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Abstract

The increasing demand for polymer matrix cosifgs (PMCs)rom the airframe industry raises

the issue of productivity, cost andreproducibility of manufactured PMC components.
Performance reproducibility is closely related to the manufacturing technique. Resin transfer
moulding (RTM) offers the advaiage offlexible manufacturingof netshapePMC components

with superior repeatability starting fromeadyto-impregnatedry reinforcements. An RTM
apparatus was developed for manufacturing PMi@tes and demonstratoromponents
representative of actuaPMC componentsand PMC mouldsnadeand usedn the airframe
industry. The RTM processdeveloped in this workavolved making neshape drycarbon fibre
preforms and impregnaing them an epoxy resin, targeting mould applicatiohkermal
repeatability of dferent netshape PMC components manufactured usingRIi#M apparatus
developedn-house was investigate@ffects of bonding an outer copper platato the PMC
material,targeting mould applicationsnown as integrally heated copper tooling (IHCT), were
explored. Heat conduction through the PMC components was studied using simulation models
validated by experimental data obtainpdmarily by thermography.Manufactured PMC
components showed good repeatability, particularly in terms of thermal behavieutHTH
technique was found to be well suited for mould applications. Expected advantages of
thermography were materialised. Finallhe simulation modelsdevelopedwere in good

agreement with experimental data.
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Chapter 1. Background and motivation

1.1. Introduction

Composite materials are defined as engineered materials composed of two or more phases that
remain distinct at the macroscopic level. They typjcaihvolve two constituents, the
reinforcement and the matrix, which by adequate synergism may lead to enhanced material
properties. The outcome material offers usually a high streogtleight ratio with the
reinforcement supplying the strength and séffe and the matrix transferring the |aadthe

reinforcement.

Polymermatrix composites (PMCs) in particulaare becoming adriving force in the
development of technology, especially in the aerospace indubttye ai r f r ame i nd
continuous demandof higher performaneto-cost ratioshas ushered ithe development of

more mature manufacturing processessin transfemoulding is a promisingnanufacturing

method thatoffers major advantages oveompeting methods includinigs cost,capability of

producing complexnetshape3D componentswith good surface finish,full control of fibre
placementwhich can be tailored to the load bearing requiremeartd thorough control over

resin volume fraction

1.2. Literature review
1.2.1. Polymer-matrix composites
1.2.1.1. Polymer-matrix composites for aerospae

Polymermatrix composite materials (PMCs) have a wide variety of applications due to their

unique structural and thermal properties. The n@haracteristicsof PMCs include a high



strengthto-weight ratis, noncorrosivenes, high electrical resistance and electromagnetic
transparency. PMCare available in various typegth properties depending essentially on the
nature and configuration of the reinforcement, on the resin used and on the manufacturing
process. Reinforcemencome in three basic types: particulates, short fibres and continuous
fibres. The matrix or resin used in tA&C partly determines its possible applicatioaspecially

with regards to the maximum temperatubattthe material can withstarjd]. Carbon fibre
reinforcedPMCsused in airframe construction are manufactured by embedding carbon fibres in
a matrix constituted o polymeric resintypically thermosetting. \Mist aerospace PMC parts

are typically made from prepredry carbon fibre fabric reinforcements are also used for making
aerospacgrade composites, notably for making PMC moulds. Fibre preforms can be produced

by several techniques including weaving, braidkmiting and stitching?2].

PMCs can also be classified according to the type of polymer matrix used. Matthews and
Rawlings[3] statethat thermoséing matrix like epoxiespolyestes and phenolicare the most

used in industry followed by thermoplastics such pslyether ether ketone (PEEK) and
polyphenylenesulfide (PPS)'hermosetting polymers are loobain molecules that cure by

crosslinking to form a fully threedimensional network.

Composites can be manufaed in different ways depending upon matrix, reinforcement and
application. Manufacturing processes include HRiayelip, resin transfer moulding (RTM),
vacuumassisted resin transfer moulding (VARTM), resin film infusion (RFI), pultrusion and

filamentwinding[2]. Some processes relevant to this thesis are discussed further in the text.

1.2.1.2. Reinforcements and resins for PMCs

A dry preform is a manufactured assembly of long carbon fibres making either a flabisheet

shape defined in 3D, featuring typically one or more stratified layers of fibres. These layers can



be held together using textile manufacturing techniques such as knitting, weaving and braiding.
Chemical binders are also used in some cases. Fabricbec@ategorized according to the
orientation of fibres and the method usedholding the fibres togetheFigurel.1.
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Figurel.1: Diverse types of dry reinfoeznents and prefornjd]

Woven fabrics made from carbdibre tows are commonly used in the aerospace industry. There
are three prevalent types of woven fabric reinforcements: plain, twill and satin fabrics. The
weave is made of warbresthat run in the direction of the loom and wifiresthat are normal

to the direction of the warpgn a plain weave the weft passes over alternate warp threads

requiring two harnesses only, whiggwill weaveis made by causg weft threads to interlace
two to four warp threads.

Non-crimp fabrics (NCFs) are maaé fibres that are held straight andptane bylight, stitched
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or knitted thermoplastic polymehreads, typically nylon or polyesteny sometimes byight

thread of strong fibre such as glassramidor carbon In norcrimp fabrics in-planealignment
of carbon fibress closer tooptimalin terms of stiffness and strengffigure1.2. Because of the
non-crimped configuragion of the yarns, laminates using NCF exhibit improvedplame

propertiescompared tdaminates using woven or braid&brics [5].

)

Figurel.2: Schematiof a NCF structue (left)and plainweave structuréright)
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Stitching techniques are highly flexible production methods for manufacturing complex dry
preforms. Theimain benefitresides in the delivery of readyo-impregnate dry preforms which
dramaticdly reduce the cost omanufacturingPMC components using RTMr VARTM.
Stitching refers to the operation of inserting a needle cargyihgead, through stratified fabric
layers assembling them inta 2D or a P dry preform Figure 1.3. Regular stitching machines
using lockstitch technique can be uséar stitchng NCF dry preforms; more sophisticated
equipment designed specifically for carbon fibre perfonvas alsodeveloped. Some use
computercontrolled robdt stitching heads that aoapable of stitching complex 2D anB 8ry
preforms anccanbe adjustedor optimisingthe sewingparametergor improved overall PMC

component propertig$]. Amongst the many stitag techniques, locktitch is widely usedior



preform engineerin§6]. As the stitch geometry should accommodate the application of a given
PMC component, locktitch was modifiedor preform engineeringto move the interlocking

knot between the bobbin thread and the needle thread from the inside of the preform to the
outside [7]. Hence, the aggregation of sewing thread between the fibre packages was
dramatically redced.Figure 1.3 shows the geometry of the loskitch (a) and modified lock

stitch (b). Making this modification along with setting the proper thread tension was found to

prevent the fibres from spreading apadalby, creating resirich zonegd6, 9].

Needle

Needle thread ,

B

Bobbin

Figurel1.3: Schematic of the loektitch geometry modificatiof]

Ogale and Mitschan{g] presented @lassification of seam types and stitch geometi$ssam
types were summarisad three categories; fixing and positioning seams, aslsesgams and
joining seamsFigure 1.4. Fixing and positioning seamseauseful in the production ofD8net
shape preforms. They are intended for making tailoreepseforms with minimised fray and
fibre wrinkling, as well as precise contours. The assembly seamsaaifacilitating mould
loading and the injection process by attaching thepsaforms to make the final nehape dry
preform. Joining seams aaésoknown as structural searff§. The cloice of parameters such as
seampattern and density, presdeot pressureand thread material permits to make dry preforms
with improved througtthickness propertiegl0]. Seam tyms or combinatios of types carbe
selected to tailor the readg-impregnate dry prefm to the final PMC produdi6]. The choice

of a seam type caalso beinfluencedby the preforming technique, handling pess andRTM
process compatibilityf10]. Commercially available 100% polyester sewing thread is highly
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suitable for fixing and positioning seams applicatiom®ecent advanse in preforming
technology boosted $thing speed using polyester thread to 5000 stitches/mif6]. A
classification of the seam typesieir corresponding application and thread tensions appear
Figure 1.4.
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Figure 1.4: Schematic summarisingam type$10|

Tablel.1: Different seam types according to their application andired thread tensiori9]

Seam type Application Thread tension
Fixing and positioning 2D preforming Moderately low

Assembly 2D/3D assembling Medium to high

Structural 3D reinforcement High

NCFshave been fand suitablgor making complexhapes withrelatively lessfabric wrinkling
than plain weave preformdue tolower in-planeshearforcesallowed by the loops dtnitted

stitchesfor deformatios perpendicular to the sedh0]. However,stitching induces problems
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such as gaps ardcal in-planefibre and towdislocations leading to resnich pockets in the
laminate [5]. These dislocations affect the mechanical pridggr fatigue behaviour and
impregnation behaviour of the dry NCF prefofh®]. However, they are limited in size and do
not form continuous channels whethe resin can radeack [11]. Loendersloot et al[11]
presented a geometrical analysis of NCFs subjected to shear deformation. The study focused on
the effect of shear deformation as the main deformation mode of diapéck on the stitch
induced local tow dislocation§LTDs). Several fabrics were analysddr unveiling the
dependence of the width and length of Ef@®s as a function of thehear angleup to 60. The
authors foundhat increasing then-planeshearon a given dry preformesultsin fibre bundle
compaction rather thanchange in the dimensions of LEDry preform compaction was found
to be an effective remedy to the problems caused by L¥Dkjecting dy preforms to high
pressureompactiorcycleswas proven to reduce the size of LTDs considerdiylyeaganising
the fibre networl{7]. Compaction of dry preforms can alseduce thevoid contentinside the
PMC laminatg13].

1.2.1.3. General properties of PMCs

PMCs are increasingly used in the aerospace industry due to their good specific structural
properties and high strengtbrweight ratios obtained by incorporating strong, stiff but brittle
fibres bonded by a polyen matrix. Chund 1] listed other advantageous properties of PMCs; the
main structural advantages are the low density, high strength, high stiffness, an almost infinite
life under fatigue loading, creep and corrosion resistancghness and damage tolerance. In
addition to its main role as a medium transfer loads to the fibreshich carry most of the
applied load, the matrix protects the fibres from the external environment. Their low process
temperatures anchpabilityto be put into a given shape, are also important advantages of PMCs.

Carbon fibres are made from organic precursors processed through different manufacturing steps
including carbonisation, graphitizatiosurface treatment and sizinfd4]. These precursor
materials are primarily polyacrylonitrile (PAN), coal tar pitches, rayon and petroleum. Based
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mainly on strength and stiffness, carbon fibres can be classified into three main categories: high
modulus (H'M, Type ), high strength (HS, Type Il) and intermediate modulug, Type
ll). Typical properties of commercially available carbon fibres are summariZeabile1.2.

Tablel1.2: Typical properties for the major types of commercial carbon fibres [1]

Property HTM, Type | HTS, Type Il ITM, Type llI
Specific gravity 1.9 1.8 1.8
Tensile modulus (GPa) 267-380 228241 296
Tensile strength (MPa) 24152555 31054555 4800
Ultimate strain (%) 0.60.7 1.31.8 2

Coefficient of thermal

expansion (x 18/mm K) 0.7 05 N/A
Axial thermal conductivity

(Wim K) 64-70 8.1-9.3 N/A

El ectrical re 0910 1518 N/A

The high strength and moduf PMCs depend not only on the properties of fibres but also on
their orientation, fibre volume fraction and quality of bonding to the matrix. Good bonding

between fibres and resis requiredor obtairing an effective reinforcement.

1.2.1.4. SelectedPMC manufacturing processes

To make PMC componentsing any of the liquid moulding processdsy preforms are infused
by the polymer resin and the wetted componenured fibres are bnded to the matrix to make

the composite parPMC components madeith thermosettingesinsc an be fAst agedo,



that the resincan be retained in a partially cured conditienthin temperature and pressure
ranges specified by the supplier. Anothedvantageof thermosettingresinsis that the
manufacturing of composite components can be conducted at relatively low temperatures and
pressuregasthermosetting polymers exhibddw viscosities especially atcreasing temperatuse

prior to thecrosslinking process.

The mostwidely used thermosttg resins foraerospacgrade PMCs are epoxies. Epoxies have
excellent mechanical properties, high tensile strength and modulus. With an adequate sizing
applied to thefibres epoxies bond very well to theeinforcement Epoxy PMCs cured at
temperaturesf 120°C and 180C have upper limit service temperatures of 100°C and@30
150°Crespectively2]. Epoxies offer similar stiffness and strength quedias themoplastics as

shown inTable 1.3, butoffer lower prices an@éremore convenient process

Tablel.3: Stiffness and strengthata formain aerospaegrade resingl5

Resin material Density (g/cni) TensEIgFr)wg)dulus Tens(lllv?Psatl;ength
Epoxy 1.2-1.4 2550 50-110
PEEK 1.31.35 3.54.4 100

PPS 1.31.4 3.4 80

PMCs made fromne-impregnated (Ppreg semiproduds, typically tape, arexéensively used
in primary loadbearing aircraft components. Such components are often consolidated in
autoclave using PMC moulds that may be built using reinforcenseits as thosdiscussed in
this thesis; the process requirée tuse ofa mould toimpart ashapeto the PMC component.
Prepreg increases reproducibility and consistency, especially control of fibre volume fraction,

thickness and mechanical properties of the composite component.



Prior to their use, frozen prepregtapesare unrolled then thawed to room temperatuwtelst
protected from condensation in a b@ge backing filmis removed and the prepreg is laidtbe
surface ofa mould. Prepreg material is laid up in different directions to accountofus
expectedn the partPrepreg layup isoftenautomated ithe aerospace industry but hand-ay

is also in use, especially in small production lines. After laying up all the prepreg sheets in the
required directions, the assembly is vactlmgged then put insiden autoclavainder an inert
gas Figurel1l.5. A combination of high pressure and temperaprcdilesis usedfor shaping and
curing the PMC component. Autoclaveuring of PMC partds a traditional technique in the
aerospace industry. It allows for the manufacturingaorts withhigh dimensional accuracy and
very low void content with very high fibre volume fractsoill theseadvantages combidevith
high processig temperatures leading to high glass transitiemgeraturesmake autoclave
manufacturingthe preferredtechnique foraerospacgrade PMC production However, high
costk due toprepreg expensivequipment and long cure cysleéme constitutedisadvantages of

the process.

2
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Figurel.5: Autoclave manufacturing procegkg]

10



Resin transfer mouldin@RTM) is a liquid moulding processsinga cavity madef a male and a
female half moulds. RTM involves injecting a tlermosettingliquid resin in the mould cavity
loaded witha dry preform[17], Figure 1.6. The mould and the resin are typically {n@ated
beforeinjection Epoxies reacla low resinviscosity stage after heatinghich translates in a
lower resistance tthe flow of resinthrough the dry preform. This advantage of epoxies over
thermoplastic resins like PEEK, leads to fully impregnated carbon fibre prefequiringlower
injection temperé&ures and pressures. Howevetteation mustbe paid to the prbeaing
temperature of the ressince high temperaturasay lead to prematurecrosslinking of the
epoxy. After saturatingthe preform with resin anéxpelling air from the cavity, curing is
initiated. Optimal resinpre-heaing temperaturginjection time and mould temperatudepend
mainly onthe resin use?]. After the resin is cured, the finished composite component can be
de-moulded.

l‘;’g::um Resin
P Trap
Resin
Reservoir
Pressure Preform RTM Mould
Iniet
(a
|

5555666446 A e
VUWUUUUUT 55856595

Figurel.6: Schematic of a typical RTM procelsd

RTM is highy sensitive to the preforming process, impregnation and curing m¢i&d

Manufacturing goodaerospacgrade PMC components requires the successful filling of the
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mould cavity and expulsion afrtrapped air. Changes in preform architecture, local preform
deformation and mould curvatures havardatic effects on mould filling. Injection pressures
were found to be dependent grarameters such athe mould corner radif18]. Post
impregnation processinvolve curing thePMC componentas described earlien this section,
followed by demouldingof the final product. The dmoulding operation can cause stsaamd
even defects during component removal from the mould cavity. Heineas making aerospac
grade composites, ease ohurilding mustbe consideed during component and mould design
[19].

RTM offers excellent dimensional control, high quality surface finish on both surfddbe
part good bonding between the matrix and the fipegsl repeatabilityn manufacturing(2].

These advantagese highly sought in the &iame industry. Another asset of RTMiis good
compatibility with netshape productiofil0,20]. Adding netshape preform manufacturing o
RTM process makes it more effective as quick andurateloading ofa netshape fault-free

preform inside the mould cavity renders the single shot resiregnation &ask uncritica[ 10].

