a 3D trajectory to spray the completoska
geometry. Degpsition head orientations were also modified (not shown) to ensure the
deposition head is always oriented towards the target mesh in an effort ¢@ redu
wastage (<6% for the final simulated preforifigure6-21 andrFigure6-22 show the
resulting coverage maps and preform structures for the basic 2D robot program and
the optimisedorogram respectively using 6 K tows, 30 mm fibre length and targeting
an areal density of 300 gsm. The initial simulation produced an inconsistent preform
with unoccupiedareas of reinforcement on the lateballster sections of the seat
(Figure6-21) leading to a preform mass/Mf ~36% With the revised robot program

in Figure6-22, the lateral bolster sections are successfully sprayed producing a more
homogenous preform with a mas¥ ©f ~20% The return edges are still lean on
reinforcement; however, the structural sections of the seat show improved eoverag
for a low target areal densitComparisons between different tow sizes and target
areal densities is summarisedTiable 6-2 with the highest quality preforrfl4.7%

CV) achieved usig 3 K tows at 1611 gsnPreforming simulation and coverage
analysis completed in ~79 s for 3 K, 300 gsm depositions and ~415 s for gstf11
preform. The fast simulation times allows for rapid optimisation of proceampters

compared with conducting pgrimental trials.
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Table 6-2: Comparison of preform mass &/ values and wastage for different tow size, target areal density
and robot program permutations.

Tow size Target areal Robot Average areal Wastage CV (%)
(K) density (gsm) program density (gsm) (%)
3 300 Cso4 284.26 5.3 17.7
3 1611 Cso4 1537.62 4.6 14.7
6 300 Cso1 255.87 14.7 36.3
6 300 Cs02 213.68 28.8 34.3
6 300 Cs03 249.79 16.7 33.9
6 300 Cs04 290.69 3.1 20.0
6 1611 Cs04 1511.38 6.2 15.4
12 300 CSso04 271.76 9.4 25.7
12 1611 Cs04 1522.62 55 16.8
24 300 CSso04 288.37 3.9 32.7
24 1611 CS04 1543.06 4.2 18.8

(B) CS02

Figure 6-20: Evolution in robot trajectory planning for the car seat geometry. Black lines depict the
continuous robot paths used to simulate different gforming strategies. (A) A simple trajectory commonly
used for 2D preforming was employed to establish the preform baseé quality. (B & C) The robot
trajectory was progressivelymodified to conform to the tooling geometry with path lines added to spiy the
lateral bolsters with optimised depositionhead orientations (D) The robot trajectory used to produce the
simulated preform in Figure 6-22 which is optimised for fibre coverage and to limit material wastage durig
preforming.
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Mass variation |

from preform average 50%, 0% 50%

Figure 6-21: Initial preforming effort using a basic robot program, 6 K tows and 30 nm fibre length
targeting 300 gsm. (Top inset) Single layer robot trajectory using Nortfsouth passes. (Top) Preform mass
coverage map showing the variation of areal mass from the preform awage. Clearly the deposition is
unbalanced with very low levels of reinforcement in the lateral bolster sections(Bottom) The simulated
preform structure with visib ly poor coverage. The preform G/ of mass is 36.3%.
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Mass variation |

from preform average 50% 0% 50%,

Figure 6-22. Improved deposition strategy using the visual robot trajectoryeditor with the robot path
extended to spray the lateral bolster sections directly (Top inset). The agnage map shows a more uniform
distribution of reinforcem ent with only the return edges lacking fibre content. The process viables remain
constantusing 6 K tows, chopped to 30 mm fibre length targeting 300 gsm. (Bottdriihe simulated 3D fibre
network with an intra-preform CV of mass of 20.0%.
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6.2.9. Finite ElemenfAnalysis output

Further analysis of the simulated fibre network can be completed using FEA to model
the mechanical response as a complete composite part. Analysis is perfortined i
commercial FEA package ABAQUS using an input deck generated from \iliain
process model software. To capture the macroscale heterogeneous response of
discontinuous fibre architectures the properties for each element domaintesl trea
separately to neighbouring elemeibisilding upon concepts presented by Feraboli
with the use of random RVE[454]. Two modelling approaches are provided; rule of
mixtures (ROM) and classical laminate theory (CLThe ROM approach is a
simplistic route to mechanical property analysis calculating the fibre volaotoh

within each element and assigning appropriate fibre and matrix prepétteperties
within each element domain are assumed toisoéropic with fibre orientations
disregarded. A more complex analysis is performed by applying CLT which takes i
account individual fibre orientations. Each fibre is modelled as a unidirectidBal (
tape with the addition of a resin ply &chieve target laminate thickne$e input file
supplies ABAQUS with model geometry, material definitions and history input data
leaving boundary and loading conditions to be defined within ABAQUS prior to

processing finite element data.

6.2.9.1. Rule of mixtures

The ROM approach is appll to each element independently using the element areal
mass found using Equation (6-34)calculate fibre volume fraction:

LY
pcti
wherep. is the density of carbon fibre is the areal mass artds the thicknessf

Vs, (6-39)

the ith element. A linear elastic material model is applied to each element with
Young's modulus in the principle directidfy and Poisson’s ratio/;» calculated as

follows:

By, = [noVrEr + (1 - Vp)En], (6-39)

vz = [Vevy + (1 = Ve )vm], (6-40)
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The Krenchel efficiency factog, for predicting the effect of fibre orientation on
stiffness is taken as 0.375 for perfectly random orienta{ib®2]. For simplicity the

original nodal and element definitions used for geometrical representation in the
process model are retained and reproduced as shell section elements (type S3) in
ABAQUS. Mesh element resolution is limited by the findings from the mesh
sensitivity study where element area200 mnf are recommended for larger tow
sizes £12 K) to avoid large localised mass concentrations for target global areal
densities 0£300 gsm. For smaller tow sizes5(K) a finer mesh is permissible down

to an elemet area of 20 mmspacing without affecting the accuracy of mass
distribution.

To avoid multiple unique material definitions for each element, the range df area
masses across the meshed domain are discretised into equal length bins. @ay arbitr
value of20 bins is chosen where each element mass is evaluated anddassitivee

closest mid bin value.

To assess the tensile stiffness response using the ROM approach, a speaimen
mesh was generated for the process m@Bgjure 6-23) An area which covered
twice the fibre length from the boundary of the area of interest (AOIl) waseshray
The resulting mass distribution was then imported into ABAQUS/Standard for static
tensile testing. The specimen size was in accordance with typical expetitastitg
standards; width of 25 mm and gauge length of 120 mmpimmed at one end with

the other end loaded via a dummy node. A displacement boundary condition was
applied tothe dummy node and the resulting force recorded to calculate principle

stress and tensile modulus.
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Figure 6-23: (Top) Closeup screenshot of a random deposition with the line segments represigt bundle
centrelines. The corresponding mass coverage map is visible bethithe fibre network highlighting the fibre
rich/lean areas. (Centre) The specimen mesh imported into ABAQUS/@Acomplete with material property
definitions created using ROM. The greyscale depicts fibre volume fraction with d&er elements
representing areas of high fibre content. (Bottom) A sample resultbtained from FE analysis with the
specimen subject to a tensile load (applied to the right hand edge). Thentoured image shows the stia
distribution along the specimen.