1.2.2. Heatconductionin PMCs
1.2.2.1. Heat conductiontheory

This section introduces fundamental concepts and equations which govertranségr by
conductionand natural convectiomeat conductiomccurs within a mediunata molecular scale
from regions ofhigh temperatureto regionsof lower temperatures 1t i s governed

law (Equationl.l):

A Ly, "y 1.1
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whereq is the heat fluwectorthrough the mediunK is thethermalconductivity tensor and4
is the temperature gradient vectdhe thiermal conductivityserves as a quantitative indicator of

the ease of heat transfer througsolid material. lis influened by temperatur1].

Transientconductive heat transféehrough PMCs is the main interestof this thesis. It isof
relevance to airframmanufacturers as changes in temperatwitgn composite componenis
service as well aduring manufacturingnustimperativelybe taken into accounbecause of
their ability to alter the mechaniclakéhaviourof the materialThe transient heatansfer problem
is governed by uationl.2

6 Y L,y n 1.2

For an orthotropic material, the three dimensional transient heat conduction problem with no
internal keat source can be described mu&tion1.3:

where K, Ky and K, are the directional thermal conductivities bé torthotropic material in the
X, y and z directionsespectively} is the densityC, is the specific heat of the materaidr is

therate of heagenerated within the material

Thermalconductivity and specific heatre temperature dependantlide thermalconductivity,
specific heatin PMCs does not havairectional dependency. To solveghation 1.3 for a

composite material, the specific heaustbe known.For a twoephase composite materitie
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specific hat can be calculated usitige rule of mixtures given bydtiation1.4[22]:

wherer ¢, r m and Gy, Cym are the fibre and matrix densities and the fibre and matrix specific heat,

respectivelyV; is the fibre volume fraction in the laminate.

Perturbation to théemperature field resulting frora discontinuity in thematerialis termed
thermal contact resistandeerfect contact between two solid materials cannot be achieved due
microstructuregpresent athe interface The reciprocal of thermal resistance @led thermal

conductanceThe thermal resistance candigtainedirom Equaion 1.5

|
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wherem Tis the temperaturdifference across the interface and g is the heat fluMnis arein
m?K/W.

Thermalstressesirisein airframesubunits consising of a set of PMC components fixed rigidly
together. Thermal expaiogs is a major cause of internal thermal stresses in PMCs. Thermal
stressesnduced by thermal expansionwithin PMC components result from a considerable
mismatch in values between the coefficients of thermal expansion (CTESs) of the reinforcement

and the matrix, from a norbalanced laminater from resinrich zoneq2,23]. Thermal stresses
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can also appear in the vicinity obonded joints betweedissimilar materials .'ch asPMC
componentswith different inherent propertie®er PMC and metallic past[24-26]. The CTE
describes thenit change in length L of a material as a respdosechange in temperatuteis
a directional property in the case of PMCThke linearCTE, |, i given by Fuation1.6[21].

1.2.2.2. Analytical and numerical models for predicting thermal conductivity of PMCs

Numerical simulatios of heat transfer are widely used in aerospace désigoredicing the
thermoemechanical behaviour of PMé@mponerg and hence, tassesshe reliability, durability

and integrity of a given aircraft structural PM®©mponen{27]. Carbon fibre ranufacturing
processesnentionedin sectionl1.2.1.3lead to an orthotropic arrangement of the mat@rgal
microstructuresithin carbon fibred28]. Consequently, thermal propertiesoafrbon fibres are
orthotropic and so are those of continuous fitmieforced PMCs This fact stems from the
isotropy of polymers and the orthotropic nature of carbon fibres. AnalyticAbrandmerica
models for predicting the effectivethermal conductivity of PMCs arethen required[29].
Knowledge ofthe thermal properties of orthotropic laminated composite materialoftitar
variability is crucial to performng accuratepredictive numerical simulationsof temperature
maps and thermal stressasPMC componentg27]. The thermal conductivity of an orthotropic
composite material depesndn thenature of theresin, fibre type reinforcementarchitecture,
fibore volume fraction, manufacturing technique, direction of heat flow and operating
temperature. These factors lead to a high degree of complexity in understanding the thermal
behaviour of PMCs.

Heat transfethroughPMCswas not investigateds thoroughly as tlrestructural behaviour or

manufacturing [30]. For thermally stable postured thermosetting laminates, changes in
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properties with temperature can be congdaeversible up to the point where decomposition of
one of the phases, usually the resin, begins. This thesissdeweperature ranges below the
glass transition temperature of thesin In othercases of heat transfethroughPMCs such as
expositionto fire, it is necessary to consider maghranges irthermal properties beyond the

glass transitionemperatur¢3Q].

Generally, analytical and serampirical thermal conductivity prediction models require th
thermal conductivity of the carbon fibend resinas aninput Neverthelessgata forthermal
conductivities of commercially available carbon fibres acarce in the literatuf@1] andthey
areseldomsuppled by manufacturer®irect measurement dhethermal conductivity of carbon
fibres is intrinsically difficult. The trend has been to carry out thermal conductivity
measurements on PMC samplaadthen backcalculate thehermal conductivity of the files.
This method presents the advantagemdbling theassesmentuncertainties introducebly the
backcalculationof fibres conductivity, as opposed to data supplied by manufactutach

most likely usedimilar but unknowrassumptiongntrodudang uncetainty on real valus.

Pilling et al.[32] proposed a model for predictiriige transverse thermal conductivity of carbon
fibres which was found to overestimathis property Equation 1.7. This model uses the
transverse thermal conductivity of PMC samples obtained by direct measurement 40 back
calculate the fibre dat

where K is the transverse thermal conductivity of the fibrejdthe througkthickness thermal
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conductivity of the PMC, K is the thermal conductivitpf the resinand \ is the fibre volume

fraction.

Al-Sulaiman et al.[33] developed a correlation model predigt the transversehermal
conductivily of fibresas a function of the thermal conductivity of PMGwlaheir matrix. The
model was based on the paralteermal modeland acounted for void content in PMCs,
Equation1.8. It was validated using finite element analystalynomial coefficients Cwere
introducedin creatingtwo submodels validated over\fanging from 0.8 to 0.75 andhermal
conductivity rati® Ki/Kn, ranging from 0.5 to B. The coefficientswere function of fibre and

void volume fractiois:

whereKy, is the transverse thermal conductivity of the fibre using the parallel model

Simulating conduction in a PMC component for specific application cases requires
approximaion of the orthotropic mterial as a homogeneous medium,the sense that fibre
distribution in the resin is considered macroscopically homogeneous. Other assumptions to be
made are negligible thermal contact resistance between fibres and resin, anpelation
temperaturesnablingradiation heat transfer to be neglected. Different analytical approaches for
calculating and predicting the thermal conductivity of a PMC are presented in this section.

The rule of mixture (ROM) is a simple wagf modellig the thermal conductivity of

unidirectional PMCs along the axis of the fibres. The R@@quation 1.9, was thoroughly
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validatedfor on-axis thermal conduain in unidirectional compositg81-32,34]:

b W U p w U 1.9

where K is the axial iaplane condudtity of the composite material ani;, is the axial

conductivity of the fibres

PMCs exhibit discontinuity in the transverse directidfumerousmodels were deveped for
predicing the transverse conductivity dPMCs. Most make assumptionegardingthe fibre
packinggeometryin the laminateFibres are generally assumed pack following a specific
pattern whichs not the case in real PMQ@vhere the continuodibres packrandomly A widely
applied model forpredicting thetransverse thermal conductivitf unidirectional PMCsvas
developed in analogy to electrical circuits where the componkets the fibres and resiare

connected in parall¢B9]:

0 1.10

where K is the transverse thermal conductivity of the composite and e transverse thermal

conductivity of the fibres.

Thornburgh and €ars[34] predicted the transverse conductivity of unidirectional -ghnalse

composites by using a simple series modeingia lower limit expressed bygHation1.11:
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0 Wj v P w fu 1.11

An upper limit for the vala was given by James et [86], Equation1.12 Although the thermal
conductivity nodel is for a twephase composite material in tieectiontransverseo the fibres,
a matrix volume fraction coefficierf¥/ ) was introducedo account for the void content, is

to be adjusted to fit results obtained by experiment

0 WL p W 1.12

Springer and Tsaj37] developedan expressiorfor the transverse thermal conductivibf
unidirectional composites based on the analogy between the longitudinal shear loading and heat
transfer equations. This analogy allowed for the application of the same numerical method used
for solving Geometrical configurationsonsideredibres in gjuare packing with square cress
sectiors, and fibres in square packing with circular crgsstiors. An analogy between the
response of a unidirectional composite to longitudinal shear loadohdpeat transfer equations
leadto the following system oéquations;expressions for the effective conductivity for square

fibre crosssection and for cylindrical fibrem a square array are given byguationsl.13 and

1.14 respectiely [38]. Zinmeister et al[39] showed that thenodelis accurateonly at high V;

with relatively low transverse conductivity PAN fibres

b v P W — 1.13
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0 ¢ — p 1.15

Halpin and Tsai35] reached the following approximation for the transverse conductivityf K
unidirectional compositesThe model was devised theoreticalby analogy with electrical
circuits with the assumptioof fibres with uniform crosssection arranged in parallel. Fibres
were assumed to have an elliptical crssstion.This approximation is known to give good
predictiors up to aVs of 60%]35):

0 o —- 1.16

S 1.17
J

. MNod £€-Q 1.18

where a/b is the aspect ratio of the cresstional dimensions of the fibre, a along the direction

of heat conduction and b transverse to it.
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Nielsen [40] considered theeffect of aggregation of fibres into yarnsn the sense that the
reinforcement is consaeted to benmade ofyarnswith potential resin rich zones betwetdrem

This reinforcementconfigurationcan leadto large variations inocal thermal properties of the
composite componer{B1], whilst the overdl transverse themnal conductivitymay not show
large variatios. Also, for the same fibre volume fraction, the effective transverse conductivity
variation is narrow for different yarn packing schemes. The-sempiricalmodel for transverse
conductivity isgiven by Equation1.19. The model accounts for the effect of the shape of the

fibre crosssection as well as for its orientation:

where A is a constantetermined by the direction of the heat flow anghd is the maximum

volume fraction given asfanction of the type of packing:

0O U p 1.20

whereKei s t he generalized Einstein cbhbaantdli2ei ent .

respectively.

21



s p — W 1.22

For uniaxially oriented fibres with hedbW# perpendicular to the fibres, A 0.5 andVmax =
0.82.Accordingto Progelhof et al.39], resultsgiven by Claytor{41] and Nielsa [40] are close.
However, int h e a atterhpd to @aBdate these modeising publishedexperimentadatg a
strong conclusionwvas not reachetbr continuous unidirectional fibres since experimental data

enablingrobustvalidation couldnhot be sourced.

Hashin[14] extended the shear property approaxth the cylindrical assemagemodel which

was developed based on random packihgompositecylinders These consisted in anner
cylinder representinghe fibre surrounded byn outercylindrical shell representintpe matrix.

The combinectoncentriccylinderswere assumed to b&ansverselyisotropic and continuous.
The packing pattermas formed by randomly filling the entire cresgectionh area ofa given
domain with noroverlapping composite cylinders of varying radihe overall volume of voids
was taken into account and consequently the summation afd/\i, does not equal to unity.
The ratio ofradii of the concentric cylindersvas considered to be constarA. mathematical
analogy was madeetweerthe axial shear problem and the transverse conductivity. This analogy
accountedfor the transversely isotropic phases of fibres and resin in unidirectiBNdCs

leading tathe following eqation fortransverse conductivity:

Grove[42] combined a finite element analysis model and spatial staligticlaniques to model
the case of a red?MC with random fibre packingFigure 1.7 shows a comparison of the
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variation of relative thermal conductivity with fdwvolume fractionpetween results of theure

finite element model rad the combined modellhe @mbinel model gave lower effective
transverse conductivities for fibre volumes fractions up to 50%. Differences between values were
found to be significant especially at higher fibre volume fractions. The maximum difference in

values was found tange between 7% agdo.
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Figurel.7: Relative transverse ogosite thermal conductivitys,/K,, as a function of fibre
volume fraction for values of R K¢/K, of 20 and 50 [42]

Dasgupta et al[31] validated experimentally and numerically the semipirical closedorm
model presented by Clayt¢al] and given byEquation1.24. Model validation was done at the
micro-scale for a plainweave fabricPMC. Thdar 3D steadystate finite element model was
appled on a quarter of a unit cethe principalin-planeaxesof the laminatecoincided with the
warp and fill directionsand the reinrimpregnated yarnkad a thermal behaviour similar to that
of unidirectional composites. Equatioh.24 was found to be in good agreement with

experimental values for transverse conductivitiegnidirectional compositg81].
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Hasselman et al[43] considered the interfacial thermal contact resistance in defining the
effective transverse thermal conductivity of the composite materialntiimerical model, given
by Equatin 1.25, was devised using the shear loading analogy for unidirectional PMCs. The
model assumed circular fibres completely covered withmbgix, accouning for the radius of
the fibre and its anisotropyin the transverse directipioy introducing rdial and tangential

conductivitiesK; andKq respectively:

O U S — 1.25

where r is the radius of the fibre and C is the contact thermal conductance between the fibres and
matrix. Mirmira and Fletchef44] modified this model to include the effect of porosity of the

PMC on the predicted transverse thermal conductivity:

P W 1.26

where 4 is the porosity volume fraction.
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Lim [29] developed an analytical model basedtlo@boundary solution method f@redicing

the upper and lower bounds of thermal carttity of a composite materialvith random
reinforcemenphase geometrythe model includsa reinforcement parametehich depends on

the reinforcement aspect ratio aoghductivity directionality The parameteranges between 0

and 1 in general and takealues of 1 and 0.5or a unidirectional continuous fibre composite

the longitudinal and transverse directionsspectively. Even though the model used a highly
idealised geometry, verification with experimental data showed its good applicability even at a
high Ki/Kp, ratio. These upper and lower limitsf the transverseonductivity are given by
Equationsl.27 and1.28 respectively:

p —— 1.27

p —— 1.28

where+ and+ are the lower and upper bounds of th@nsversethermal conductivity,

respectively.

Models predictingthe transverse thermal conductivity of PM@eascribed earlier in this section
are compared inFigure 1.8. The ratio of the transverse thermal conductivity to the taerm

conductivity of the matrix was plotted against the A value of 500 was set fahe ratio ofthe
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transversehermal conductivityof carbon fibre to the thermal conductivity of the matrix.s V

values ranged from.Bto 0.7 The predictive models dflaselman et al[43] and James et el.

[36] wereomitted from tlis comparson as their expressions could not be expressed in terms of

Ko/Knonly.

12.0
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—e— Thornburgh and Pear
10.0 | —a—Springer and Tsa

—e—Halpin and Tsai

—=— Nielsen
8.0 I Hashin (2% of void content
—e—Grove
XE —=—Clayton
=<, 6.0 .
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0.6 0.7

Fibre volume fraction

Figure1.8: Comparison of transverse thermal conductivéttyo for differentprediction models

Models given by Hashifil4], Halpin and Tsaj35], Nielsen[40] andGrove[42] exhibited good
concordance throughoatV; range from 0.3 to 0.6 They slightly undeee st i mat a@pder Li mdé s

bound model fotransverse thermal conductivitatio Ko/Ky, reaching a thermal conductivity

ratio of 4.2 Nielserd sodel exhibited aelativelyfastincreasdan the thermal conductivityatio

after a f = 0.6 reaching a value of 7.87 at M= 0.7 compared ta value of roghly 6.4 reached

by the Hashin, Halpin and Tsai and Grove prediction moddls. e | s e n also exoeedecd |

Li

mo s

upper

bound

fmaach agle .

oCérmnytbedsameeWi cti ol
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upper bound model valuep toV; = 0.4, then showea relaively fast increase dhetransverse
thermal conductivity ratio. The parallel model showed a slow increase over the whaley¥® to

reach a maximum valugf K,/K, of about 3.1Springera n d  Tpeediated sonductivity ratios
were also similato the unidirectional parallel modah behaviour with an understimation of
roughly 1.0. On the other handThornburgl® sand Pea® 434] predictive modelshowed
significantly lower values ofK,/K, but an overallbehaiour s i mi | ar to Limds
model. It is interesting to note that these two modegirneddecreasing KK, values with
increasing. Agai n, Li mo smeanm toderve as ganeral predictionddot all types

of compositesfeaturing variedtypes of reinforcementsand deemed not to be an accurate

prediction tool fothetransverse thermal conductivity structural fibrereinforced PMCs.