6.2.9.2. Classical Laminate Theory

An alternative method to modelling the fibre segments distributed throughout the part
is to treat each instance of fibre within each element as a ply of unidirectiatealah
covering the areaf the element.

mfp

pA”:Z ,p=12,..,n (6-41)

wherep, is areal densityA, is the ply area (equal to the element area)rand the

mass of fibre within each ply. Each unidirectional plyill have the same material
properties along its principle axis with the thickness of the ply proportional to the
equivalent segment areal mass. The thickness is calculated by assigning a volume
fraction to the fully impregnated tow segment. Using a vafu®6 [146]:
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V. = Vtow _ mfp
= = 6-42
p VftOW O6pf ( )
The thickness of the ply can be expressed as:
R
~ 1 6-43
PA, (6-43)

The ply principle axis orientation equates to the tow segment orientation redative
the global axes. Once all UD plies within an element have been assigned the

remaining composite part thicknesss assigned as an isotropic resin ply.

n
tr = tc = Z tp; (6-44)

wheret. is the target composite thickness. The isotropic resint,ply halved and
assigned as the surface plies of the composite elemsentFigure 6-24. If the total
segment ply thickness exceeds the cavity depth then the resin ply thickndstis se
zero. This is caused by localised segment agglomeration which results inalhgalbc
thickness being greater than the tool depth. This is a concern during manufacture if
experienced regularly across the tool surface with implications on pressuiesd

for tool closure suggesting that the preform design volume fraction is too high. If the
occurrence is infrequent thénis reasonable to assume thabughpreform handling

and consolidatioprior to moulding, the areas of excessive areal mass will go through
some distribution phase to surrounding zones with lower areal mass. The process
model software provides a percentage value for element ply stacks exceeding tool
cavity depth withtheaddition of the fibre coverage map so that the user can make an
informed decision of whether to proceed with property analysis or refine the
deposition striizgy. A sample FEoutput is presented ifigure6-25 showing the strain
distribution over the specimen length. High strain areas match low areas of low

volume fractim in the top image, particulary at the specimen boundary.
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Layup: "EL-144"
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Figure 6-24: A screenshot of gly stack plot in ABAQUS for the element highlighted in the inset imageThe
two thick bounding layers representresin-only regions modelled as an isotropic material. Each UD ply
towards the middle of the composite represent individual impregnatedotv segments using the laminate
analogy. The banded lines on each ply signify the ply orientation.

Figure 6-25: (Top) Closeup screenshot of a random deposition with the line segments represigt bundle
centrelines. The corresponding mass coverage map is visible behim tfibre network highlighting the fibre
rich/lean areas (Bottom) A sample result obtained from FE analysisising CLT based definitions with the
specimen subject to a tensile load (applied to the right hand edge). Thentoured image shows the strain
distribution along the specimen.

6.3. Chapter onclusions

In this chapter a modelling schenta create realistic fibre networks for three
dimensional peforms was presented. Thproposedsoftware package can import
complex tool geometryalong with the flexibility to define various process and
material parameters to simate thephysical DFP process. The process model draws
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upon deposition head characterisation data and fibre flight kinematic modelling in
Chapter 4 to simulate the macroscale deposition process. The resulting preform
structure is then analysed to deterenime quality of reinforcement distribution in

order to facilitate process parameter optimisation.

The method adopted to assemble fibres was demonstrated and corgaret a
robust fibre coverage meth@hdwas observedo be sensitive to part mesh density.

An element size of  mnt for 12 K and 24 K preforms and 20 rhfor smaller tow

forms is suggested to provide close approximations to chopped segment mass

distributions.

A mass variability study was conducted simulated2D preform architectureshere

it was observed that variability is heavily dependent on the number of segments
present in the structure. An inverse power law exists between areal demstion

and segment count where for a 300 mm x 400 mm (@sqzerimental plaque scaje)
~10,000chopped segments are regui to achieve a preform mas¥ ©f ~10%. In

terms of input process parameters this points to the usage of small tow sizesadind
fibre lengths to improve preform quality and process rep#iya Repeatability and
material uniformity is particularly important for design procedures wéeacting
these types of materials. An exampfehe proposed iterative preform design process
for genuine3D tool geometry illustrated the improvemeim preformmassCV that

can be realised through the optimisation of robot trajectory and material perame

Two methods for mechanical property analysisre presented as a means of
assessing thenacroscopicperformance of the final moulded component. A ROM
based method homogenises each element within the component mesh taking the form
of an isotropic material with properties dependent on fibre content. Thisodhe
provides a fast route to Fahalysis suitable forandom fibre architectures. A more
intensive analysis isavailable using laminate analogy ttake into account fibre
segment orientationThis method is adopted i€hapter 7to predict the tensile

modulus of aligned fibre specimens and compared against experimental data.
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7.1. Introduction

In this chapter the process model outlined in Chapter 6 is subjeatidation tests
usingempirical dataobtained from the UoN DCFRcility. The twocore components

of the process model are the robot simulation model and the mechangEmutating

fibre deposition. Fibre spray modelling is to some degree validated within ibeltyp
operating limits of the currem@CFP procesby usng characterisation data collated in
Chapter 4. The robot simulation subsystem is derived entirely from first priciple
however, using simple kinematic equations which are validated in the following
section Additionally, a fibre alignment study is pemfoed to characterise the
mechanical performance of aligned DCFP architectures using the current
concentratar The latest iteration of the concentrator was designed to achieve high
deposition rates whilst retaining the properties reported in previous [k This

also provided an opportunity for comparison with thessicallaminateplate theory

method developed for FEA analysis in the previous chapter.

7.2. Cycle time

In Chapter &he robot was assumed to accelerate at a constant rate using an arbitrary
value to develop the kinematic model. In this section the kinematic model is compared
with the laboratory robot to assess model accuracy. The robot performance is
considered in isolation with quoted cycle times equating to robot program execution

only rather than the cycle time for the complete preforming process.

A simple path profile was chosen which is typically used to deposit a single fayer o
reinforcement for a 600 mm x 400 miat plaque(Figure 7-1). The overall path
length is 11.6 m consisting of an east/west pass followed by a north/south pass
covering a target area 6f24 nf. Theoverall cycle time for the program was recorded

experimentally via data logging software communicating directly with the
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programmable logic controller (PLC) which monitors user defined outputs fiem t
robot unit.The simulated cyclame fora target linear robot speed of 1 m/s was 11.84

s which compares with the experimentally recorded cycle time of 21.67 s;mgsalti

an error of 45.4%. The error remained unacceptably high over a range of target

velocities investigated over 30%ower than experimental results.

o

Y

>
7 Y

<
<

Figure 7-1: Robot path lines for an orthogonalspray pattern typically usedfor 2D experimental plague
preforming.

In each case the peak velocities were equal for each path line indicating tlug a lar
discrepancy exists between true and simulated robot acceleration. Due to tbe lack
information available for detailed motion control of the laboratory robot, -aieth

study into the acceleration characteristics was conducted. #ndhtinstruments
USB-6009 data logger was used to fulfil the requirement for a higher sampling rate
(~5000 Hz), than available via the PLC, to record the response during the short
acceleration phases. A statbp single path program was used to analysé b
acceleration zones, from rest to target velocity and vice yvessag a calibration

constant of 0.4 V/mAto deduce the velocity profile over the single path.

Therecorded signal consisted of high levels of noise so a simple recurssventis
employed twice; forwards and backwards through the raw data set, resularmem

phase filtered signal as Figure7-2. From this the peak acceleration was calculated
from the linear acceleration region of the curve. An average acceleration was also
derived by taking into account thec8Brve motion profile essentially creating a

trapezoidal velocity modekigure7-3.
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Figure 7-2: Voltage signal from the robot control unit for a single robotpath (1000 mm, 1000 mm/s). The
signal is proportional to the linear robot velocity. Acustomrecursive zeraephase filter was used to smooth
the raw data set.
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Figure 7-3: Voltage signal response over an acceleration zone starting from redthe average acceleration
zone accounts for theS-curve motion profile.
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Figure 7-4: Experimentally derived peak and average accelerations versus pr@agnmed target velocity.

Four target velocities weravestigated; 100, 500, 1000 & 2060n/s to examine the
response in robot acceleratiokigure 7-4 shows that a linear fit satisfies the
relationship between target velocity and acceleration over the tested range kgl imp
that the time taken to accelerate is independent of the programmed target velocity o
more specifically; the potential change in velocity. For the Fanuc RJ3iB tistaod

acceleration (averaged zone) time is ~0.23 s.

Updating the robot model subsystem with the empirically derived values for
acceleration time and acceddon constant achieves a close approximation to
experimental results for cycle timever a single stadtop path of 1000 mnirhe
maximum cycle time error is 2 orders of magnitude lower than previously attained
(Table7-1). Applying the revised model to the ftdtale preform pattern ipigure7-1
reduces the maximum recorded error in cycle time to ~1.6% from ~45.4% for a target
velocity of 1 m/s. Cycle time&omparisons for each target velocity is presented in
Table7-2. The error that exists between the model and observed cycle times is within
an acceptable tolerance (>2%) to have confidence that path strategies can be faithfully
replicated within the process model. This not only providessteajprojected cycle
times but also accurate instantaneous robot velocity data required for deposition

modelling.
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Table 7-1: Actual cycle times compared with simulated cycle times for various roltdinear velocities. Cycle
time error is reduced to <1% by using the experimentally derived acceleratioconstant.

Target Distance Actual Simulated Error* Simulated Error**

velocity travelled cycle time cycle time* cycle time**

(mm/s) (mm) (s (s) (s)
100 1000 10.24 10.00 2.34% 10.23 0.08%
500 1000 2.23 2.00 10.16% 2.23 0.12%
1000 1000 1.23 1.00 18.06% 1.23 0.42%
2000 1000 0.73 0.51 30.05% 0.73 0.32%

* Using the original acceleration constant, 20g
** Acceleration constant linear to target velocity, #3156x

Table 7-2. Actual cycle time versus simulated cycle time for an orthogonal spragrogram (Figure 7-1) at
various robot linear velocities.

Target Distance Actual Simulated Error
velocity travelled cycle time  cycle time
(mm/s) (mm) (9 (9
100 11600 126.42 125.73 0.55%
500 11600 32.84 32.93 0.27%
1000 11600 21.67 21.33 1.57%
2000 11600 15.75 15.53 1.40%

7.3. Preform variability

One of the key objectives in developing the proaksgen model detailed in Chapter

6 was to accurately recreate preform fibre networks in order to capture the
macroscopic mass variability in DHRaterials The predicted preform massvC
valuesfor a broad set of process paramatembinationssuggested that segment
count was a dominant factaith lower CV values obtained by increasing the number
of segments. Segment count is a function of tow size and fibre length with the
implicationthat for a given a target global areal dengirgform G/ can be reduced

by using smaller tow sizes and #&blengths. A inversepower law relationship was
identified between preforrmassCV and segmentount.

In this sectionpreform simulations using the process maadtware are compared to
equivalent experimental preforms to assess the model performance. The expérimen
flat plaquepreforms (400 mm x 300 mm) were manufactured as described in Chapter
3 with adie cutter used to divide the preform into 25 mm x 25 mm coupberms

were cutfrom the centre of the deposition area to avoid edge efigitts the
orthogonal robot program irigure7-1 used to encourage good quality coveragee

weight of eah coupon was measured and averaged over the preform area to determine
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average coupon weight, total preform weight and to represent each coupon as a
percentage of the average asigure7-5. The preform mesh used in simulations was
sized to match the die cutter geometry so that direct comparisons were persiiited u
identical process parameteRgure 7-5 and Figure 7-8hows comparative 6 K, 30

mm fibre length preforms with a target areal density of 0.6 kg 1.2 kg/rh
respectively. Inboth cases the predicted average coupon mass and overall preform
mass is underweight mainly attributed to the additional binder content (~&Ap
necessaryfor consolidation. The CV values compare favourably for both areal
densities investigated with 13.5%ersus 14.6% for experimental and predicted
depositions respectively targeting 0.6 kg§/ffihe effect of doubling the target areal
density results in a decreade38% to 8.4% in peform mass ¥ for the experimental
preform and a 34% reduction to 9.7% for the simulated prefdrable 7-3
summarises the results for both preform architecturds tivé addition of a 24 K, 30

mm fibre length, 1.0 kg/fmpreform included to validate predicted results for larger

tow sizes.

Two further preforms wermanufacturedo investigatehe accuracy of thesimulated
spray cone domain with tosize, fibre length and target areal density held constant (6
K, 30 mm, 1.2 kg/rf). To assess the fibre distribution relativette robot trajectory a
simple northsouth path was programmed using a regular 50 mm offset and a single
100 mm offset near theentreof the preformarea as irrigure7-7. The preforms were

cut 25 mm from the top trajectory boundary in order to capture edge effectg arisin
from increasing the TCP height. A heigiit75 mm Figure7-8) and 350 mmEKigure

7-9) wasprogrammedo assess the adel performance when required to extrapolate
outside of the observetharacterisatiomterval defined inChapter 4.In both cases

the process model adequately replicates the empetal results with absoluteMC
values 4% higher producing similar mass variation plotsFigure7-8 the low TCP
height produces a clearly defined channel of very low areal mass as a rdbkelt of
reducton in the projected area dimensions of the spray @ the 100 mm path
offset Four of the experimental coupons were not measured within this channel due to
the loss in preform integrity pospreform consolidation. Therefore coupon mass
values were unassigned whicharginally increase the experimentalCV value.
Figure 7-9 shows the same preform spray pattern with the TCP height set at a

distance of 830 mm above the deposition plane with a distinct spray boundary present
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in both the experimental and simulated preforms. This is a result of the chopping
mechanism which ejects fibregth a bias towardghe local deposition head’ axis.
Raising the TCP height to 350 mm ajs@duces a great@rojected spray cone area
with eviderte of spray overlap intothe channel created by the vacant robot path.