1.2.2.3. Experimental determination of thermal properties of PMCs

Analytical and numerical modelfiave beenused routinely for predicing the thermal
conductivityof PMCs. It can be concludetbfn the previous sectiahat the trend is to compare
and combine analytical and numerical models found in the literature in orderdlogl@ more
accurate predictivenodel. Published eperimental thermal conductivitgata for carbon fibre
PMCs aimedat airframe applicationarelimited in the literaturd45]. Varioussteadystate and
transient measurememtethodswere developedor determiningthe thermal conductivity of
specificPMCs. Many of these methods aret s standards by the American Society for Testing
and Materials (ASTM).

Steadystate methods require long test tgrfer attairing steadystate conditionsbut they are
suitable for testing low conductivity materigk6]. Theycan be groupetto two categories,
namely absolute methods of measurement in which no heat flux or material reference is required
to carry out the thenal conductivity measuremerdand comparative test methods in which the

thermal conductivity is derived fromn heat flux reference standdwy].
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The ASTM C177%97 standardmethod, known as guardéwtplate method, uses an absolute
steadystate techniqueased ornwo flat specimes of the PMC to be tested. A schematic of the

general components of a guareeat-plate apparatus is shownkigure1.9.

/ A S
/ /?hecaujdm"y g}md / /

Top cold plate

f//////_'_////z’///

Top auxiliary heater Q
Specimen /

/ Guard | Metered area | Guard

Specimen

/ Bottom auxiliary heater Q

-".f//fff//f//f/

I

Figurel.9: Schematic of a guarded parallel plate instrunérit

The apparatus features two isothermal cold plates and a guarded hptalsiatealled the
metered section. Bmetered section generates the heat flux for the test and is surrdunded
thermal guard ring used for directitige heat flux normally through all the components of the
assemblyi.e. the metered section, the specimens andsttbermalcold plates. Asecondary
guard acts as insulation of thpparatugrom its surrounding. As the test outcome is an average
of the thermal conductivities of the two specimahgse musbe as identical as possible with
completely flat glesto ensure a normal and uniforheat flow The two specimens are placed at
either sides of thguardedhot-plate anda considerableonstant clamping foras applied to the
guardeehot-plate apparatus to improvthermal contact between aurfaces of the plates and
specimens. Uporeaching steadgtate, the unidirectional heat flow and temperature difference
between the hHoand cold plates are recorded. Hence, the average thermal conductivity of the
specimens can be calculated using equati@. A calibration constant is usually added to
account for parameters which may affect the heat flux in the vicinity of the metered section area.
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It is important to note that a singsgded configuration of thapparatuss also possible, wheie

singlespecimen is squeezed between the guarded hot pidtthe isothermal cold surfaces:

0 — 1.29

whereQ istheunidirectional heat flow normal to the specimens the specimen thickness is

the metered section araadY"Vis the temperature differeneeross the specimen.

AmongstnumerousASTM steadystatethermal coductivity measurement methods for PMCs,
the guarded longitudinal heat flow methoknown as ASTM E12289 standard methqdis
widely used, followedy ASTM C51898 standard methof47]. Both methodsirecomparate

test method Theguarded longitudinal heat flomethod consists in insertilige PMC specimen
subject to high clamping pressure between two similar specimens of a reference material of
known thermal propertiesiermed meter barsA constant heat fluxs imposed through the
assembly witHateralheat losses being minimiség a longitudinal guard heatsubjected tdhe

same temperature gradient. Once stestdie conditions are reached, the thermal conductivity of
the PMC specimen can be derived fromstablished temperature gradients across all the
specimens as well the thermal conductivity of the reference maté&&id E122599 standard
methodgives very good accuracy for PMCs with thermal conductivities ranging between 0.2
W/mK and 200W/mK over atemperature range between KOand 1300K, if the areas of
specimens in contact are equal and if the thermal conductance &M@especimensand

reference materiare close.

ASTM C518standardmethodinvolves the same setuas ASTM E12289 standard méiod,
with addedheat flow transducercoveringthe contact surfasebetweenspecimen andneter
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bars. Thespecimen to be testeéd mounted between two meter bars with a high clamping
pressureThe measurement starts with imposing constant temperatures aretar bars; a cold

meter bar at a low temperature and hot meter bar at a higher temperature. Upon establishment of
a steadystate unidirectional heat flow through the staitie heat flow is obtained frorthe
transduces and the thermal conductivity dfi¢ specimenascalculated usingquation1.29. For

good measuremenrdiccuracy, the standard requiresy limited lateral heat losses and a thermal
resistance of the specimen greater than QW in the directiorof the heat flowj47]. Opting

for a specific measurement methgénerally depends on the directionalityf the thermal
conductivityto be measuredut ASTM C177 standarchethodis generally preferretb ASTM

E1225 standard methotbr both inplane and oubf-plane thermlaconductivity measurements

[47].

Among transient techniqueghe laserflash method has beemsedwidely and validated as
accuratefor thethermalconductivityof PMCs[46]. Parker et al[48] were the first to describe
the flash methodTaylor et al.[49] applied tle lasefflash method to evaluate the thermal
diffusivity of PMCs. The laseflash method consists @ light source, a furnace and an IR

detectorFigure1.10.

] )

/ \
Laser / I IR Detector
7

Sample Furnace

Figurel.10: Schematic diagram for the lasitash measurement syste6]

A high intensity laser pulse hits the front face of the material specimen generating heat at the

surface. The heat flows to the back fatehe specimen where the temperature risgerssed
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using an infrared detector. Solving the heat equation with the initial condition of an
instantaneous laser pulse for a specimen of thickness L leads to the following etpratien
thermal conductivit [50]:

o —— 1.30

where K is the thermal conductivity,,@e specific heat of the specimen andi$ the time

taken for the back face of the specimen to reachhalief its maximuntemperature

The main advantage of this techniquéhis absence afontact between the heater, detector and
sample. Thermal contact resistance issareeliminated andelatively high temperaturesan be

used. However, attention @hld be given to radiation penetration through the specimen, which

can reach the back face and affect the results. Also, temperatures at the front face have to be kept
below theglass transitiotemperature of th@®MC to prevent distortions in resul{gl6]. The
laserflash method is commonly used for bdthre orientations and offers the convenience of

shorter testing timeand smaller specimen siZe].

Searle's br andLees' disc systesmare transient measurement methods that have Wwiekaty
usedfor measuringthe thermal conductivity oboth highly and poorly conductive materials,
respectively[51-54]. Pilling et al. [32] used Searle's bar stgm and Lees' disc system for
determinng the in-plane and througthickness thermal conductivities, respectivealf/various
PMCsby heatig one end of the specimeasd measuring theeimperature gradient along them.
The thermal conductivity cabhe derived from the temperature gradient and the time at which
temperatureare recordedSchematis of both apparatuare presented iRigure1.11 andFigure

112
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Figurel.11l: Schematic of Searle's bar appar4dfis

ambient Temperature
-

Figure 1.12: Schematio f  Ldisleapmaratufs6]

Transient howvire technique use the timedependent temperature increase in a very thin
metallic wire generallyplatinum after the onset o heating current, to measure the thermal

conductivity of a material specimen. This method allows for tesolutedetermination of
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thermal conductivity of the tested materiad. without the neetbr a reference materiarigure
1.13[57]. The conductivity can be determined directly from the slope of the plot of temperature
increaseas a function othe logarithm of time[46]. This method was found toffer high
accuracy with less than 1% uncertainty fofplane thermal conductivitpf PMCs made of

macroscopic rad nanoscopic reinforcemerntsy].

Pt
Wires thermometers
Support /

1-mm-thick i Lﬂ L ——

Solid polymer sample

SS spacer

1 mm
Ta support wires LIl

25 ym
Ta wires

Silicone paste
between
2 Kapton films

Bottom support plate SS 310S

Figure 1.13: Sensor of the transient haire apparatu$57]

The surface probe mébd is a transient state comparatimethodused for measurinthe in

plane thermatonductivity of aPMC specimen. The probe consists of three paratighs ofa

highly conductive material, usuallyakel or platinum connected to an electric circahsuringa
constant heating rat@e the strips A low electric conductivity backing aterial is applid to the
strips. The two outer strgpare kept at constant low and high temperatures. They act as heat
guards by keeping the heat flow unidirectional and perpendicularitgotaee. The middle strip

acts as a sensor. After placing lat fmaterial specimen adjacetd the centralstrip, a data
acquisition system monitsrthe temperature increase in the censtip. According to the
literature[46], this temperature variation depends on tlegrttal properties of the material being
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tested

Yl — 1.31

where T is the surface temperature of the sensor, Q is the constant heat flux in the central strip, t
is the time K is the thermal conductivity of the specimenis the density of the material being

teded and Gits heat capacityCalibration is requiredor compensang heatloss to the backing
material. Glibration of the system leads to a relationship that links the temperature increase to
the elapsed time. The thermal conductivity can be deterniioadthe slope of the plot relating

temperature variation to elapsed time.

Otherthermalconductivity measurement methoti&t conform to ASTM standards have been
used. Miller et al[58] compared results faransversehermalconductivity given by the guarded
heat flowmethod correspondingp ASTM F433standard methd) and a transient plane source
methoddeveloped byMathis Instruments (Fredericton, NB, CANADATYhe latter method was
considered more accuratar fin-plane heat conductivity measurement®MCs Keith et al [59]
useda Holometrix TCA-300 guarded heat flow meter conform to ASTM F433 standetthod
for transverse awductivity measurements, whilsiathis hot disk thermal analyser was used for

measurements in the-plane direction.

1.2.2.4. Available thermal conductivity data for PMCs and their reinforcements

The thermal properties of carbon fibregere not investigatedas thoroughly as their mechanical
propeties. The termal conductivity of carbon fibress usually backcalculated from

measurements made on PM@sng analytical or numerical models, as direct measurement of
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the effective thermal conductivity of PNM@& more straightforwardilling et al.[32] calculated
axial conductivities Ky, of diverse HTS and HMS fibres from measurements made on
unidirectional compositausing the ROM. Conductivities varied from less than 10 W/mK up to
300 W/mK over temperatas ranging from 8& to 270 K.The ransverse conductivifyKy, of

HTS fibres wasletermined ag.7 W/mK, 3.5W/mK and 10 W/mK at 18&, 225K and 270 K
respectively. Bigaud et dI33] predicted thermal conductivities for RAfibres asK, = 7 W/mK
andKy = 0.7 W/mK. Gowayed et a]60] calculatedthermal conductivity values df, = 6.69
W/mK andKz= 0.53 W/mK for Toho carbon fibres.

Theorthotropic nature afhethermalcondictivity of carbon fibres was investigatethmes et al

[36] reported &K;/Ky ratio of 60. Dasgupt@3l] predicted a ratio of 10 between the axial and
transverse aaductivity for T300 graphite fibres. Reported values wege= 8.40W/mK andKy

= 0.84 W/mK Al-Sulaiman et al[33] measureda transverse fibreonductivity of 1.9 W/mK

using photethermal microscopyAl-Sulaman et al [33,61-62] discused the backcalculation
methodfor calculating the thermal conductivity of carbon fibrasithors found that the accuracy

of predicting the thermal conductivity of fibres using a developed correlation improved with
decreasing fibre volume fraction. Nevertheless, the developed correlation was deemed valid for

industrial applications of PMCs.

Manu f a c t herneal doreductivity datdor carbon fibresexists butis very limited. It is
important to note that most manufacturers do not memntibetherthe provided conductivity
value is in the longitudinal or the transverse direction. A survey of cafiboe thermal

conductivities from literature and manufactsres summarized imable1.4 [63].
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Table1.4: Carbon fibre thermal condtivities from literature and manufactur¢és]

Fibre Kta (W/mK) K¢ (W/mK) Reference
AS 26 Loos and Springer (198&¢]
AS4 7.7 2.4 Johnston (1997%5]
AS4 6.8 Hexcel Corporation (2010p56]
CN80 320 11 Schuster, et al. (200857]
IM7 5.4 Hexcel Corporation (2010[§8]
IM10 6.1 Hexcel Corporation (2010[§9]
M35J 39 Toray Inc. (20104y0Q]
M40J 68.6 Toray Inc. (20104) 1]
M46J 84.5 Toray Inc. (20104)2]
M50J 97.9 Toray Inc. (2010dY 3]
M55J 155.6 Toray Inc. (20104dYy4]
M60J 151.8 Toray Inc. (2010f)75]
P-25 26-36 Cytec Industries Inc. (2003&p]
P-30 62 Cytec Industries Inc. (200307
T300 2.5 Guo, Du and Zhang, (20058]
T300 100 11 Schuster, et al. (200&)7]
T300 10.5 Toray Inc. (2010H)Y 9]
T300J 9.3 Toray Inc. (200980
T-300 5 Cytec Industries Inc. (20038/1]
T400H 10.5 Toray Inc. (200980
T650 14 5 Cytec Industries Inc. (2003@/1]
T700 100 11 Schuster, et a(2008[67]
T700S 9.4 Toray Inc. (2010183
T800H 35.1 Toray Inc. (2010]84]
T1000G 32 Toray Inc. (2010dB5]
YS80 320 11 Schuster, et al. (200&)7]

Pilling et al.[32] used the methodiescribed in sectioh.2.2.4for measuringlirectional thermal
conductivities ofunidirectional and bidirectional PMCdhe specimens were made of PAN
based Morganite HMS anHTS carbon fibres reinforced DX210/BF00 epoxy resin. For
transverse thermal conductivity measuremmedicomposite specimens were tested with 45.9%,
59.1 % and 71.9% Mwithin a temperature rangeom 175 K up to 270 K. Tioughaut this
temperature rangehe transverse thermal conductvibwer bounds were 0.457 W/mK, 0.506
W/mK and 0.746 W/mK. Upper bounds reached 0.607 W/mK, 0.747 W/mK and 1.133 W/mK,
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respectively. Axial conductivity of unidirectional HMS and HTS PMCs witk & 60.7% and
58.4% respectively, ranged from 9M/mK to 50.6 W/mK in HMS PMC specimens and from
1.55 W/mK to 9.33 W/mK for HTS PME with temperaturesarying from 90 K to 270 K.
Similar in-plane conductivities along the 0° direction were reported iftirdetional HMS and
HTS PMCs laid at [0°/90°] and [45°/45°] throughout the temperature range extending fiém 80
to 270 K. Finally, comparison of the results with scarce data fourtiediterature, using

extrapolation and taking into account differesizematerials, showed good concordance.

James et a[36] conducted axial and throughickness transverse conductivity measurements on
GY70 pitch fibre reinforced code 69 resin with %/50% over a temperatirange 0f183°C to
+100°C. A comparative thermal conductivity measurement syst@sused. The measurement
apparatuswvas essentially based on the guarded heat flow method with squeezing the PMC
specimen between two metallic slabs of known thermal covityctThe materials of known
thermal conductivitywere used for measuring the heat flow. Valuesaxiil and through
thickness conductivities; andKy, varied from 30W/mK to 120 W/mK, and from 1.2V/mK to

1.5 W/mK respectively.

Scott and Beck[86] presentedexperimental data forransverse thermatonductivity of
AS4/BADGEmMPDA prepreg composite. The effsodf emperature and stacking sequenese
studied. Two fibre orientations were used, namely urgtoreal [0°b4 and [0730%-30%60°-
60°90°),s For the unidirectional laminates, through thickness conductivitwé&nt from 0.72
W/mK to 0.95 W/mK over temperatures ranging from abodC3® about 133°C. For the quasi
isotropic laminates, Kwent from0.64 W/mK to 0.82 W/mK for temperatures ranging from
about 25°C to about 8CQ. Data satterwas very high at all but the highest temperaturi

should be noted that no information was provided for V

Gowayed[60] presented measurements for throttgltkness conductivityn plain weave and
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3D weavetextile epoxy composites. Resin sv&ibaGeigy Araldite epoxy HY 956with a
conductivity of 0.196 W/mK. Holometrix Matic 75 apparatus conform to ASTM C518
standird methodvas used for measurements. A3dirpweave graphite epoxy composites were
made with V¥ = 26.8%, 37.5%, A1%, 54.0% and 55.7%. Througfickness conductivity
varied between 0.28/mK and 0.45 W/mK from Y= 26.8% to V; = 55.%%.