Preform mass properties for both specifications are summari3edbia7-3.
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Mass variation from preform average
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Figure 7-5. Comparison between experimental (left) and predicted (right) massaviability for a preform
consisting of 6 K, 30 mm segments with a target areal density of 0.6 kd/nPreforms are flat with
dimensions of 400 x 300 mm.
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Figure 7-6: Comparison between experimental (left) and predicted (right) massaviability for a preform
consisting of 6 K, 30 i segmentswith a target areal density of 1.2 kg/m. Preforms are flat with
dimensions of 400 x 300 mm.
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Table 7-3: Mass properties for manufactured preforms obtained from dividing he preform in to 25 mm by
25 mm coupons. Equivalent simulated preform properties use ideictl process parameters to the
experimental setup.

Average Lowest Highest

Preform
, coupon  coupon  coupon  CV
Preform properties mass mass mass mass
(@) (9 (9 (9 (%)
6 K. 30 mm, Experimental  72.95  0.380 0.263 0531 1352
2
0.6kg/m Simulated 7111 0.370 0.240 0519 1455
6 K, 30 mm, Experimental 150.23 0.78 0.604 0.995 8.43
1.2 kg/nt Simulated 14142  0.74 0.573 0.930  9.66
24 K, 30 mm, Experimental  115.38  0.601 0.315 0.891  20.59
1.0 kg/n? Simulated 116.82  0.608 0.326  1.03188 20.26
6 K, 30 mm, Experimental  113.79 0.592 0.000 1.048  37.58
1.2 kg/nf —gap
(75 mm TCP height) Simulated 108.16  0.563 0.055 0.988  38.43
6 K, 30 mm, Experimental  104.81  0.546 0.0813 09304 36.63
1.2 kg/nf —gap
(350 mm TCP height)y  Simulated 99.80  0.520 0.061 0.844  37.25

h
o
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Figure 7-7: Screenshot of a simple nortksouth robot trajectory programmed for the process model with a

path line omitted. The400 mm by 300 mm preform (ed area) was taken 25 mm from left and top trajectory

boundaries for mass variability analysis. Experimental prefoms were created using the same robot
program and process parameters. The preforms were cut close to the ttjajectory boundary so that edge

effects could be compared between simulated and experimental preformwiag with the effect of increasing

path offset distance.
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Mass variation from preform average
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Figure 7-8: Comparison between experimental (leftiand predicted (right) mass variability for a preform
consisting of 6 K, 30 mmsegmentswith a target areal density of1.2 kg/m? using the robot trajectory in
Figure 7-7. TCP height was held constant at 75 mm above the deposition plane rdasg in a clear section
lean in fibre mass— corresponding to the omitted robot path.The experimental mass plot has aeks well
defined channel which is higly likely due to a small error in positioning the die cutter relative to the robot

trajectory.

Mass variation from preform average
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Figure 7-9: Comparison between experimental (left) and predicted (rightmass variability for a preform
consisting of 6 K, 30 mm segments with a target areal density of 1.8/kn2 using the robot trajectory in
Figure 7-7. TCP height wasraised to 350 mmabove the deposition plane producing a greater spray cone
projection area. This is evident with higher fibre content in the rgion of the vacant robot path line. The
effect of spray bias is also demonstrated with the preform boundaryisible along the top portion of the

preform.
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7.4. Fibre dignment

An effective way to maximise mechanical performance d@continuous fibre
composites is through the alignment of reinforcement in the direction of applied load.
Previous studies conducted using tr@NUDCFP facility used a funnel concentrator to
mechanically align chopped segmef8ection1.3.2.1) [54] High levels of alignment

were achieved, particularly for long fibre lengths and high filament count tows (115
mm, 24 K) where ~94% of the deposited segments could be aligned to withirof10°
the robot travel directim Tensile stiffness and strength gains of 206% and 234%
respectivelywere attained oveequivalent randonarchitecturesDeposition rate was
considerablyaffectedhoweverwith fibre processing issues limiting maximum output

to 0.12 kg/min compared with >2 kg/min for random deposition. The proven scope for
expanding the DCFP mechanical performance envelope via fibre alignment was
enough incentive to develop a new concentrator in order to remove the limitations on
deposition rate. The redesigned concentregadetailed inSection1.3.2.2with the
following experimental study conducted to assess the performance of the catocent

and key process parameters.

7.4.1. Design ofexperiments

Table 7-4 summarises the experimental design for investigating the effeittree
process variablesn mechanical properties; fibre length, tow size and fibre volume
fraction. Fibre volume fraction was held constant at 3Q%o study the effects of
fibre length and tow size in isolation ataprovide a direct comparison to random
fibre architectures consisting of the sameearfibre content. Two further preforms
were manufactured using 6 K tows with 30 mm and 60 mm fibre lengths aivp0%
representing a high performance structural specification. Each prevoas
manufactured moulded and tested according to the experimemithodologyin
Chapter 3.
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Table 7-4: Design of Experiments for aligned plaques studying the effects ofwosize, fibre length and
volume fraction. All plagues were moulded to a target thickness of 3mwith 5% wt of Pretex binder.

Tow size Fibre length Target volume fraction
(K) (mm) (%)
3 30 30
3 60 30
3 90 30
6 30 30
6 30 50
6 60 30
6 60 50
6 90 30
12 30 30
12 60 30
12 90 30
24 30 30
24 60 30
24 90 30

7.4.2. Mechanical tensile testing results

Results from the experimental tensile tests are summarigadure 7-10 andFigure

7-11 with the random fibre 6 K, 50% results taken from [163] for comparison.

Tensileproperties for all tow sizes at 30%areobservedo improve with increasing

fibre length. Tensile stiffres values are similar for 6 K, 12 K & 24 K plaques with an
average gain of 24% when increasing fibre lengths from 30 mm to 90 mm. 3 K
plaques exhibit noticeably superior performance for 30 mm fibre lengths; however the
stiffness trend lines for all 30% plagues suggest that a plateau may exist around ~60
GPa. The highest tensile modulus achieved at 39%was observed for the 3 K, 60
mm permutation at 56.5 GPa. Results are omitted for 90 mm 3 K fibres due to
processing issues resulting in poor quality preforms. The close proximity of the
deposition head to the preform tool coupled with the tow width beinfje same
scale as the circular perforations in f@form tool meant that chopped segments
became lodged in the perforations disrupting fibre spray on subsequent passes. An
increase of at least 64% is observed in tensile strength as fibre lengtihemssatt

from 30mm to 90mm (6 - 24 K tows) most likely due to the reduction in segments
present in the preform. This effectively reduces the amount of stress esis@rating

from fibre bundle ends resulting in higher strength values.
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The effect of fiament count is particularly significant to tensile strength performance
with UTS values increasing as the tow size is reduced. Strength increds% layd

60% for 30 mm and 90 mm fibre length plaques respectively when reducing tow size
from 24 K to 6 K & 30% V;. The substantial increase in strength can be attributed to
two important factors. The decrease in bundle filament count results in more segment
in the laminate to achieve an equivalent fibre volume fraetiahilst this means that

a greater amau of segment ends are present, the smaller filament bundle sizes means
that the stress concentrations arising from the bundle ends are less intense. The
increased number of segments also improves preform homogandityence quality,

as demonstrated iregtion7.3.The 3 K, 60 mm combination once again exhibited the
highest properties with an absolute strength value of 510.4 MPa, but with the potential
of even higher properties if 90 mm fibre lengths could have been repatdgssed

The amount of data points collected over the fibre lengths of interest did not provide
conclusive evidence of a plateau being reached for tensile strength typasallyos

discontinuous fibre composites.

Increasing the fibre volume fraction to 50%6for 6 K, 30 mm and 60 mm fibre length
plaques provided significant improvements in modulus as anticipated. Increasing the
fibre length from 30 mm to 60 mm produced a 34% gain isilestiffnesswith a
highest absolute value of 91.6 GPa. Strength values appearbd telatively
insensitive to lengthening the fibre length by a factor of two, with UTS falling
fractionally by 2%with an absolute highest value of 507.5 MPa (6 K, 30 mm)aiA g

of 68% and 83% was experienced for 30 mm and 60 mm fibres lengths respectively
over the 6K 30%/; case. Improvements of 76% and 29% were observed for ultimate
tensile strength. Alignedhigh performancespecification (6 K, 50%V;) specimens
experiencedan increase of 49% and 111% in modulus over the equivalent random
architecture for 30 mm and 60 mm fibre lengths respectaetyUTS improved by

137% and 78%. The properties for thggh performancespecification equate to
maximum retention values of 77% and 40% for stiffness and strength compared to an

equivalent continuous UD laminate.
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Figure 7-10: Tensile modulus versus fibre lengthfor all 30% and 50% V; plaques. Data for the high
performance specificaton (50% Vi) random architecture plaques is taken from[163).
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Figure 7-11: Ultimate tensile strength versus fibre length for all 30% and 50%V/; plaques. Data for thehigh
performance specification (50%V;) random architecture plaques is taken from[163).

Normalised testing datbor 30% V; aligned and andom specimens is presented in
Figure7-12 for 30 mm fibre lengthsot allow for a direct comparisowith available
data[163]. The benefit of aligning fibres can be clearly seen for each townsthe
considerable performance gains in both tensile stiffness and strength. Tilest hig
mechanical properties as well as the largest percentage increase over the raredom fi
laminde is realised for 3 Kows with a gain of 137% and 148% in modulus and

ultimate tensile strengtiespectively
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Figure 7-12: Mechanical performance comparison between random and aligned specims normalised to
30% V;. Fibre length is held constant at 30nm with a target laminate thickness of 3nm.

Normalised resultgto 30% V) for tensile testing data is summarisedrigure 7-13
comparing mechanical performance of plaques manufactured using the current
method for fibre alignment with plaques created using the previous DCFP
concentator (data taken frorfd4]). Tensile stiffness values for 6 K and 24 K tows are
bounded by the previous results with superior properties for 24 K plagues using the
current alignment concentrator. The distinction between 6 K and 24 K properties is far
less pronouncefbr the current alignment procelsswever. Whilst direct comparisons
cannot be made between both sets of data due to geometric differences in chopping
medianism; significant improvements in ultimate tensile strengths hasréeaksed
Processing 6 K, 90 mm fibre produced the highest absolute strength of\N&iRa,9

25% higher than the best case from the previous study. Considering that tle@tsegm
count will be roughly equal between the two alignment methods for 30 mm and 60
mm architecturesthe increase in strength experienced using the current alignment
deviceis more than likely a result of improved preform homogeneity. This could be
the result ofan optimised deposition strategy used for the current work where spray

layers were staggered to encourage improved fibre coverage.

155



Chapter 7. Model validation

80 600
70 —
8500
T60 I =
e
S 400 |
Ss0 | 5
= <
540 t+ ® 300 |
IS @
€ L ‘0
o 30 § 200
% 20 | —=—6K 2
[ —e— 24 K € 100 |
10 + --a--- 6 K - Previous study = --#--6 K - Previous study
--#--- 24 K- Previous study = -----24K - Previous study
O 1 1 1 0 1 1 1
0 30 60 90 120 0 30 60 90 120
Fibre length (mm) Fibre length (mm)

Figure 7-13: Mechanical performance comparison between using the current alignmergoncentrator and
the previous concentrator normalised to 30%/;.

7.4.3. Mechanical stiffness prediction using FEA

Results from the fibre alignment experimental study were used to validateEthe
input deck generated by the process softveareescribed in Sectidh2.9 The CLT
approach was chosen to account for aligned fibre distributions veigdificantly
affect final laminate performance. The input deck defines mesh geomeyry, pl
definitions for eachmeshelement (thickness and orientation) and material properties
for a 60%V; UD ply and neat resin. The material properties are derived from the
consttuent properties summarised in ChapterA8lditional simulation setup was
completed within ABAQU&CAE to assign boundary and loading conditions prior to

execution using the finite element code ABAQUS/Standard.

Each of the tow size and fibre length permutations for 3%ligned plaques were
simulated using identical input paramsteincluding the nortmorth program
discussed in Chaptertd provide a fair comparison. A220 mm x 25 mm specimen
mesh wasxtracted from the centre of the deposition area with one edge asaigned
pinned boundary conditioand the opposite edge loaded via a dummy node using a

fixed displacement (2 mm).

FE resultsfor tensile stiffnessare provided inFigure 7-14. For almost all of the
permutations testegredicted mechanical stiffness values exceed experimental values
andreside close to the upper experimentatertainty rangeSimulated results @r-
predict modulus by6% - 14% (excluding 24 K, 30 mm and 12 K, 90 mm
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permutations)ut still capture lie general trencf tensile stiffness increasing with

fibre length for each plaque specificatianDespite the comparative difference in
tensile modulus étween simulations and experimental date laminate analogy
approach combined with alignment characterisation data accumulated in Chapter 4
demonstrateshe applicability for mechanical property analysis for full macroscale

geometries.
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Figure 7-14: Comparison between experimental and FEsimulation results for specimen tensile stiffness.
Each tow size and fibre length permutation was normalised to 30%;.