Kalogiannakiset al. [87] published thermal conductivity and heat capacity measurements for
crossply laminates made of Hexcel (Fibredux 920T%5-42) reinforced epoxy. Tested
specimens were presented in terms of thicknedsageight. No reference was matibethe V; of

the PMCs. Modulated temperature differentialrstag calorimetry was applied fetudyng the
thermal conductivity and heatgacity variation over 3 phasdsefore, at and above the glass
transitiontemperatee. Thermal properties were presented for temperatures ranging 3G

to 125°C. The stage prior to glass transition, which is of interest in this thesis, was identified for
all PMC specimens results as a range betw&&iC and 77.7°C. Correspondingetmal
conductivities and heat capacity ranged from 0.530 W/mK up to 0.627 W/mKkr@nd).808

J/gK and 1.091 JK

Sweeting et al[88] developed an experimental methfod determiningthe inplane and though
thickness thermal conductivities of polymer composites based sinadystate methodThe
directional temperature gradiewes recorded using thermocouplesd resulk wereprocessed
numerically by an inverse approach to determine the directional theamdlictivity. Thermal
conductivities were provided for Hexcel 5 carborepoxy plain weave ppeeg laminates with
a fibre volume fraction of 49%¢ured in an autoclave for 2trsat 180°C under a pressure of
680 KPa. As shown ifrigure 1.14, conductivity varies linearly with temperaturandin-plane

conductivitiesare aboufour timeshigher than througthickness conductivities.
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Figurel.14: Thermal conductivityf F593 plain weave compositéd]

Robitaille and Hind89] presented iplane and througthickness thermal conductivity data for
PMC laminates nde from three typ of materialsHexcel AS4/35016, prepregT-300 carbon
fibres Hexcel F263 plain weave prepreg and Fabric Development 1152uqudisectional
carbonfabric infused with MF composites Mia 100/95 epoxy resire [Bfter materialconsists

in woven lowcrimp T-300 carbon yarns held with very low density glass yarns. Average V
valueswere 62%, 61% and 55% for the cited materials, respectively. Autoclave manufacturing
undercontrolled thickness using auglae and vacuum bagging was used for makamginates

from the Hexcel prepreg Laminates manufactured using the Fal@velopment 1152 woven
fabric were hand laiip then cured under a hot press. Different lamination sequences and
thicknesses were used for making the specimens. Measurement procedwvedfo8§TM
C111406 standardmethod In-plane and througthickness conductivities ranged from 0.36
W/mK to 7.33 W/mK and from 0.45V/mK to 0.81 W/mK, respectively. Results showed
orthotropy ratiosin line with literature, lowvariability, and an expected dereasein thermal

conductivity valuegor lower fibre volume fractiospecimens.
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1.2.2.5. Introduction to lamination theory for conduction

An analogy between thgoverning equations of titbermal andhe micromechanicaproblems
in orthotropic materialgan be stablished. The conductivity matrix of an orthotropic material is
given byEquation1.32

Voo Voo Vo
0 Uoho Voo Vaa 1.32

Vaw Voo Vag

The difference hbgveen thethermal and micromechanical problemmghat Poissod satio does
not have an equivalent in the thermal problem; the coupling between axial directions is not
present.Thus, the conductivity matriexpressed along the principal directidns a shgle ply

can be reduced @ diagonal matrix:

wa Tt Tt
0 T Uge T 1.33
Tt Tt 0¢¢(

Different numerical and analytical modetsan predict the axial and transversthermal
conductivitiesof unidirectional PMCsas seen in sectidh2.2.2 Once obtained, these valusn
be used in predictinthe effective thermal conductivity @ individual lamina positioned at an
angle d of t he=0,asingaquationt84 la3kandl.3d[42e. d

0 Y 0 "Y 1.34
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where

Qe i 4+ Q¢

Y i Q¢ o€ i 7 1.35
Tt m p
Hence, the matrix of conductivity of the single plpng an axis orientesta n angglven d i s
by:
O Qe 0 1 0 0 GEi —i @ —
Lee Tl 0V Wéi— 0 | Q& ™ 1.36

T T 0

where K& is the global directi onaadndglherdnadndad o

the fibre orientation relative to the reference axig, &#d K, are the single lamina thermal

conductivity in the 0° and 90° directions resipeely while Kz is its throughthicknessthermal
conductivity.

The classical lamination theory (CLTgquires that somassumptions be madeach plyis
assumed to showhe thermal behaviour of an orthotropic ahdmogeneous materiddonding
betweenamina isassumegberfect withinfinitesimally thinlayers[41]. Finally,the CLT is only

valid for thin laminates. The thermal conductivitiithe laminaten the reference directiome.d
= 0° K4 can be determined usingj&ation1.37.
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0 — B 0 WE+ O I Qe O 1.37

where 2h is the laminate total thickneNsis the number of piis,tii s t he pl y ijig hi ckn¢
the ply orientation with respect to the reference akjsand K are the irplane principal thermal

conductivities of the single ply respectively.

In particular,the thermal conductivi¢s of the laminate in the refence and ifplane transverse
orientations, namel, and K, becomeequal in the case of a symmetric balanced eross
directionallaminate Hence, equatiod.37 suggests that the thermal conductivity #oes not

unde go any change i n v ailfon@/90f laminates@ne canednadude on a |
that the condition of iplane thermal isotropy of symmetric balanced PMCs caadheved

using a 0/90° laminating sequence as opposed to mechanical isotropy whophres a

0°/60°/120° laminating sequence.

1.2.2.6. Infrared imaging temperature measurement

Infrared norcontact thermal sensors are classified as infrared radiation thermometers by the
ASTM [90]. The associatedneasuement techniquetermed hermography is achievedby
gauging the selémitted radiation in the IR portion of the electromagnetic spectrum from target
surfaces and convertinthem into electrical signals. These signals @hen processed for
convering theinformation into radiation measurements. Degivation of the StefdrBoltzmann

law, Equation 1.38 enabls the conversion of IR radiation measurements into temperature

measurement1,90]:

o -Y 1.38
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where E is the hedlux emitted by the surfa¢dsis the absolute temperatwéthe surface, is

the StefarBoltzmann constardand- is the surface emissivity.

A body at temperature greater than absolute zero emitscefeginetic radiation. Absolute zero
temperature corresponds to a state of lowest quantum energy for electrons, atoms and molecules.
No transitions to lower energy states are possieich would result in the emission of
electromagnetic radiatien[21]. Incident thermal IR radiation on a surface can be reflected,
transmitted or absorbed. Kirchhoff deentdiaw i nd

always equal to unitf21]:

U( ab s or p(teflestivity) ¥ tYtransmissivity) = 1 1.39

The quantity and distribution of radiation over the wavelength spectrum depend mainly on the
temperature of the body target surface and its emissivity. The latter charactdriaticeal
surface is generally a function of the wavelength and atety dependo a lesser extenon the
temperature of the objef®1]. Infrared detectors can sense IR radiation and produce electrical
signds that areproportional to the temperature of target surfaces. Instruments using IR detectors
and optics to gather and focus energy from the targets onto these detectors are capable of
measuring target surface spot temperatures with sensitivities dow@.1f€ and with
microsecondrange response timesBasic instruments are called point sensors or spot
radiometers. Instruments that combine this measurement capability with mechanisms for
scanning target surfasare called infrared thermaimiagers or infrad cameras. Thessan
produce thermal maps or thermograms whgygically, brightnes®r color hue of any spotno

the map is representative of surfaemperature at that point.

It must be noted thaemperatures referred to in tabove paragraphs aapparent temperatures,
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which correspond to actual temperatures only if the object of interest has an emesgiwilty

unity and atmospheric absorption is zero at the distance and within the wavelength range used.
Emissivity data maype found inreferene texts[21] or determined by calibratiovarying input
emissivity inan IR camera and comparing the results with direct thermocouple measurements.
The apparent temperaturesults from theaeflecion of backgound energy on the targeihe
reflection of backgrounenergyappears in the image and affects temperature measurements.
The apparent temperature depends not only on the emissivity of the object but also on the
temperature of the surrounding objects andcatmospheric absorptid82]. The effect could be
particularlystrongfor thetarges withlow emissivity, such as metals; when the camera is at a
relatively dstant position from the objef®3]. In theory the atmosphere itself can contribute to
radiation received by thiR cameraHowever, under most conditiottss effect is small and can

be ignored. The contribution froatmosphere radiatias only significantwhen working in the 3

pum - 5 umrange whereasnost commercial IRamera havea spectral ranggom 7.5 um to 13

um. Therebre, making measurements in dayligltesnot have any significant effect on the
results[91].

The4 most commonly stated advantages of thermography over contact measurement are that it is
nonintrusive, remote, much faster than conventional methods, and that it measures temperature at
the surface of the object of interest with relativelynon intrusion from the environment.
Furthermore, IR radiant energy travels from the target to the sensor at light speed, hence rapidly
changing temperatures can be monitored in real time. As well, when temperature must be
measured at many points on a &rgr there is a need to relocate these points, it is more practical

to reaim an IR sensor than to reposition a thermocouple or deploy a great number of
thermocouples. A thermogram of a target may be presented in terms of surface radiant energy
contrast,n which case it is called a qualitative thermogram. It is more often presented in terms
of apparent surface temperature distribution, in which case it is called a quantitative thermogram
[90].
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In this work, tlermal imaging was used for documenting heat trangierugh PMCsand
validating heat transfessimulations Hunyar et al. [53] used thermography along with
thermocouple measuremerfts compaing temperature disbution with simulations done on
PMC samples heated by millimetneaves.Results from thermograms showed gagteement
with simulations and thermocouple measuremeAtbzani and Corlay[54] carried out heat
conduction simulations through various PMCs and compared the thermal maps with
thermogramsPMC samplesplaced horizontallyywere subje@dto a concentrated heat source.
Two types ofheat sources were used, namalygas burner and a radiant heater. Maleri
properties, geometry, hefiix and distance were variddr each type of heat sourcéhe IR
camera used in the experiments recorded temperatfithe PMC sample surface as a function
of time. Numerical and experimental resutere deemed in agreemt to various degreeof
accuracy depending on titygpe of heater, itsntensity, itsdistance from théMC sample, the
assumptions madabout convection heat transfer in the vicinity of the sample and the
approximation of the samples emissivi§imulations were found to be limited to a range of
distances from 62nm to 440 mm and heat flux up to 200 Wior the gas flameandto a
maximum temperature of 600 for the radiant heater.

1.3. Previous work done at the University of Ottawa
1.3.1. Carbon fibre composite boling optimization for heat transfer using CFD modeling

An out-of-autoclave heat conduction based process forufiaaturing composites from prepreg

was presentedlhe processnamed integrally heated conductive tagli(IHCT) was developed

by the NationalResearch Council (NRC),ns$titute of AerospaceResearch (IAR) as an
alternative tothe costy current industry standard autoclave moulding procesBes process

model is portrayedn Figure1.15. Robust parametafesign, namelyhe Taguchi method, was
usedfor analysingresults from CFD modelling. Seventeen input parameters were considered.
They included nine geometrical, five thermal and one process parameter. The Taguchi simulation
plan was generated using Desiase 7.0.3oftwarepackage. 3terationswere identifiedas
requiredfor studyng the processThe autput parameters deemed to be the most significant to
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optimize the process input parameters were the heating and cooling times, the temperature
difference throughout the domain, temperature difference at the tooling and part interface and

temperature difference through the thickness of the part.

Copper
Tooling
© A Part
O
B
O
& C
D

Figurel.15: Sketch of the oubf-autoclave simulation model

32 iteratiors following the Taguchi simulation plan wer®me on the model shown Figure
1.15. Factored effect analysis using Pareto charts and normal,dedrte the identification of
the main input paramets whose effect istrongesbn the variation of the output stated earlier.
These parameters are, by order of importdndbe cure temperatur@) heater power rating and
3) interaction between the overall width and silicone thickness. These wereirectaghaving
the largesteffect on he heating time of the assemblyhaveasl) the convection coefficient and
2) cure temperature were identified to maindyive cooling times. Maximum temperature
difference values were proven to be governed mainh\l)othe heater adhesive thickne&s,
heater power rating3) ambient air temperature amd) cure temperature. Regarding the
maximum temperature difference between mohtand D, many parameters were considered to
have a considerable effect on the resuiteese parameteese, by order of prominencé) part
thickness,2) ambient air temperaturg) heater power rating4) cure temperature;) heater
adhesive thickness, 6verall width, 7) overall length and 8nteraction between the overall
length and cpper thickness. Finally, regarding the temperature difference bepog@isA and

C, the study revealed that only two input paramdtagprominent effect on the results, namely
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1) part thickness and) ambient air temperature.

To validate the temperat variation trends over time, Houde conducted experimental mals
the setup portrayed iRigure 1.16. Quditative agreement waseacheddespite adifference in
heating ramp rate. The heating power was egplonstantly in the simulation, lile in
experimentconductecat NRCthe heating power was controlled using a predefined temperature

ramp.

— Heater

—Copper

—Silicone
0.67
I ¢ 1 1

f 1~ 0.5

Figurel.16. Scheméc of the experimental modeinimn)

Results aimedat studying theeffect of adhesive thickness on the thermal behaviour of the
assembly confirmed its significance as an influential input parameter. Nevertheless, results were
inconclusive on themutual effect ofpower and part thickness on temperatureiatian.

Temperature maps generated from the simulations were validated qualitatively using liquid

47



crystal sheets. Eventually, Houde concluded that the experimental ditudpt enable robust

validationof the CFD modeleven though resulishowedgood quétative agreement.

1.3.2. Using PlackettBurman and Taguchi experimental designs to determinsignificant
factors for the repair of thick section composite wing skins with aluminum

substructure

Hind carried out a thermal study of the patch repair area of a RM&Xighterwing. The results

and conclusions of the work are applicable to all structures composed of thick section composite
laminates with underlying metallic substructuvarious geometric and processated variables

were modified for each experimil trial. In order to study this problem, Taguchi statistical
methods and PlackeBurman experimental designs were uded reducingthe number of
experimental trials to 16 and were coupled with analytical twolseparatingesponse signals

from expeimental noise.

NRCo6s | HCT mofarddatingthe sictitious espair area. A heat transfer tile (HTT)
was usedor supplyinga uniform heat flux into the PMC structyrgigure 1.17. A HTT is
comprised of acopper sheet with strategically placed Mif€avire wound strip heaters (10
WI/in?) and thermocoupleExperiments were done for 16 different locations and 8 different
factors. The latter were spar under repair area, rib under repair area, distance bpawgen
distance between b skin thickness, time at sqake presence of a HTT gasketing material and

the presence of RoxUl blankets inserted between spars and ribs.
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Control Thermocouple

Heater Thermocouple

Wire Wound Strip Heater (10W/in®)

Copper Sheet (0.0207)

Silicone Sheet {(0.060" or none)

CFRP Wing Skin (0.327)

Manitor Thermocouple

Aluminum Substructure

Figurel.17: HTT setup components

Each experimental trial was run twice to gather @a@separate noise from signal. A constant
temperature ramp rate of°€/min from room temperature to 177°C was applied to the heating
process while imposing a maximum heater temperature of 220°C egtiaditime was varied to

either 30 or 60 minutes. Skin thickness was varied by vacuuming an AS4B3%0hon epoxy
laminate of 0.120" thickness on the wingccessories and local geometric features were
considereds thecauseof experimental noise. THdTT was moved to different locations on the

wing skin with different underlying structural detail& responses were measured in
experimental trialsThese responses are the maximum temperature measured under and on the
edge of the HTT, the difference be&t@n the maximum temperatures, the maximum temperature
measured by the average of control thermocouples and the difference between the latter value
and the average of aluminum monitoring thermocoupldimately, it is important to note that

all contrastavere based on temperatures taken at steady state.

The analysis of the most significant contrasts for every response typermahthe expected

behaviour otheat transfer in the composite wing with different underlying structural details. The
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aluminum sprs and ribs have the same effect on heat transfer by acting as a heat sink. This heat
loss was validated by negative contrasts. The insuldi@nkets significantly reducepassive
convection; therefore higher temperatures were recorded if the insulatgom place. The HTT
gasketing material added a higltermalresistance compared no silicone sheet placed between
theHTT and the wing skin. Finallthe thicker wing skin was more resistant to heat transfer. This
result was expected since the compositegvgkin has a low conductivity and therefore the heat
could not dissipate as quicktiirough itasthroughthe thinner wing skin. Another goal of this

study was to monitor maximum temperatumethe aluminum structure. It was shown tlaat
safetylimited temperature of 120°C was not exceededhe trials conducted. Nevertheless,

Hind recommended more trials to be perforfrtecensure that the aluminum substructure would

not be adversely affected during a 177°C cure.

1.3.3. Modeling heat transfer through complex shapes using computational fluid dynamics

This study focused on modelling heat conduction in the structure of aircraft fighter wings during
their repair processndon the effect of the wing structure geonyetm heat flow.The intention

was to further develop the work of Hind who tested the same structure experimentally.
Furthermore, another objective of this work was to model more complex geometries using

FLUENT tofurther develogsimulations done by Houde.

Six different geometries were uséor modeling various aluminum substructures under the
composite skin patch repair areas. These were a C channel, a C channel with ribs, an | beam, an |
beam with ribs, an | beam with flanges, and an | beam with both ribs and flanges. The
temperature was monitored 6 different points on each mod€lhoice of the location gboints

was done so thatachtemperature distributiowould be thoroughly assessed and compared
against each other for the different geometries. An additional temperature monitoring location
was added between the composite and the aluminum structure to reveal any variations of the

composite plate temperature relative to the aluminum beam temperature.
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For each geometry created, heat transfer was modeled under 7 different thermal conditions. The
conditions involved chamgg the convection coefficienadhesivehickness, and conductivity of

the composite2 values were used for each paramdterat flow through different geometries

was investigated by modeling these getmes in solid modeller &idworks then conveirig

them into meshes using ppeocessor GAMBIT. The meshed geometries were then exported to

FLUENT to simulate the surface temperature distribution arel/ghition intime.

Comparison of the evolution of heat distribution witimei for the different geometries at the
different monitoring locatins showed the importance iofplane heat conduction. Geometries
with larger surface areas experiencedrap in temperatured.arger surface led to more air
being in contact with the mends, and thereforeto quicker and more effective convection
cooling. Results revealed thatlarger mass of material led to lond¢ating times for the same
heat flux being imposed. The effect of taking off the ribs from the geometry redoogatt
areasbetween the compadsi plate and aluminum structurbgtefore the heat transferred to the
aluminum structure decreaseeading to lower temperaturesall locations except for those in
direct contact with both the aluminum structure and composite @artthe other hand, flanges
were found noto change relative temperatures between monitoring locatimrisnstead they
lowered temperatuseoverthe entire systemlhey werealsofound to cool the aluminum more
efficiently than the ribs. Both ribs andahges combined obviously optimized cooling and
contributed toachievinglower temperatures ithe aluminumstructure. Comparison of heat
transfer in all geometries showed that adding ribs to the C channel did noarhaftect as
significant effect as itlid on the other geometries. This compariséso showed that flanges

produced more effective cooling than ribs.

1.3.4. Optimization of heat transfer in carbon fibre epoxy composite tooling

Maksoud conducted an optimization study of the IH@IE, outof-autoclave conductiorbased
process for maufacturing composites from prepreggentioned in sectiori.3.1 The IHCT
model constedof a composite plate bonded to a copper layer heated by an electricaldseater
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shownin Figure1.18.

Thermocouple #1 S Te
Thermocouple #2 m Copper Plate 0 —|

LY ~Ollf !
1 1 1
1 | "

- Thermocouple #3 1 i

276 Thermocouple #4
Composite Plate

Figurel.18: Schematic of théHCT model(mm)

To investigate the effect of orientation of the plate and copper matertak IHCT model,
Maksoud recorded heating and cooling temperature cycles on a copper plate heated by a
rectangular electrical heater. The assembly was positionkdifferent orientations as portrayed

in Figure 1.19. Temperature readings were done using 4 thermocolgdated as shown in

Figure 1.18. The effect ofplate orientationandrelative orientation of théeateron the feating

and cooling cyclewas deemed to heegligible Relative orientation of the heater did not have a
significant effect on the free convection coefficidnt.addition, the author also concluded that

the througkthickness temperature gradient in the copper plate was negligibésteady stat is
reached.

52



Orientation #1 Orientation #3

Heating Element Copper Plate
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— lf \ | |
Copper Plate Heating Flement
Top View Side View Top View Side View
Orientation #2 Orientation 74
/_\C;Ol)l)el' Plate Copper Plate
r———™1
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Heating Element- Heating Element
Top View Side View Top View Side View

Figurel1.19: Orientations of the copper plate

To determine convection coefficients on the heater and plate, a seRe&JBNT simulations

was done. Modellingransient heat transfer usidgferent convection coefficients, then trying to
match heating and cooling cycles with experimentah davealed values of 5 W/mK and 10
W/mK for the convection coefficients of the heater and the copper plate, respectively. Three
simulations using thredifferent bonding tape thicknesses were carried out. The outcome of
these simulations showed marginal effect of tape thickness on the temperature distribution.
Heater conductivity influence on heat transfer wagstigatedy carrying out three simulatien

with 3 conductivity values, namely M/mK, 387.6W/mK and 1000W/mK. It was shown that

the variation othermal conductivity of the heating element had almost no effect on the overall

heat conduction process in the assembly.

The author investigated thefluence of key parameters on heat conduction in the assembly and
consequently, the surface temperature distribution in the different components of the IHCT
model. In the experimental section, comments were made to confirm the expected advantage of
bondng a copper layer to the composite pl&te reducingthe temperatre gradient in the

composite.However, the slow response of the temperature recorded at the surface of the

53



composite compared to the throutitickness copper surface temperature was notidedike

the copper plate assembly, temperature variations in the IHCT assembly showed dependence to
the orientation. Surprisingly, composite surface temperatures in the vertical orientations showed
higher values than in the horizontatientations Using CFD modelling, variation of the
thickness of the silicone bonding layer that separates the copper and the composite plates was
deemed to have a negligible effect on temperature variations in heating and cooling cycles.
Simulation cases using different thghthickness conductivitigsnamely 0.74 W/mK, 1.0

W/mK and 1.25 W/rK for the composite plate led to the conclusion that the thrtligkness
conductivity has little effect on the temperature of the composite. Eventually, CFD models used

in the study wer considered valid and ablerepresenthe physical probleraccurately

1.3.5. Simulation and experimental measurement of heat transfer through composite

laminates with integrated copper sheets

Brillantds study was f oc us e duraton aininga enbgnding mi z at
its conductive performanc&he IHCT model described in the previous section was nahnesd

transfer tile(HTT) in this thesis. The integration of copper sheets into the PMC péaidfor
makingthe IHCT and their effect onelat transfer was investigated. Various design parameters
were explored, namely the location of copper sheets, quantity of copper sheets and cooling
method. The effect of each parameter on heat conduction was studied experimentally and
numerically using FLENT. The HTT model consigtd of PMC componerg of various
thicknesses and 0.533 mm thick copper sheets bonded using-eutadé silicone adhesive.

PMC componerg were made fromnidirectional or woven prepre®ifferent configurations of

copper shegblacement between the PMC shells were considered and up to 3 copper sheets per
configuration were integrated in the tool. Heat supply was provided by a 254264 cm,

50W electrical heater during a 90 minute period or until a maximum temperature of @167€

heater was reached. The heater was affixed on the back face. A total of eight thermocouples were
used for the experimental study. Temperatures of the heating element, ambient air and the front
and back face of the tool were monitored. Q420 VNRQrobsoftware developed by Hirat

NRC-IAR was used for temperature monitoring. The assembly was maintained in place and
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close together by applying vacuum and weight. Insulation was atlied top and the bottom
of the assemblyin the analysis of theesults, the natural convection of air in the vicinitytiod
tooling was neglected andmstant heating was usetb facilitate direct comparisons with

numerical results.

First trials were done using the same quantity of copper sheets, heating elemehé&atng

power. The variation in the location of the copper sheets was deemed to have a negligible effect
on the magnitude as well as on the uniformity of temperatures at the tool face. This was
explained by the fact that the uniformity of the tempeestuwas mainly governed by the high
conductivity of the copper sheets in the lateral direction. On the contrary, the location of the
copper sheets influenced the temperature of the heater. The temperature at the heater surface was
decreasedirastically whercopper sheets were located closer to the heating element. According

to the author, this was caused by the mismatch in heat capacities and dimensions between the
copper sheets and heater. Thus, a relatively small increase in the heat transferred fo the too
engendered a considerable decreaskeatertemperature. On the other hand, variatiorthef

volume of copper within the tool had a clear effect on the magnitude of temperatures at the tool
face at a given timeJsing more copper layers caused the idtrotion of an additional heat
resistance into the assembly as well as an increase in the overall heat capacity of the assembly. In
the case where the quantity of copper sheets was decreased, temperatures at the tool face were
less uniform. Concerning théfect of the cooling method, natural convection and an adjustable

cold air gun were useir cooling down the setip. The cooling method did not affect the heat
transfer behaviour of the tool. The replacement of multiple thin copper sheethibk ane dd

not have considerable effects on the tool face temperatures. In contrast, the addition of a heating
element increaskthe overall temperature by 0. The author concluded th#te uniformity of

temperature distributiowas increased owing to the preserf the copper sheet

Numerical simulations showed that the location and quantity of copper sheets had a direct effect

on temperatures at the control surfacel at the tool faceas opposed t@bservations from
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experimental data. A constant heatie was adopted for the CFD model for simplicity and the
control of the heater was accomplished using the feedback signal from a control thermocouple on
the back face. Comparison of experimental and numerical temperature profiles revealed that the
CFD mo coevkction coefficient should be around 2.5 MKmA layer of silicone was
applied to each compositepper interface A series of CFD analyses were conducted for
various thicknesses. The results showed that the heater temperature increased as tke resistan
thickness increase But since the effects of variation of the convection coefficient and resistance
thickness are different, the combination of convection coefficient and resistance thickness
mergedinto one parameter was studied. A convection coefficiof 2.88 W/ifK and a
resistance thickness of 89:8%° m were foundo satisfythe boundary conditions of the CFD

model.

The CFD model was able to mimic the experimental problem. Temperatures at the tool face were
modeled accurately with a maximumffdrence in temperature of 2.5°C while heater
temperatures were ovestimated by 6°C. The simulations confirmed conclusions made from the
experimental study. In fact, it was shown thddwer the proportion of copper within the sg1

lead to ahigher tenperature at the heatavhilst alarger volumdead tolower the temperatures

at the tool face.

In a second phase of the numerical sfuatyd tosupplythe desired heattevalue for a given
iteration, a user defined function (UDF) was writteith the objective of keeping temperatures

within +2°C of the target temperatuas shown irFigure1.20.
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Figurel1.20: Temperature profilemposedby the UDF

A feedback thermocouple weplaced on the top surface of the tool close to the heater. The
control algorithm was adjusted to produce the proper temperatures at the tool face. The target
control temperature was set to a ramp of KO&in for 75 min, a constant temperature of 381K

for 240 min and a ramp e1.08 K/min for another 75 min. The CFD model was deemed to be
valid. Conclusions were made on the slow cooling rate, done by natural convection, for the
desired decreasing temperature ramp. Therefore, a controlled external feowceling was
recommended to keep theolingrate within the margins of the UDF.

1.3.6. Geometric modeling and heat transfer simulations for the reverse engineering of an

aerospace carbon / epoxy back seat tool

Following on the objective of Brillant and Maksud El Karafi investigated the heat transfer
process in the IHCT, referred as HTT. An existing PMC seat back tool was reverse engineered.
The 3D model coordinates data were acquired using a contactgecohaected to MicroScribe

G2 portable coordinate easuring machine (CMM). The 3D modehs then generated using
RHINOCEROS software package and transferred to FLUENT. Static and transient heat transfer

simulations were conducted on the model. A model consisted on a 1mm thidkeformed
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copper sheet maled onto the back facof the PMCQtool using a heaturable silicone adhesive.
The PMC tool measure&&81 mmx 546 mmand is63 mmthick. The assembly was positioned in
a vertical orientation and five horizontal heaters were affixed to the copper shHeenvatjual
spacing of 101.6nm. The top heater lengtlas304.8mm and the remaining four measdiE81
mm, Figurel.21.

Figure1.21: Experimental setup of the sdzck tool with five heaters

Materi al properties were the same as in Houde
Maksoud simulationsValidation of the modelasconductedhrough heat transfer simulations

in FLUENT, in both static and transiemodes. Heaters were assigned a volumetric heat flux as

in experimental trials. For the single heater model the volumetric heat flux was 3830, kW/m
whereas it was 3860 kWior the five heaters arrangement modéiethickness of the silicone

layer wad0.25mm in simulation models where the silicone bonding was taken into account.
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Preliminay simulations involved a steadyate heat transfer simulations in the tool using only

one heater. For comparison purposes, the material was first assumed topécisbhe model
incorporated the effect of natural convection, heat generation in the heaters and conduction
through the model. Then the silicolayer was considered. The temperature distribution was
slightly different. The silicone layer was consiel@rto act as an additional thermal resistance at

the interface The temperature gradient through the tool at the heater location was increased by
6°C. At a later stage, simulations were done taking into account the orthotropic nature of
composites. The f&fct of this property on heat trapsfwas noticed across the moulthe PMC

shell inner temperatures were decreased and a 50°C temperature difference was reported through
the thickness of the assemblemperatures were observed to be more uniform anteab

concentrations were observed between the heaters and copper sheet.

In the transient analysis stage, the temperature of the assembly was initialized to 300K and the
temperature distributions were plotted after 45 minutes. The results were comptarédals
conductedat NRC-IAR. PMC tool temperatures were controlled by a closed loop temperature
controller. The overall temperature was about §2f€ached after 20 minutes of heating.
However, the CFD modelid notmatch experimental resulfBhe mestwas consideredotto be
sufficiently refined to give reliable results. Uncertainties introduced by reverse engineering,
shortage of detailsabout the generated geometry were considered to be important and
contributel to overall errors.

1.3.7. Predicting and measuring thermal conductivity in carbon/epoxy unidirectional tape

and textile reinforced composites

Hind presentedexperimentalconductivity data for AS4 fibre unidirectional tape prepreg
composites,and for T300 fibre unidirectional newoven and plain weav textile reinforced
composites. Lamination sequences of the samples includeg [0°790°}, [0°/90°/0°},
[0°/60°/-60°], and [0°/+45°/45°/90°].. Table 1.5 details the specifications of the manufactured

composie plates Composite samples 1 and 2 were manufactured using autoclave curing whilst
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samples of material 3 were made by hand layup.

Table1.5: Specifications of the manufactured PMEsnd [10Q

Material 1 2 3
HexPly F263 Tape weave
Designation AS4/35016 - O
g WwsaT2824 2-0 Fabric style 1152
F263
Manufacturer Hexcel Hexcel Fabric Development
Form UD prepreg Woven prepreg UD dry fibre
Weave style N/A Plain weave UD weave
Fibre AS4 T300 T300
Surface
density (g/M) 150 194 366.7
Roll width 107 107 75
(cm)
Cured ply
thickness 0.25 0.18 0.37
(mm)
Fibre volume 0.62 0.61 0.55
fraction
Manufacturing Autoclave Autoclave Hand layup
method

The experimental phase of the thesis condistedirectional conductivity measurements using
THASYS and THISYS thermal conductivity measurement devices from Hukseflux (Delft,
Net herl ands) . The devicesbd test met hods wer e
for measuringhe througkthicknessconductivity while THISYS was usédr measuringhe in

plane conductivity of flat specimens. Fourteen PMC panels were manufactured from the three
polymer composite materials. Variability was quantified in all cabésasurementata are
summarized iMable1.6. Throughthickness transmission ultrasoniscans of panels 1, 2 and 4
through 9 were carried out.-§&an images revealed suitable levels of quality for all panels with

no discontinuities noticed.
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Tablel1.6: Summary of the experimental dakéind [10Q

@ = Standard THYSIS THASYS Directional THYSIS
© £ Form Layup sequence
& = Ke0° Kk, 90° kus45°  k, keO°  k,90°  Kgs45°
11 ubD 0 3.16 3.10 294 0.73 6.4 0.7 2.74
Prepreg  L0)e £003 £0.15 4005 006  +030 +0.08  +0.03
- uD ] 3.15 3.37  3.33 0.81 7.33 0.85 3.25
Prepreg ® #0.07 +0.01 +0.02 +0.04 +0.35  +0.11  +0.12
uD 2.90 3.06 3 0.74 3.87 3.73 3.89
3 1 0/90/0/90
Prepreg [ } +0.01 +0.03 +0.10 +0.02 +0.02  +0.06  +0.02
uD 3.18 322  3.13 0.74 4.72 2.79 3.52
4 1 0/90/0
Prepreg [ b +0.03 +0.01 +0.01 +0.01 +0.09 +0.09  +0.06
uD 3.16 312  3.03 0.74 35 3.57 3.59
5 1 0/45/-45/90
Prepreg [ b +0.03 +0.03 +0.05 002 +0.12  +0.05  +0.06
uD 3.03 3.05  3.09 0.71 5.43 1.7 3.51
1 A
6 Prepreg [0/30+301, +0.02 +0.01 +0.08 +0.01 +0.02  +0.14  +0.01
2.6 257 251 0.62 2.97 2.97 2.96
7 2 Woven 000),
Prepreg +0.07 +0.03 +0.04 +0.01 +0.04  +0.04  +0.06
Woven 2.56 255 258 0.6 3.04 2.9 2.9
8 2 0/90 R
Prepeg [(0/90)e +0.04 +0.02 +0.02 OO0. 0 +0.02 +0.05 +0.19
o o Woven [(0/90)/(45/45)  2.42 242 237 0.58 2.81 2.79 2.74
Prepreg /(45/45)/(0/90)] +0.03 +0.04 +0.03  +0.01 +0.08  +0.02  +0.04
uD 2.04 0.45 4.77
1 . N
O 3 Woven [0l 00 . ( O00. 0 +0.13
uD 2.05 0.46 4.95 0.36 1.68
11 3 [0]6 N . :
Woven +0.02 O00. 0 007 O0.C 0O0.C
uD 2.27 0.45 2.62 2.72 3.04
12 3 0/90 N
Woven [0/90k +0.01 O0. 0 +0.02 +0.21  +0.14
uD 2.43 0.52 3.53 2.03 277
13 3 0/90/0 . N
Woven [ b 00 . ( O00. 0 +0.01 +0.03 +0.02
uD 2.42 0.51 2.59 2.81 2.78
14 3 0/60/-60 N
Woven [ k +0.01 O0. 0 +0.13 +0.03 +0.01

Measurement direction is indicated by the angle along which each specimen was cut from the
panel. THISYS and THASYS implare specimen dimensions were #im x 110 mm and
directional THISYS specimens were 2#8n x 110 mm. Eighteen specimens were cut with a
diamond saw from panels 1 through 9. These included three bulk THISYS and THASYS

specimens in each of the three directidata pesented imMablel.6 are averageof a minimum
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of three measurements and a maximum of 12 measureni@iffexences in reinforcement
architecture and variatignin material microstructures are highlighted tingb micrographs of
samplecrosssectiors. The results confirmed that THISYS was capableqoéntifying the
directional conductivity of composite materials. Experimental conductivity data showed
variability ranging from less than 1% to more than 10%plame and througihickness

transverse thermal conductivity values varied significantly depending on reinforcement type.