7.5. Chapter conclusions

The validity of several important subsystems contained within the DFP process
simulation softwarehas been tested in this chapter as well as characterising the
performance of the current alignment concentrator. Analysis of the yepooiile for

the UoNDCFP 6axis robothasrevealed that the time taken to accelerate between
programmed changes in velocity is a fixed quantity (~0.23 s). Applying this
knowledge to the robot kinematic model developed in Chaptedces th@redicted

cycle time error from 8.4% to 1.6%for a typical orthogonal spray pattern used to
manufacture experimental preformfncreasing the accuracy of robot motion
simulation allows for a closer approximation to the tfibee release sites during

preforming.
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Chapter 7. Model validation

Preform mass variabilitwas studied for random 2D fibre architectures in an effort to
validate mass coverage results obtained from the model software. &jocsements
for preform mass € between experimental and simulated depositions exist
confirming the relationship between mass variation and segment count bsthlitis
Chapter 6. Further analydmisas showrthat by modelling fibre deposition conforming
to a spray conandusing the characterisation data acquired in Chaptepréy area
boundaries can bsuccessfully reprodude This is particularly important for three
dimensional tool profiles where accurate deposition head castretjuiredfor net

shape preforming.

The performance envelope and flexibility of tb€FP processhas been enhanced
through the development ofialignment concentratatesigned for high deposition
rates. Cycle times are on a par with random fibre preforming achiesatigfactory

rates in excess & kg/min when processing four 24 tows with high levels of fibre
alignment. Gains in tensile modulasd strength over random architecture (quasi
isotropic modulus 21.66Pa and UTS 136.®RIPa) for 30% V; plaquesof 137% and

148% respectively underline the potential of DCFP as a highly automated process for
structural applicationdlaximum tensile properties attained from 3046laminates

were for the 3 K, 60 mm combination with tensile stiffness and strengthsvali&.5

GPa and 510.4 MPa respectively. Increasing volume fraction to\R0%ing 6 K

tows produced further gains in tensile modulus with the highest value observed in this
study of 91.6 GPawhich further confirms the potential fousing aligned
discontinuous fibres for structural applications as previously investigated byllCorde
and Reevd42, 105]. Both the characterisatiostudy (Chapter 4and mechanical
testing results have demonstrated thigh levels of alignmentan be maintained
compared to the previous DCFP concentrawen though &ery significantincrease

in deposition rat€¢>600%) has been achieved.

Mechanica property prediction for aligned specimens has beprovided using a
classical laminate theory approashowing reasonablagreement to experimental
results. The oriented fibre networks proded by the process software was
approximated using UD plies within each element domain and solved simultaneousl
using commercial fite element code. An increasing modulus with fibre length trend

was reproduced over the tow size and fibre length permutations investigated
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demonstratingthe viability of such methods to predict macroscale behaviour for

complete structures.
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Chapter 8. Thesisconclusions

The main aim of this thesis was to further the development of discontinuous fibre
preforming processes, predominantly \tee generation oftomputational design
software This required a detailed understanding of the process and material
parameters available for the manufacture of discontinuous fibre compdsites

formulate effective modelling strategies.

An extensive characterisation study was performed to identdykey variables
affecting fibre distributionduring the preforming stage. Tow size, fibre length and
fibore sped were all found to affect mean fibre locationthe deposition plane,
however, tool centre point height had the greatest influence on botheonatan and

on fibre distribution from the mean. Increasing TCP height results in a Effgetive
spray ara whilst also accentuating bias applied by the chopping mechanism
resulting in fibres being ejected at an angléhe intended directioriThe complex
interactions which existbetween thevariables investigated, as a result of the
stochastic nature of this type eprayprocess, meant that predictive modelling of
deposition sites was unfeasible. Instead, fibre deposition was modelled to ctmform
a spray cone domainthe geometry of which can be modified depending on the
process input parameters. This approach requires sufficient characteristditm o

acquired over the typical operating rang®éi° processes

A stochastic macroscafeodel was developed to generate realistic fibre networks for
threedimensional component geometries. EXxisting macroscale process models
concerning discontinuous fibre materidiave been restricted to the 2@dmain
limiting their applicability to the physal proces453, 111] The versatile software
developed during the course of this thesis has extended the scope for simulating DFP
processes for use as paeformng designtool. Rapid simulation times facilitate
efficient process parameter optimisatiwith the potenal to significantly reduce the
reliance on costly experimental trials. The software provides direct feedbdtile on

quality of reinforcement homogeneity which has a strong bearing on final caenposi
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Chapter 8Thesisconclusions

performanceThis is a vital step to increasing the attiveness of DFP processes in
industry which has been previously highlighted by Vaidya [108].

Preform simulations suggest that inmeform mass variability is heavily dependent

on the number of fibre segments present in the preform and not on the specific
microstructural parameterSegment count is a function of tow size, fibre length and
target areal density however. The accuractheinodel predictions for preform mass
variability was validated agast experimental data wittlose agreement for different

fibre architectures.

Mechanical property prediction fermulated preform structures was facilitated via an
interface with commercial finite element analysis code. Classical laminate platg theo
was applied to individual elementwer an entire specimestaledomaintaking into
account individual segment orientatioasd showing reasonable agreement with
experimental tensile result3his method is applicable to full scale 3D component
geometriespermitting the prediction ofthe mechanicabehaviourfor the finished
laminate and offering a distinct advantage over current statistical methods adopted
[154].

A physical process development involved expanding the performance envelope for
DCFP through the design of an improved deposition heddilre alignmentlevice
Applying directional bias to fibre reinforcement in the direction of the load path
provides a useful mechanism for increasing discontinuous fibre composite properties
The updated deposition device is capablespfaying highly aligned fibres at
depositon rates comparable to random fibre preformachieving ~2 kg/min for a
researckscale installationThis potentiallyopens up the use bighly automated low

cost preforming technologies such as DCFP for structural applicattbese the
designcriteriaarestiffness limited This is a significant increase in deposition rate for
aligned fibre spray over previous attemf#4]. Tensile modulus results obtained for
aligned laminatesat 50% fibre volume fractiorare comparable wittaluminium

demonstrating thbreadthin mechanical propertigbat can be achieved.

161



Chapter 8Thesisconclusions

8.1. Recommendations for further work

In this thesis the process modelling techniques presented have attéonpsgdure

the complex mechanismsvolved in directed fibre preform manufactune order to
createrealistic fibre network. The main limitations of the proposed software have
been highlighted in Chapter 6 which offers the potential for further development work

to expand the capabilities of the model.

To increase the accuracy for representing fibre segments across the toeirgeoen
method for fibre assembly should be improved. Currently the intersection method
described in Sectior6.2.6.1 is used for 3D tool profiles but a more realistic
representation can be achieved by extending the polygon method in Se2t@2

into the 3D domain. This would allow finer meshes to be used which are particularly

beneficial for complex structures wittumeroudeatures.

For the purposes of this thesis an airflow model was tedhifrom the preform
simulations performed in Chapter 6 & 7. The airflow model is essentially a vector
averaging routine which takes into account surrounding air velocity and manigulates
fibore segment travelling from the deposition head to the prefomeesc The
surrounding airflow is dependent on the tool geometry, fan system spéwifiead

the level of fibre coverage already deposited. Because fibre coverage is increased
gradually over the duration of preforming it is a fidmial taskto model aiflow
through the entire system accurately. It was suggested that CFD (Se&ionay
provide a convenient means to model airfihich could output the requiraelocity

field on a layetby-layer basis for exampl®eveloping this side of the model would
requre significant effort howevefor an uncertaingain in the accuracy of fibre

deposition.