Predicting values of the directional -plane and througthickness transverse thermal
conductivity of composite materials was the setcobjective of this thesis. CLT and models of

the thermal conductivity applicable to homogeneous composites found in the literature were used
in determining the thermal conductivity of tape prepreg laminates and impregnated textile
fabrics. Simulations ofeat transfer were done on unit cells of texbdsed composites.
Numerical models were developed to quantify the effect of changes in reinforcement architecture
or local geometry on directional thermal conductivities. For this purpose, a code was elévelop
for steady state finite element simulations conducted forcnomped and crimped woven textile
reinforced composites.

Results generated for radial thermal conductivity adtAS4 fibres produced by Hexcel used
experimental data obtained earlier e wvork, combined with the rule of mixtures by volume
(ROMv) and Cl aytonos nHndeelemehtonodelsdf texgile empodite br e s
unit cells were developed as a predictive tool for the directional thermal conductivity as a
function of the geometry of the reinforcement and constituent properties. Unidirectional
modelling efforts focused on a thrdemensional messcale composite unit cell model which
consisted of two layers of parallel norimp yarrs embedded in an epoxy matriA
convegence study was carried out to assess the disdretiserror associated with theesh

density and geometry of the unit cell. To optimiz@mputational resources a ¥ of a yarn
crossover was modeled instead of the full crossover or multiple crossoveelsiVariatiors

of V; andreinforcement geometityada significanteffect on k values. Simulations done on the
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nontwoven unidirectional and crogdy unit cell revealed that;kloes not vary significantly upon
change of reinforcement geometry or lamimatsequence Isa&d on the minimal variability.
Lamination sequence was deemed to have an important effect on axial conductivity-for non
woven reinforcements. Newoven models simulated, kalues ranged from 0.48/mK to 0.52
W/mK compared to the averagepeximental value of 0.48 W/mK. Yarn gap geometry had a
major effect on the Xpredictions. It is important to note that the yarn gap geometry was
deliberately simplified to ratce bad mesh surfaces. The fweoven numerical conductivity
values for unidirecdnal laminates ranged from 5.28/mK to 5.38 W/mK along the direction of
the yarns and 0.4W/mK to 0.50W/mK across the yarns, compared to 4\86mK and 0.36
W/mK obtained from the experimental trials, respectively. Thewowven numerical value for
theaxial conductivity for a crosply laminate was 3.25 W/mK whereas an avemrqgeerimental
value of 2.79 W/rK was obtained.

Material 2 was modelled using woven unit cell models with reinforcement geometric parameters
obtained from experimental measurensenbtained from the micrographs of the specimens.
More accurate models were developed by cutting the upper and lower facesyarmid/oven

unit cell simulations showed that these models were the most accurate to prbdiciniplane
conductivities wee not obtained using these cut models. Theaquinmodelsdemonstratedhe

effect of the number of plieslegree of nestingnd lamination sequence on #r axial and
transverse conductivity values. Woven unit cell models gawalkes of 0.32//mK to 0.49

W/mK whilst the average of experimahmeasurements was 0.60 W/nBenerated models for
woven textiles were not able to predict accurate directional thermal conductivity values for high
Vi materials. Micrographs of materials 2 and 3 exhib#adiregular, intricate geometry which

requiresbetter geometrimmodeling capabilities

The author stated that the highdf the woven composite along with the high yarn fibre volume
fraction are limiting factors for a better accuracy of the generic modéhdéowoven composite
unit cell. Thisresults fromthe limits of the analytical model to mimic yarn paths through simple
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mathematical functions and regular crgsstion shapes. This brought up theidate nesting in
real unit cellswhich causes local thmal conductivity variability. Eventually, it was suggested
that simplified predictive models could be uséal predicing the directional thermal

conductivities of PMC studyng more complex textile reinforcement structures.
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Chapter 2. Experimental work

2.1. Resn transfer moulding manufacturing of PMC components

This section presents the materials and performing technique foisedanufactuing PMC
components for this research work. These were carefully chosen to replicate airframe industry
practices as closelas possible. The manufacturing process for PMC components is also
presented. Throughout the manufacturing operations, much effort was put towards minimizing
the manufacturing cost and time, as well as towards mitigatifgyoicess and pogirocess
issues.Safety issues were also taken into account. The chosen methodology ensured that the
PMC components made-house were comparable, as realistically as possible, to PMC airframe

industry practice.

2.1.1. Manufacturing materials
2.1.1.1. Preforming process

This section presnts the preforming proceasedin this thesifor making2D stitchedpreforms.
Five carbonpreforns were maddor manufacturingPMC componets using the RTM process
as well as one fibreglass preform. Carbon fitmeforms featured8 layers of carbonlire tows;
estimated V for the manudctured PMC components was Q.9hefibreglass preforntounted
only 6 layersfor an estimate@ V; of 0.63.0wing to thedesign of the mould anlnit on the
mould cavity thickness, only one:Was studied since addingtoo many layerdead tothe
problens with mould closure whildess layers caudean under packethould cavity leading to

preform buckling during injectian

TenaxJ HTS carbon fibre fronfohoTenax America, Inc (Rockwood, TN, USA) was used
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manufactiring dry carbon fibrepreforms. Fibresvere manufactured from PAN precursor and
had polyurethane based sizindheir relevant characteristics are shownrable 2.1, detailed
specifications are presented in Appendix Phe fibres came in untwistedflat fibre tows
containng 12000 carbon fibre filamentsSpools of théeloho-Tenax carbon fibre usédr making
compositecomponents in this thesis appear Figure 2.1. Owing to the flat ribbonlike
arrangement of carbon tows, the fibresd someability to spread on a given surface and to be
laid down along selected orientations as required for makihg NCF preform. These
characteristicxontributed toproducingdry preforms with minorinter-yarn gaps.The linear
density of the tows given ifiable 2.1 was verified by measuring then averaging the mass of 6
tow samples, each 10 dmlength. The measured linear density was 805.5 Tex with a standard

deviation of 0.47 Tex.

Table 2.1: Relevant characteristics ®bho-Tenax Tenaxd HTScarbon fibre tows

Property Unit Value
Carbon fibre diametgrl04-109 em 7
Size level[ 105 % 1.3
Linear density 105 Tex 810
Density[105] glcc 1.76
Axial thermal conductiity [104] W/m K 10
Specific heat capacifj104] J/IKg K 710
Coefficient of thermal expansidi04] 109K -0.1
Nominaltow width mm 4
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Figure2.1: TohoTenax TenaxJHTS carbon fibre spools

Bi-axial dry preforms were made using the setup showfiganre2.2. A clear acrylic loard was
CNC-machined to hospins with 4 mmcentreto-centrespacing in a 4cm x 4 cm squared
pattern An aluminumframe was laid dowaround the pifboard. The framehaving roughly the
same dimensions as tpi set mounted on thgin-board served at dater stageas a clamgo

hold the carbon fibre tows in place.

Figure2.2: Pinrboard and lower frame
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Carbon fibre tows were unrolled from tepook and cut intsegments of approximate80 cm

in length Next, hey werdaid downmanually in between the pins. Great care taienin doing
this operation to reduceand remove any tow waviness presentthe spook by manually
applyingtension on the tows before placing theetween the pinslhe operationdid introduce
somedefects in brile carbon fibre tows as theytgoaught in pin head80 fibre tows were laid
down next to each othéor coveringa full layer. Then this was repeated for a total of 18 times,
for a final ply sequencg0°/90°/0°/90°/0°/90°/0°/90°/0°]s. Making a single ply took roughly 1

hour.
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Figure2.3: Carbon towday down (left) andnanualpreformcompaction right)

Each one ofhe stratified 18 carbon fibre plieavere compactedhantally using a clear acrylic
(PMMA) platen The platen shown inFigure 2.3, featuring3.5 cmx 3.5 cmx 2 cm acrylic
blocks glued on. These penetrated between the pinsapply pressure omhe carbonplies
resultig from gravity only. Compaction reducedhe overall thickness and out-of-plane
wavinessHavingfibre tows as flat andspread ougas possible improved surface coveragagde
thelay down ofsubsequent layeesasier, as well as the eventual stitching ofdbmplete stack
Good surface coverage kepe surface density of the final dry preforronstantOnce allplies

were laid down as scheduled, thegre clamped by fastening a secoaldminumframe to the
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first one shownin Figure 2.2, as shownin Figure 2.4. Clamping the plis stackaimed at
providing a mechanical bontbr enabling handling and decing tow warpage during the

stitching stage.

Figure2.4: Clamped prefornstill in the pinboard

The next step was to puwlutthe clampedtack of pliefrom the pirboard. This was done with
great carascarbon towsnight beretained andlamagedhroughgetting caughin the pns. This
problem might causawhole assembly atarbon tows to split andhear irplane as well asut
of-the-plane.Suchshear caused some tows to slide out from the clamping frame longitudinally
and transverselyWhen such slippage was mindoose tove wererepositionedmanually by

partially unscrewing the clamping frame and stretching the tows.
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Figure2.5: Clamped preforngleft) andzoomin on some loose fibre§ight)

Assembly of2D dry preforns was donethrough stitching. Stitching providedmechanical
bonding between the towsenabling subsequentpreforming operations A commercially
available lockstitch sewing machine was modified tccammodate th@ature and dimensions
of the materials to bstitched Figure 2.6. A variable transformer(VARIAC) was usedfor
regulatingthe feed voltage of the sewing machin®ltage and timing wereset so that by
pressing the pedal only once, theedle traveled a congike stroke down to penetrate the
preform and create the stitch knandthen back tats initial position. A direction guide was
fixed to the sewing machinefor ensuring stitchingalong a straight lineover the clamped
preform This allowed for ha&ing staight path seams withonstant interspacing-eed dogs
initially present orthe machinavere removed for protecting the fibres thesean be damaged
by getting stuck in theteeth.Commercially available 100% polyesighite thread was used for
stitching the preformsThe samethread was used for threeedle and bobbirBeam interspacing
was set tabout4 cm for the PM(latepreforms and about 1.5 cm fahe PMCdemonstrator

partpreform.
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Polvester
thread spool

Figure2.6: Sewing of a dry preform

The stitching proces®r a single seanstarted by positioning the direction guided clamped
preformadjacently s@sto have a straight searBome tension waappliedmanually onboth of

the needle and bobbin threasallow the interladng of the threadsand hencdor makingthe

first stitchknot Then the frame wasarefully pushed forwardo the position of the next stitch
knot This operation was done manually owing to the absence of feed@ogs.the first stitch
was donethe threaddeingheld manuallywere releasednd the frame was pushed forwdnyl
roughly 5 mmto the next knot positionThis process cycle was repeated until the end of the
seamwas reachedAttention wasgiven to keepng the stitch length as constant possible.
Needle thread tension was manually adjusted at the beginning of each cycle for keeping a
roughly constant needle thread tensialong the seam.Preforms were stitched along one
direction only.After the completion of @eam, the clamped prefowastranslated tahe next
seam locationCompletion of a single seam took roughly 15 minufestitch bonded preform
appears irFigure2.7. This stageof the preforming procesmnsured better handling and minima
preform fray.
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Figure2.7: Dry carbon fibre stitched preform

The stitching process compressed the preftooally underthe seams. Compression had a
remarkably higher érnt around the stitclpitch and causedthe undulation of the fibre tows
hencecontributing to the oubf-plane wavinesslhis undulationalso called crimpis illustrated

in Figure2.7. Again, part of the oubf-plane waviness was generateding the tow lay down

stage of the preforming process.

Stitching alsointroduceda limited amount ofn-plane local tow dislocations (LTDs) resulting
from tow clustering otow split. SuchLTDs appear irFigure 2.8. On the left side of the figure,
owing to a high needle thread tension, a stitch clasker fibrous towsreating inplane voids.
These voids had parallelogram geome®w. the right side of the figureipfous tows werasplit
after needle penetratn. Adding the effect of aigh needle thread tensiospme fibrous
packageswere carried overas shown inFigure 2.8. This kind of dislocation did not only

contribute to the iplane waviness but also to the -aitplane waviness as welDverall, defects

resulting from high needle tension were more prevalent than those where tows were carried over.

Seam havingLTDs exceedingallowed tolerances were -gone as this can reduce the
reproducibility of the RTMmanufactuing process by disrupting the loaasin flowand creating

resin rich zonesHence, local thermal behaviour of PMCs made using these preforms might be
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affected.

Figure2.8: Stitch-induced defects in NCéry preforms

Once all the seams wed®ne the bobbin thread tension wadjustedmanually toproducea
modified lock-stitch geometry, as previously shownRigure 1.3. Thanks to the modified loek
stitch geometry the stitch kots were produced on the baslrface of the preforras shown in
Figure 2.9. This considerably reducetlTDs in the lowerside of the prefornrelative tothe
upperside Figure2.9 shows the bobbin thread laid down on the bside of the dry preform on

a straight path with the needle thread looping around it.
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Figure2.9: Tows arrangement around bobbin thread side of a seam

Someissuescould not becontroled such as defecisnparted tobrittle tows during the different
steps of the preforming process or inhetemt misalignment. Others were difficult to control
manually such as tow twist as an outcome of the tow custmigrolling operatios. These
problems were considered inherent to the preforming proEess the point of view of textile
structures itwas clear that the different stitched dry preforms madee context of this thesis
had some technical differencesifferences included seam interspacing and stitch length.
Nevertheless, Hmouse made PMC componenigre deemecdccomparablein terms of their
thermal behaviourmvhenreachinghe same impregnatiasf the different preforms

2.1.1.2. Epoxy resin

Theresin usedvas L-1911 twecomponent epoxy system, namely resin and hardsopplied

by Tri-Tex Co, Inc. (SainEustache, Quebec, CANADA). The mixed epoxy was clear and had a
relatively low viscosity at 2°C ranging from 200 mPato 300 mPa& which made it a good
candidate for the present application, owing to its good preform wetting and long working time
advantagesThe gel time of 150 g of epoxy at 22°C was about one hour according to the
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supplier. Trials carried outin this work showed longer gel times, reachiagpioximately 2

hours. The recommended cure schedule was 8 hours at 80°C. The resin was mixed with the
hardener at 1 to 0.34 by weigldetailed specification®f the epoxy resin are presented in
Appendix A.

Figure2.10: Epoxy resincomponents anohixing tools

2.1.2. RTM setup and manufacturing process
2.1.2.1. RTM setup

The layout of thanain components of thRTM injection setupis shown n Figure 2.11. The
setupcan be split intdwo sectionsthe injection system and the mould.photographof the
injection setuds shown inFigure2.12. It consisted of a vacuum pump, a hydraulic cylinder, a
resin catch pot, a resin containdireeway vdve V; andtwo shutoff valves b and \4. All
technical information pertaining to equipment appears in the following pageshydraulic
cylinder was attached tondnstron4482 floor model universal testing machine (Norwood, MA,
USA) availableat the Deprtment of Mechanical Engineering of the University of Ottawa. The

assembly formed the respumping system, wherde Instronmachineeffectively pushedesin
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out ofthe hydraulic cylinderThe machine and hydraulic cylinder were used in injecting résin a
a selected, accurate volumetric flow raté&e high load capacity and the good wecy of the
Instronmachine as well as the relatively low cost of the hydraulic cylindied to the choice of

the current resin pumping system over a conventional pesip

To the
mould v,
E><: Resin catch
pot
V,
Resin
container
Vacuum
pump

Figure2.11: Schematic of the injection system
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Figure2.13: Hydraulic cylinder mounted on the INSTRON machine

The tydraulic cylinder from Hy-spechydraulik (Lachine, QC, CANADA) hada 7.6 cm bore
and 20 cm stroke witmaximumoperatingpressure ofoughly 172 bars. The cylinder, shown in
Figure2.13, was attached to the load cell of thstronusing a clevis fastengain system. The
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Instronwas equipped with a0D kN capacity load cell with load measurement accuracy of +/
0.5% of the reading. Tha&stronmachine wagontolled usingthe Bluehill 2 software installed
on a computer connected to thestron machine Figure 2.12. The builtin data acquisition
system provided load and extension measurements with respect to timemliagsérequency
up to 1 kHz.

Vacuum was applied to the injectigetupto remove trapped air molecules and therefore
minimise voids in thd®MC componentlt is worth noting that the vacuum was up to valve V
and did not connect to the mouldl. DAA-V715A-EB oil-less diaphragm vacuum pump from
GAST Manufacturing, Inc (Benton Harbor, MI, USA) was used for this purgegere 2.14.
The vacuum pumps capable of achieving minimumabsolute pressui@nd maximum flow ate

of 31 mbar and 32.5 L/min, respectively.

Figure2.14: Vacuum pump and resin catch pot

Theresin catch pot showon the right side oFigure2.14 served to preent resin flowing under
the action of vacuurduring the fill of the mouldfrom reaching th inlet of the vacuum pump. It
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was located between the vacuum pump and the cylinder. It consisted of a closed transparent
plastic bucket and a cap. The catch pgi bad an inlet, an outlet and a vacuum reldzde

valve V3. The valve wa vacuurrrated and usetbr canceling the vacuum whenever needed.
Vacuum hose barb fittings were screwed into the inlet and dotlehsure an airtight seal. A
Teflon tape layer \as applied on the threadsa@ohancehe seal. The cap was then attached to

the bucket using sealant tacky tape from SciMeeehead (Irving, TX, USA) toresure vacuum

integrity of the resin catch pot.

The second section of the RT8&tup waghe mould. Athough themould played an important
role in harvesing the benefits of RTM, it wasn interchangeable component in the setup. The
mould cavity shape thdtostedthe dry preform and the dry preform inherent properties were
actually the main factors thatfinenced the choice of the injection parameters, such as the
choice of the injectionléw rate. The mould cavity gaves final shapeto the component and
governedmportant inprocess and pogtrocess behaviour of the compondtstmajorimpact on

the resin flow pattern, infusion time, presence apdstion of voids as well an the
repeatability of the process was taken into accouestablishingnjection flow rates.

As very high pressures were expected during injections, fibreglass braided &bfacced
plastic hoses with a pressure limitaifout19 bars were usdor connecing the components of

the injectionsetup High pressure vacuum hose barb fittings, nipples and bushings with an
overall safety pressure limit adbout 14 bars were usetbr joining hosesto the different
components of the injectioretp in the first three trials. Teflon tape was rolled on all male

threads tensuresealing of thdlow circuit.

Two moulds with different cavity shapes were used in this thesered toas the ® and3D
shaps. The ® mould shapevas a 4 mmdeepcavity designedor producingflat squared

composite plates with sidelength of roughly 30.5 cni’he mouldwas CNC machined from two
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41 cmsidelength and 2.5 cm thickquare6061T6 aluminum phtes Figure2.15.

Figure2.15: Solid model of th&D mould

The firstmould halfhosted the mould cavity surrounded by a groove meant to hollirgse

ring in place Figure2.15. The resin injection port as well as the four outlet ports were machined
with 3/ 8 0 d jaadwmere BIPT threaded to nease the seal. The outlet pdiametes had a
reduct i diametrat thd thodild cavity surfacand were positioned at the corners of the
cavity. NPT vacuum hose barb fittingere screwed into each port faltowing the hoses to be
plugged into the mould while keeping an airtight seal. The secomald half surface wa
machired to eliminate surface waviness antprove the surface finish of the parfThel / 4 0
diametero-ring placed in the groove ensured mowleal when subjected to high injection
pressures. ThBunaN o-ring was made from siliconthat stands temperags from-7°C up to
100°C. Following loading with the preformboth mould halveswere bolted together using 10
1/ 20 di ame batsto fgm assebled niouldaeity. The mould wa then put on a table
and securedo four support pod#olding it in place Figure 2.16. The table wasisedfor the
safety and mobility of the equipment. It was meant to keep all RTM setup components easily
accessible and mobile while avoidingavy lifting. The table supportethe mald and
positionedt at aconvenient and workable height
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Figure2.16: 2D duminum mould for making PM@lates

The D mould consisted of a female and a male msulown inFigure2.17. Both mould halves

were machined from approximately 10 cm thick 60l aluminum blocks. A groove was
machined to host the sealing silicameing. Mould halves were bolted together to form a mould
cavity of thickness4 mmable tohost a preformThe male mould half housed the inlet and the
outlet portsasshown inFigure 2.18. The inlet and the four outlet ports were machined at the
centroid and corners of the cavity, respectively. NPTatlied vacuum hose barb fittings were
screwed into all ports to allow inlet and outlet hoses to be plugged to the mould while keeping an

airtight seal.
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Figure2.17: Solid model of th&D mould:female mold (left) and male mould (right)

Figure2.18. Topview the machine@D mould female mould (left) and male mould (right)

2.1.2.2. Preliminary injection

To assess the performance of the R3d&upand its abilityto infuse dry preforméully in the 2D
mould a preliminary constant flow rate injection was done ugmlgdimethylsiloxanea pure
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siliconeoil from Clearco Products (Bensalem, PA, USRigure 2.19. It is worth mentioning
that this preliminary injection was part of a series of injections performedfslitiv graduate
studentsAndrew Stewart and Scott AudettEhis siliconeoil was chosen essentially due to its
viscositybeingcomparableo that ofthe resin useth this thesis. The siliconail had a viscosity
of 0.485 Pas. However, because of its colorlessturean Lx6258 polykrome bright blue dye
from Pylam Products Company, Inc (Tempe, AZ, USA) waddedto improve visibility ofthe
flow front through the dy preform Figure 2.19. According to the supplierhe dye haa good
affinity to the silicone fluidanddoesnot alterits viscosity.

Figure2.19: Silicone flud used for the preliminary injection

With the same objective of improved visibility fiare glass preform was preparadcording to
the procedure described in sectiha.1.] Figure2.20. A V; of 0.63 was sought in this injection.
The preform containe@ layers laid down as pB0°/0°]s. Again, great care waskenwhen
cutting the preform in order fiit the dimensions of the mould cavity. Thiswd minimiserace
tracking along cavity edgeassociated withsmaller preforms, and negate mould closure
difficulties associated withalrgerpreforms. Nevertheless, some difficulti@gere encountered in
holding the tows near the edges in place while moving the preform nianéal shown in
Figure2.20, some tows slid oudf the preform. These were put back in place manually.
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Figure2.20: Fibreglass drpreform

The o-ring was placed irthe groove and a 1.25 cm thiclear acrylicflat plate was useébr
closing the mould. Foursteel beams were usetbr reinforang the acrylic plate given the
relatively high injection pressurexpected The beams, plastic plate aadiminummould base
were bolted together usingg@ade fivebolts, as shown ifrigure2.21. The assembly was then
placed on the table.

Figure2.21: Closed mouldisomeric view (left) and top view(right)
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The injection systerwasusedasdescribecearlier inFigure2.11 with a minor changeonsisting

of the additionof two pressure transducecatedupstreamof the mouldbut downstreamof
threeway valve . Both pressure transducers were from cRéemer (Vernon Hills, IL, USA).

The first pressure transducer meadupgessures up to roughly 7 banshile the second
measurd pressures up to roughly 20 bars. These pressure transducers wesenusiaesheously

for providing good accuracy on measurements and accommodate any change in pressure
magnitude Figure 2.22 shows the pressure transducers mounted on a cross hose fitting, as well
as the silicone fl@ catch pot and vacuum pump. Changes in pressure values with time were
recordedusing Labview software from National Instruments Corporation (Austin, TX, USA).
The closurespeed of the cylinder was calculated using the law of conservation of measag

the assumption of incompressible siliawh

where \, and \y are the silicone fluid flow velocity at mould inlet antdthe vicinity of the
piston respectively while A, and Ay are the inlet crsssection area and piston area,
respectively. Based on a 0.2 cc/s injection flow rate ctbsure ratevas set to a constant 2.63
mm/min. This caused the silicorm# to flow at a constant flow rateut of the cylinder.The
injection was done from the tiom of the mould to have a goddp view visibility during
infusion the injection was also videotaped from the togutlet hoses from which siliconeil
escaped the mould were diverted into plastic botHegire2.22is a view from below the mould

which shows the silicone fluid containéne threeway valve \f and the pressure transducer
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Figure2.22: Setup below the mouldide view

Preparation for the ingion started with opening the cylinder about 15 cm wélve V; closed
andvalvesV, and \5 open. Vacuum was drawso asto removeair trapped in the hoses and
cylinder, up to a vacuunof roughly99%. At an acceptable vacudevel, V; wasopenedslightly

to allow siliconeolil to flow into the cylindemunder theeffect of thevacuum andeventuallyfill
the cylinder. When the silicoral flow front was seen downstreawn V,, both \, and \, were
closed.At this stage, he cylinder wadilled with silicone oil and ready for injectionA new

Labviewdata acquisition session was started to record pressae by the transducers.

The injection process started with simultaneously openingpgtreanof the mould and starting
the closingof the cylinder Presuremagnitudeslisplayed on the dbviewstation,as well aghe
load profile displayed by the Bluehill 2 softwarerere constantly monitoredwith in the
intention oftrackng the pogress of the injection as well as ensurihgt injection pressures
stayedwithin the safety limits of the RTM setuppon opening Y, some air travelled by gravity

through the injection hos¢o reach thecylinder outlet.Most of this air wassimply vented as
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siliconeoil was pumped by the cylinder into the mould. The ingattvas left to continue until

the mould was filled.

Impregnationprogressat 80 s, 140 s, 280 s and 390 s appeaFigure2.23. The figures show
that slicone oil racetracked along the seams as well as in thanoelformed between the
preform ando-ring. This channelvas formedowing to sometows that slipped out of the mould
cavity to prevent the mould from being firmly closed at the egaeity thickness. Hence, a
channel was created aroutie preform whersiliconeoil flow metless resistance compared to

thedenseporouspreform.
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Figure2.23: Impregnatiorof theglasspreform at different time steps
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Mould filling time was roughly 8.5 minn this preliminay experiment The nlet injection
pressure profile is presented kigure 2.24. The pressure profile starts with a platedul bar
until about240s. Next, pressure jumpekhearly from 1 bar to roughly 3 bars sbout 20 sThis
big jump in pressure can be explaineg theflow front reachingareasof higher resistance to
flow: this marks the start dlow through the preformin the thoughthickness and uplane
directions.Subsequently, amall drop in pressurés seen where pressure reachiedghly 2.6
barsat 260 s This drop can bé&entativelyexplained bythe release o flow front pressure build
up underneath thdry preform while trying to penetrate the preform in the thetngkthickness
direction. Silione oil starts to flow irplane translating inpressure increases toroughly 3

bars The pressure plateadafterwards for the last 1 min of mould filling.

3.5

v

N
N ()]
T T

=
(6]
T

Pressure (bar)

05

0 200 400 600 800
Time (s)

Figure2.24: Mould inlet injection pressurerpfile

A top view of the filled mould appears Figure2.25. Silicone fluid is seen to be agglomerated
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along the seamsthough this may be an optical effect resulting from the volume of resin
concentrated abovéd seamsDry lines can be observed between gbamsDry sections in an
impregnated preform constitute a major isstlee generalmpregnation behaviour was expected
as stitching compressele preformalong the seam® form channels between the prefoamd

the mould wallsIn the vicinity of the seams egpmeabilityseemed lowethan in theechannels.

This drovethe siliconeoil to flow in thesechannelsandby-pass higbrV; zones.

Figure2.25: Top view of theinfused preform

Siliconeoil bypassedhe o-ring, which was supposeid give an airtight sealhe aring failed to
provide the required seal owing ttee mould notbeingclosed properly. Fibres which slid out of
the mould cavity were trapped theen the two mould halvepreventedproper closureThis
brought up the importance otitting preforms used later on in this thesis manufacture PMC

components, with precise dimensions and minimal fray.
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2.1.2.3. Manufacturing of PMC components

The RTM setupdescribed earliewas used immanufactuing PMC components in this thesis.
Assessment of setup performance and safety was presented in the previous section. A total of 5
PMC components were manufactured instlthesis; 4 flatplates and a 3 demonstrator

component.

2.1.2.3.1. Preform draping and loading

Carbon fibre preformased for manufacturing the PMC componemése madeccording tdhe
procedurehighlightedin section2.1.1.1 The demonstrator PMC component wasdm@rom a

dry carbon fibre preform draped over the demonstrator mbdlddiraping was necessary for the
PMC plates. All preforms were cut and loaded in the moulds following the same procedure

described in this section.

In case of the demonstrator prefortine choice of pt orientatiors was made after shear angle
analysis of the drapegareformover the demonstrator mouldO Drape softwar tool developed

by Burnford [106 at thePMC Manufacturing Laboratory, Unersity of Ottawa was used for
simulating the shear angle distribution in draped preforms. A triangle surface mesh was
generatedandimportedinto UO Drape software where the first geodesics were generated. The

geodesics according t45°/45° directions arshown inFigure2.26.
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Figure2.26. Surface mesh and geodesics of3Bedemonstrator solid model

RIS
BRSNS

The next step involved the drape simulation e#18°/45° dry peform. 4 mm spacing between
Figure2.27: Simulated tow pathsf adraped-45°/45° dry preform

adjacent tows was set for purposes of display clarity. Simulation of the dép¥d5° dry

preformshowing the tow pathappears irfFigure2.27.
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As previously discussed in sectidr?.2.5 a crosdirectional lamination sequence ensures in
plane thermal isotropy in a PMC roponent. Owing to the draping of a preform over a 3D
shape, implane shear can modify the angle between the stacked carbon fibre plies Fogallg.

2.27 shows the tow paths of the draped preform. The extemtgiine shear effect on the local
shear angle was assessed using UO Drape. Shear angle distribution for two different ply
lamination sequences were simulated, namely [0°/90°/0°/90°/0°/90°/0°/Q0&0d] [45°¢
45°/45°L45°/45°£45°/45°£45°/45°),. Figure 2.28 below shows the shear angle distribution for
both preforms.
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Figure2.28. Shear angle of a draped dry prefordB°/45° (left) and 0°/90° (right)

Startingfrom an initial situation where the flat, undraped preform is characterised by 90° inter
yarn angle throughout, simulation results presented above suggested th&i°thB° draped
preform features very limited surface areas where tows are shearedcarghifi Tow shear

angles did not drop below a 87° threshold. Converde®0¥90° draped preform exhibited large

areas where the tow shear angle distribution varied from 90° (no shear) down to 63°. These areas
were located near the corners of the prefaB®eing this important discrepancy in shear angle

distributions with larger shear angles found in the case of 0°/90° lamination sequence, th
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45°/45° lamination sequenees chosen for manufacturing the demonstrator PMC preform and
component. Unwrappingf the demonstrator 3D solid model was done using UO Drape. The

outcome was a 2D contour with dimensions appearifggare2.29.
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Figure2.29: Contour dimensionsf the demonstrator dry preforfimches)

Cutting the dry preform to the contour dimensions conforming to the mould cavity once draped
wasa crucial step in the preforming process as it was implemented when this thesis work was
conducted. After placing theéry preform in the mould cavity, RTM requires the mould to be

closed without any fibres present outside of the actual cavity to avoid resin leakage during the
injection, or defects in the PMC component. Complete mould closure might not be achievable if

the dry preform overlaps the cavity. On the other hand, a preform with noticeably smaller
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dimensions than required would cause the resin tetrack along its edges.

In this thesis, dry preforms were clamped between a wood slab covered with a flexshte pla
sheetand an aluminum plate, using-dlamps. The aluminum plate had dimensions slightly
smaller than those of the mould cavity, to account for potential irregularities introduced by the
manual cutting operationfigure 2.30. Relatively high and uniformly distributed clamping
pressure was exerted onto the dry preform to keep the fibrous tows from sheatargeiduring

the cutting operationlhe assembly was placed on a bench to ensure a workable height.