The FE input deck or integration with commercial FEA software regusubstantial
validation work against experimental data. The work presented in S&dfichonly
considered tensile stiffness data for aligned fibre prefor39%iV;. A similar study

is required for random fibre architectures and over a realistic range of volume
fractions (i.e. 15% to 50%). Tensile strength was not considered due to the lack of a
realistic macroscale damage model which is applicable to discontinuous arcbstectur

Being able to predict the final part mechanical properties would further enkiaac
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attractiveness of usindié process model in conjunction witlesign tools such as
CAD.

In Chapter 5 the issue of retaining the deposited fibres in place prior to preform
consolidation was investigated. Although a great dealavhwas obtained relating
pressure drop and superéicair velocitythrough a material layer/statkickness the

exact nature of retention is still unknown. A theory relating the available peessur
drop across the preform screen versus the required retention pressure for the medi
was presented which reges validation. This could be achieved via modifications to
the testing apparatus where foece to remove a layer or thicknesfsmaterial under
vacuum can be recordedr the apparatus inverted so that the material is being
retained against its own weight. The vacuum fan can then be controlled until a
limiting condition is met where the pressure drop is no longer sufficient to hold the
material in place.Other forms of retention should also be investigated with the
potential to‘tack’ fibres into placeby introducinga resinsystemduring fibre spray.

This could open up further possibilities of reducing part manufacture to-ahohe
deposition process producing a charge similar to compression moulding processes.
Benefits would include a reduction aycle times, manufacturing stages and number

of tools required. An increased tooling and press cost would be incurred however due

to the requirement of higher tool closing pressamrapared tdRTM.
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Appendix B

Deposition headcharacteristics

Deposition head characteristic data resulting from the study in SdcB@presented
in Tables Bl to B4. The data is used to define a virtual spray coneraeroto
explicitly position a chopped segment on the deposition plane in the process model

developed irChapter 7

Table B-1: Spray cone characteristics for 3 K tav segments. The mean fibre location, standard deviation of
segments from the mean position and the projection angle define the spregne geometry.

Fibre lenath Fibre TCP Mean fibre Standard Proiection anale
9 Speed height location deviation J 9
(mm) (m/s) (mm) (mm) (mm) (degree3
X’ y' X' y X' y
1 100 -9.69 -7.69 12.40 12.90 1.06 582

300 -30.74 -3.59 30.47 29.67

100  -21.28 956 1492 1321
0 2 300  -5513 912 2633 2317 212 1057

100 2292 -1055 17.37  14.36
3 300  -8213 -7.64 3402 2796 192 1507

100 771 391 2533  19.31
! 300 -68.69 -2.80 39.04 3357 026 1207

100  -1967 -7.61  19.80  10.43
30 2 300 -87.38 509 2698 2156 131 1574

100 1.99  -11.40 3635  14.83
3 300 -81.91 -118 3698 3558 086 1370

100  7.36 234 5104 2163
! 300 -2545 -12.00 5412 2627 240 39

100  -11.44 275 4452  23.47
90 2 300 6009 -681 6388 2074 063 1085

100 21.67 2.24 40.76 26.30
3 300 -80.36  -19.11 78.45 44.94 1.60 12.38
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Table B-2: Spray cone characteristics for 6 K tow segments. The mean fibre location, stéard deviation of
segments from the mean position and the projection angle define the spragne geometry.

Fibre lenath Fibre TCP Mean fibre Standard Proiection anale
9 Speed height location deviation ) 9
(mm) (m/s) (mm) (mm) (mm) (degree$
X' y' X' y' X' y'
1 100 -11.49 -5.34 16.57 10.94 0.81 6.87

300 -36.33 -2.93 31.51 27.15
100 -17.82 -9.41 22.99 15.40
10 2 300 -50.32  -11.45 36.67 24.56 2.50 9.58

100 -14.42  -13.41 28.58 22.67

3 300 -56.62  -16.12 41.33 24.92 3.54 10.44
100 -6.22 -1.41 10.84 14.42
1 300 -29.61  -22.61 44.74 36.04 3.96 5.43
100 -9.87 -7.12 24.95 8.97
30 2 300 -70.50 -8.89 33.19 26.93 1.94 12.48
3 100 -5.50 -9.14 21.44 13.44 1.5 14.30

300 -83.12 -4.21 40.74 25.74

100 922  -060 3513 1451
! 300 54690 -360 5733 1461 O° 880

100  -30.98 -9.61 6393  30.90
>0 2 300  -47.18 675 6505 3454 /b 979

100  -250  -416 4573  27.06
® 300 3700 213 5832 2529 060 649

Table B-3: Spray cone characteristics forl2 K tow segments. The mean fibre location, standard deviation of
segments from the mean position and the projection angle define the spregne geometry.

Fibre lenath Fibre TCP Mean fibre Standard Proiection anale
9 Speed height location deviation J 9
(mm) (m/s) (mm) (mm) (mm) (degree$
X' y' X' y' X' y'
1 100 -22.39 -5.33 26.57 12.67 201 10.39

300 -53.63 -9.91 35.92 26.87
100 -24.03 -8.33 25.49 21.03
10 2 300 -79.60 -13.22 34.54 31.80 2.75 14.73

100 -32.78 -8.89 34.63 23.78

3 300 9477 -1418 4931 3418 294 1759
1 a0 7311 a0se a2 1 560 1284
30 2 a0 10544 1is3 3873 s4os 2% 1891
3 a0 8268 250 agor aass 103 147
L 30 s028 ooB 343 105 0% 1084
% ) 100 384 691 3880 2819 . ..

300 -34.30 -7.07 66.53 29.39

100  -30.57 223 6163  36.92
® 300  -16.14 1951  69.79 3370 548 452

175



Appendix B

Table B-4: Spray cone characteristics for24 K tow segments. The mean fibre location, standard deviation of
segments from the mean position and the projection angle define the spragne geometry.

Fibre lenath Fibre TCP Mean fibre Standard Proiection anale
9 Speed  height location deviation ) 9
(mm) (m/s) (mm) (mm) (mm) (degree$
X' y' X' y' X' y'
100 -6.03 -6.60 14.11 10.50
! 300 -36.82 -6.99 35.04 20.94 1.58 6.64
100 -5.15 -8.51 20.08 13.29
10 2 300 -10.40  -14.48 39.51 21.66 2.97 2.08
100 -2.45 -14.83 22.99 16.72
3 300 -35.38  -13.06 41.29 23.11 3.09 6.20
100 -7.04 -8.12 17.58 10.67
! 300 19.07 -32.61 28.17 36.07 6.05 287
100 -6.66 -7.19 15.86 15.08
30 2 300 -28.68  -22.00 32.53 33.94 4.19 5.30
3 100 -6.67 -7.95 25.48 18.41 253 6.94

300 -38.37  -12.06 37.58 34.14

100 2838 -14.83 1807  12.64
! 300 -17.96 -13.06 4131 2000 32 146

100 1456 076 5599  33.09
%0 2 300 -3324 -11.26 5158 3524 189 487

100 563  -452 3630 2228
® 300  -39.37 -19.91 6686 3882 08 642

Fibre orientation distributions

Table B-5: Fibre orientation distribution for deposition using 3 K tow. Fibre orientation is taken relative to
the x’ axis of thedeposition head.

Fibre Speed TCP Uniform Normal Mean Standard
length P height distribution distribution deviation
(mm) (m/s) (mm) (degrees) (degrees)
100 o - - -
1 300 o - - -
100 . - - -
10 2 300 . i i )
100 . - - -
3 300 o - - -
100 o - - -
1 300 o - - -
100 - ) 5.17 36.65
30 2 300 - ) 0.61 43.63
3 100 - ) -2.29 40.96
300 - ) 0.61 43.63
1 100 - ) 5.79 37.37
300 - ) 8.33 39.38
100 - ) 6.95 38.96
90 2 300 : . 3.06 42.09
3 100 - ) -3.21 41.00
300 - o -4.77 39.15
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Table B-6: Fibre orientation distribution for deposition using 6 K tow. Fibre orientation is taken relative to
the x’ axis of the deposition head.

Fibre Speed TCP Uniform Normal Mean Standard
length P height distribution distribution deviation
(mm) (m/s) (mm) (degrees) (degrees)
1 100 o - - -
300 . - - -
100 . - - -
10 2 300 . i i i
100 . - - -
3 300 o - - -
100 . - - -
! 300 . - - -
100 - . 5.98 33.80
30 2 300 - . -2.83 43.17
3 100 - . -12.12 34.44
300 - . -0.48 41.10
1 100 - . 2.65 37.26
300 - . 1.75 35.87
100 - . -2.06 37.46
90 2 300 i . 5.57 39.06
3 100 - . 5.26 33.24
300 - o -4.47 37.20

Table B-7: Fibre orientation distribution for deposition using 12 K tow. Fibre orientation is taken relativeto
the x’ axis of the deposition head.

Fibre Speed TCP Uniform Normal Mean Standard
length P height distribution distribution deviation
(mm) (m/s) (mm) (degrees) (degrees)
100 . - - _
1 300 o - - -
100 . - - -
10 2 300 . - - -
100 . - - -
3 300 o - - -
100 o - - -
1 300 o - - -
100 - o 2.29 33.27
30 2 300 - o -5.50 39.58
3 100 - o 3.54 32.73
300 - o 2.97 43.56
1 100 - o -7.35 33.08
300 - o 6.75 35.06
100 - o 7.86 27.73
90 2 300 i . 8.25 39.33
3 100 - o 9.10 42,71
300 - o 4.19 43.40
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Table B-8: Fibre orientation distribution for deposition using 24 K tow. Fibre orientation is taken relative to
the x’ axis of the deposition head.

Fibre Speed TCP Uniform Normal Mean Standard
length P height distribution distribution deviation
(mm) (m/s) (mm) (degrees) (degrees)
100 . - - _
1 300 o - - -
100 . - - -
10 2 300 . - - -
100 . - - -
3 300 o - - -
100 . - - -
1 300 o - - -
100 o
30 2 300 .
100 o
3 300 o
1 100 - ) -8.71 24.62
300 - ) -11.77 27.64
100 - ) -0.56 37.00
90 2 300 - ) 0.83 33.45
3 100 - ) 414 34.01
300 - ) -2.35 41.32
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Fan resistance curve coefficients

Table G1 and G2 list the quartic and squared terms which characterise the resistance
curves for each materiaésted. The curves are based on the relationship between
superficial air velocity and pressure drop across the medium taken at 10 fanetpeed s

points.

Table C-1: Quartic and squared term coefficients derived from fitted resistance curvetaken for dry fabric
and mat materials.

Material Type / : . Reqw_red
7 Areal density  Quartic term  Squared term retention
Composition
pressure
(gsm) (Pa)
300 37.45 524.59
Non-crimp UD - 600 824.88 1605.40 294
300gsm, 900 4386.90 3878.80 '
1200 1826.40 8597.80
450 5471.5 2288.1
Non-crimp UD - 900 13341 12084 4.41
450gsm, 1350 -7910 29886
1800 -168208 59484
200 1.49 106.98
400 247.43 137.91
Non-crimp UD — 600 1333.50 598.27 1.96
200gsm 800 5991.50 2686.10 '
1000 12157.00 6965.40
1200 3966.20 17768.00
391 0.0759 32.546
795 0.14 57.97
1165 0.22 89.52
1547 0.16 130.04
. 2368 0.17 202.37
U”'fj'g?ggs':ri'v' 3144 0.27 276.39 1.51
3940 0.42 355.53
4676 0.13 432.06
6264 0.04 595.84
7782 0.09 759.85
9326 0.10 1027.5
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Table C-2: Quartic and squared term coefficients derived from fitted resistance awes taken for
discontinuous fibre architectures. Consolidated preforms andree fibre stacks were tested.

Material Type / . . Reqw_red
7 Areal density  Quartic term  Squared term retention
Composition
pressure
(gsm) (Pa)
24k DCFP UoN 939.0 5970.2 1759.6 921
preform 1951.2 43989 16701 '
471.0986 160.57 331.28
3k DCFP UoN 1009.042 1396.6 2868.9 462
preform 1508.789 3858.4 3884.9 '
2040.366 3487.5 10213
. 1266.87 -1485 5670.6
D(;f; Sotira 2597.41 20521 18945 12.42
3947.04 -63683 33560
67.23 0.0095 10.577
134.45 0.0347 23.44
201.68 0.2162 60.214
268.91 0.2683 120.35
336.14 1.1298 209.72
403.36 3.2269 407.84
ur?élcln(ngcc)iil(:j;e . 470.59 2.2234 754.25 0.66
537.82 0.2074 1243.8
605.04 27.897 2011.9
672.27 249.67 3293.5
739.50 -1033.3 5647
873.95 -1298.7 6940.6
1142.86 -7426 15748
84.03 0.0763 27.242
168.07 1.9091 90.978
252.10 26.646 157.848
3k DCFP - 336.14 102.92 21291 0.82
unconsolidated 420.17 227.28 240.23 '
504.20 394.82 346.52
672.27 618.33 605.83
840.34 1643.7 656.04
32.09 0.0017 6.0637
64.17 0.0053 9.797
96.26 0.0106 14.057
128.34 0.0186 21.837
Glass roving- 256.69 0.4043 56.908 031
unconsolidated 385.03 2.974 106.62 '
513.37 13.568 140.65
641.71 21.391 263.13
962.57 93.712 347.84
1283.43 235.58 999.26
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