Figure 2.30: Clamped stitched dry preform®ady to be cut

A snapoff high-duty blade was usefdr cutting the dry preforms as shown lgure2.31. The

blade was foced to penetrate the dry preform, then it was pulled backwards in a continuous
motion. A considerable downwards pressure was applied on the blade during the cutting
operation. Great care was given to keeping the blade tip in motion as closely as pogkible
aluminum plate. This was done for reducingplane edge waviness, so as to engagymould

closure. A cut 2D dry preform destined at manufacturing the demonstrator PMC component is
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shown inFigure2.32.

Figure2.31: Cutting of dy preform using a snagff blade

Figure2.32: A stitched dry preformcut

Dry preform handling and loading was a delicaté.tdllowing the cutting operation, some
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preforms had seamless areas which made them fray. Reduction of fray during preform handling
was achieved by sliding a thin and strong flat plastic sheet underneath. The plastic sheet was
used as a support for theydpreforms until theirpositioningin the mould cavity. Preform
loading was carried out by slowly sliding the preform supported by the thin plastic sheet inside
the cavity while aiming at the cavity edges. Then the preform was gently pushed down using

gloved fingertips and fitted manually inside the mould cavity.

Figure2.33: Dry preform placed in th2D mould

Preform loading wasomewhatlelicatein the case of the demonstrator component. The preform
was gently slid from the plastic sheet used as a support and positioned on the top of the male
mould half as shown iigure2.34. It was positioned sthatwhen drapedit would fit into the

mould cavity. Thena clear acrylic female mould halffas used fopressng on the dry preform
bending it to the B demonstrator shapdéefore placing the aluminum mould half, good
positioning of the dry preform inside the mould cavity was ensuree.setup shown ikigure

2.34 was leftto standfor approximatelyl hour before the acrylic female mould hals

removed andeplaedby theone made from aluminum.
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Figure2.34: Draping of tle demonstrator dry preform

Tow waviness and misalignment were observed after draping of the preform over the mould. The
preform deformed in shear and crealecal tow distortionsor enlarged existing ones. Overall

thedraping method used in this thesesald to good results.

2.1.2.3.2. Resin injections

Injection process steps wesamilar to those ofthe preliminary injectiorthough it is worth
mentioning that resin injections were made from the top of the moh&lflow rate was set via

the Bluehill 2 software bgetting up the cylinder compression spgede additional difference

with the preliminary injection was that only data for load applied on the cylinder was available,
since pressure transducers could not be used during PMC components manufacturing. Mould
release was applied on mould surfaces as well as on the hose fittings before each injection. A
new aring was placed upon every injection to keep the same seal quality for all injections. High
temperature silicone was also added for sealing the demonstratiid. New hoses and valves

were necessary for every injection.
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The mould was closedfter preform loading as shown kigure 2.35. Once he injection setup

was preparedaccording to the instructions in secti@rl.2.1 a sufficient amount of resin was
mixed. The amount of mixed resin was overestimated for allowing the resin to flow as long as
possible in theventing hosesfter having the mould cavity filledrhis wasdonein the aim of

allowing trappedir in the mould cavity to be expulsed.

Figure2.35: 2D mould setup

Resin was injectednd thenclamps were positioned on venting hoses for blocking resin flow
onceit had travelled at least 5 cm out of the mould, along the venting hose. Injection flow rates
for the different PMC components are presentefiable2.2. The profile of the load exerted on

the cylinder was continuously monitored éasure a safe and good progress of the injection.
Venting hosesvere clamped one by one whenever resin was seen to exit the mould cavity.
Clampingventing hosesorced the resin to flow in the directiah other vents where the preform

had larger dry arsaThe lastventing hosavas kept open while the resin was stillfgepumped

into the mould for allowing air bubbles to be ventéidure2.36.
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Table2.2: Injectionsflow rates

Component Injection flow rate (cc/s)
PMC plate N°1 0.2
PMC plate N°2 0.1
PMC plate N°3 0.1
PMC plate N°4 0.1
Demonstrator 0.08

Figure2.36: Air bubbles leaving the mould

The injection wa stopped either when the pressure safety lmiesin gel time was reached.
Resin was considered to have gelled after about 2 hours and 15 min after frtbarrgmaining
venting hoseand the inlehose were clamped to maintain repnessure inside éhmould. This
prevented resimnder pressurom popping up from the inlet ondbkis wasdisconnected from

the cylinder.Subsequently, remaining resinthre cylinder was vented back in the resin container
and the inlet hose was disconnected from thesiige setupLoad profiles applied by the Instron
machine on the cylinddor injections corresponding to PMC plateSINN°2 andN°3 appear in
Appendix C.Considerable variability was observed in load profiles during the first 2000 s of the
injections. L@d increase behaviouatsovaried significantly.These discrepancies were hard to

explain since resin injection pressure data was not available.

99



Figure2.37: Clampedhosevents ofdemonstrator mould

The PMC component was thdaft to cureinside the mouldor 8 hours at 80C. The cure was
done in a furnageFigure 2.38. Mould inlets and vents were kept clamped during the cure
process.Following every injection, amponents such as fittings, valves and bushings were
flushedmanually in @ acetonebath Cleaning the valves watifficult sinceeven very small
amouns of resin leftin the valvecausedtotal dysfunctiononce cured Hence, valves were
discarded after uséresin remaining inside the cylinder was left to cureddew days. The
cylinder was dismantled and cleaned. Atrings were checked@nd replaced if necessary.
Cylinder inlet and outlet were drilled out and mould release was applied on the inner stirface
the cylinder.
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Figure2.38: Cure ofPMC components

The mould was left to cool down after completion of cure. The next stepenas/al ofthe
PMC componentor demoulding Demouldingconstituteda delcate task since one had to avoid
damagng the PMC componerdandmould surfaceAll fittings were removedirst, andthenthe
mould was openedFigure 2.39 shows an opemould after cureCured epoxy resin at thelét
andventsheld the PMC componeim placeowing to thepresence ofhreads andjeometry of
the ports. Cured epoxy was drilledut and punched while great care was given to protect the
threads Then, using a punch the PMC component was hammered fromwetiits and irdt. This
was done gradually until one or more corners popped out so doé&yhe wedgedut Metallic

and plastic wedgesere used for demoulding PM&émponersg. The use of metallic wedges was
avoided as much as possible since thveseld easily damage the mould surface and delaminate
the PMC componenDemoulding the demonstrator PMC componappearing below ifrigure
2.39 was easiethan the PMlatessince it was subject to fewer constraints frorould cavity

edges.
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Figure2.39: Opened mould after cure

2.1.24. Inspectionof PMC components

After removing the PMC component from the mould, edges were trimmed using -@fEnap
blade.Cured resin in theniet and ventstook the form of epoxy pins attached to the PMC
comporent. These epoxy pins were cut afiiéd while protecting the surface of the PMC
component withadhesive tape. Alat plate and demonstrator PMC components are shown in
Figure2.40 andFigure2.41, respectively.
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Figure2.40: PMC plate N4: top view (left) andbottom view(right)

Figure2.41: Demonstrator PMC componentptview (left) and bottom view (right)

Different macroscopic defects were noticed on the PMC components. For thepRk€
common defects were mindry spots irRbetween the seamBigure 2.42, andbenttows in the

vicinity of the injection inlet as well asearthe cornersFigure 2.43. Areas in the vicinity of

seams were clearly resin rich zones.
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Figure2.42: Dry spotsand resin rich zones inRMC plate

Figure2.43: Bert tows aound the inlefleft) andnear acorner (right)

Dry spots can be explained the outof-plane tow crimp introduced by the compression exerted
by seams on the dry preforms. On the other hand, tow bending in the vicinity of the inlet was
explained bythe relatively high injection pressures. Nevertheless, one cannot conelimtay

on this issue since pressures were meabrdeddirectly. Buckled tows were observed at the
corners of the plates as illustratedrigure 2.43. Another type of defects was the delamination
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of corners caused bydtdemoulding procesBigure2.44.

Figure2.44: Delaminated corner inRMC plate

Small dy spots were also present in the demonstrator PMC compdierdrtheles, hesewere
mainly locaed in the vicinity of the ventdResin rich zones were present in some corners owing
to the draping process or preform fr&ygure 2.45. Bert tows werealsoobserved in the vicinity

of the injection inlet Figure 2.46. Overall defects were small and componemsched good

impregnation with few trials needed for achieving good results.

Figure2.45; Dry spots in the vicinity of a vent
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Figure2.46: Bert tows in the vicinity of the inlet

To characterize PMC components at the microscopic levalngber of 12 squareamples with
roughly 1.5 csidelengh were prepared-our samples were taken from each of the first PMC
plates N°1, N°2 and N°3utting the samples was done using a diamond table saw at speed of
2200 rpm. Thediamondsaw was equipped with a water jet for cooling and flushing away dust
paricles. Two samples were taken from a distance of 2fm the edgewhile the remaining 2
samples wre taken from a distance of &éh from the edgeEach sample wafixed with a clip
thenplaced in a 3 cm diameter samplasticcup treated with release agt. Having 2 samples

from each location allowed for placing one at 0° and the other aA\9jorescent epoxyesin

was carefully poured to fill the sample cudSpoxy was left to cure overnight at room
temperature and thahe assembly was demoulddebllowing curing, the epoxy pluglsosting

the samplesvere polished ina 3-steps process tgraduallyr each a 3em roughn
roughnessvas found to give good visibility during micrography of the samp@lamicrograph of

a sampldgaken fromPMC plate N2 at a distance of 12 cm off the edgeshown inFigure2.47.
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Figure2.47: Micrograph of a PMC sample

The micrograph showthe carbon fibreglies in the 0° an®0° directions.Good proximity is
observedbetween the carbon fibre plies with some rich resin zones whighin extent.Minor

resin rich zones are observed within plies in the 0° direction. On the other hgmdnen
waviness can be noticed in the Qflfes It appeardhat discontinuities in the stranded fibres
constituting a given ply wereompensated by the presence of restsiganning electron
microscopy of the same sample is shownFigure 2.48. Carbon fibe plies can be easily
distinguished in théigure andfibre packing appears to be fairly uniforirigure 2.49 shows a

higher magnification of the same sample. One can easily notice the good bonding between the
fibores and the mati Void content appears toe very limited and some fibrerosssections

appear to be damaged because of the cuttimgeps during sample preparation
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Figure2.49: High magnification SEMmageof fibre-resin interface areas PMC plateN°2

Compression of preform&rom the stitching process was evaluated using micrography.

microgragh ofa PMC sample in the vicinity of a stitch is shownFigure2.50. It can be clearly
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seen thathe carbon plies are aggregat@ the vicinity of the stitch under the action of high
thread tension. The chael createdalong the seamdiscussed earlier igection2.1.2.2appears

as resin rich zone.

Figure2.50: Micrograph of the vicinity of a stitch

Resin rich zaes extend througthethickness along the sewing thread. Tezdle penetrating

the strand of arranged tows created a hole causing damage to the carbloedfibftee damaged

area was filled with resin upanjection Another micrgcopicdefect caused bthe stitchwas

the aggregation of air bubbles in its vicinity. Air bubbles travelling under the pressure gradient
towards the mould vents were blocked by the seams and the relatively low permeability of its

surrounding.

2.2. Experimental investigation of tempeature distribution through PMC components

made inrhouse

Exposure of thin composite components to discrete heat souasasvestigatedfor assesag
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the thermal behaviour and repeatability of PMC compon@atsufacturedn the course of this
thesis. The intent was also to explore the effect of the PMC component material on the
temperature distribution. Temperature history was recodigthg heating of a given PMC
component using thermocouples and/or IR thermograpésted PMC components included, in
addtion to 3 PMC plates and the demonstrator compodistussed in the previous sectiam
emulation of thdHCT assemblyresentedn sectionl.3.4 The IHCTassemblyvas madaising

a PMC plate manufactured-house. Its temperature distribution was compared to the IHCT
prototype made byhe NRC-IAR and described by MaksoU®7], sectionl1.3.4 At least3

repetitionswere gerformedfor eachtrial for ensuring the repeatability of measurements.

2.2.1. Experimental setup

PMC components were heated usiMinco Thermofoil™ 0.2 mm x 76.2 mm x 101.6nm
flexible heaters from hhco (Fridley, Minnesota, USA). These were thin and flexibtdps
consisting of an etchefil resistive element laminated between layers of flexfibdeeglass
reinforced silicone rubbensulation Figure 2.51. They offered an opeating range extending
from -45°C to 235C. The supplier indicated heaterresistance 08.6 ohmswhile measured
resistance was about &ims All power calculations were perfmred accordindgo specification

sheets presented in Appendix
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Figure2.51: Mminco Thermofoi™ heate 103

Heaters were mounted on the surface of a given PMC componentMisiog #12 pressure
sensitive adhesivdilm. The siliconebased thermosetting adhesifibn was appled after
removing the backing sheaising tweezersandundermanual pressure usirggovedfingertips
as recommended by the supplieigure2.52. Next, the heater was placed tp of the adhesive
film and rubbedmanually. Following supplieinstructions for curinghe themosetting adhesive
film the assembly was put in a furnace for 15utesat 150°C then left to weut for at least
24 hours beforeising the heatelt was observed that the longer the adhedilm was left to
cure at room tempature betterwasthe bondingwith 24 hours sufficient to maintain good and

thorough contact between the heater and surface.
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Figure2.52: Heater bonding@n the demostrator component

11 K-type thermocouples were ustd measuing the surface temperature at discrete locations

on a given PMC component. These weatachedto the plate using Flashtape 2R high
temperature rubber polyester adhesive tape from Umeco S8rouaterials, Inc. (Santa Fe
Springs, CA, USA). The tape ensured good contact with the surface of the PMC component
subjected to relatively high temperatures. Flashtape 2R withstands temperatures up to 204°C and
can bereleasedcleanly from the plate surda. Thermocouples were connected to ablview
computer viatwo data acquisitiorboardsfor recordng the temperature history during heating.
Temperature sampling frequency was 2 Hz. A continermocouple was seit a reference
location at the onset of ehctest to keep the maximum temperatwtaring heatingbelow he

glass transition temperature amdthin the heater operating rang&he Labviewacquisition
boardwas connected tasolid-state relay whiclin turn was connected to a VARIAC. Once the
contrd temperature was reachdtige solid state relay stopped feeding powetht heater. The
VARIAC connected to the heatenabledvoltage variation and hena®ntrol of the generated

heat flux

Thermocouple positioning on the PMC plates appearsignre 2.53. They were labelled as
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TC#1- TC#11.TC#1was located on the badice of the plate and served as referen¢s#2
was located on the surface of the heater and served as a safety thermocouple for protecting the
heater from being burnt if temperatures beyond the operation range were reached. The rest of the
thermocouplesnamely thermocoupleBC#3 1 TC#11 were spread out on tloppositesurface of

the heatealong its centreline and diagonglgure2.53.
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Figure2.53: Positioning of thermocouples on PMC plates

The PMC component to be tested was fixed on a stand usingamp pressing on small and

thin wood slabs. Th&vood slabs acted as insulators and were used for reducing the heat sink
through the @lamp. Figure 2.54 shows a PMC plate positioned horizontally on the stand.
During all trials conducted, the same room conditiomsre retained as constant as possible for

ensuring repeatability of the measurements.
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Figure2.55: Thermal &sting setup
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To observe and recoslirfacetemperature distributions in PMC components, a FLIR i7 thermal
imaging camera from FLIR Systems (Wilsonville, Oregon, USA) was,USgdre 2.56. The
camera had a spectral range of 7.5 um to 13 um and was equipped with a 120 x 120 pixels
uncooled micrebolometer focal plane arraymage refresh rat@as9 Hz with a field of view of

25° x 25° Minimum focal distance was 0.6 m. The manufactstatel a thermal sensitivity of
+0.1°C and an error of 2% on readingsan ambént temperature ranging from 10°C to°G5

The FLIR i7 camera had an internal temperature reference and was calibrated to give actual

temperature readings/er a temperatumange of-20°C to 250C [107.

Figure2.56: FLIR i7 Infrared Camer§l0Z

Thermograms produced using FLIR ¢@nbe presented in a grey oolor-coded scale. In the

latter case, lower temperatures are represented in blue and warmer temperatures in red with
highest appearing in white. A scale showing temperature versus color appears on the lower side
of the display. Tis temperature scale can be adjusted dutirgmogramanalysis using
ThermaCAM Researcher PRO 2.1&,commercially available software package from FLIR
Systems. The software was availablea trial versionfor extracting temperature data from
thermogrars. It allows formanual adjustment dhe temperature range covered by the image, so
that smaller temperature differences may be highlighted in cases where the scene covers a
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relatively small temperature range.

2.2.2. Results

Experimental investigation of PMC teaial thermal behaviour was performdgatough a series

of trials. Thermal repeatability for manufactured PMC plates was studied in trials 1.1 and 1.2.
Emissivity of the PMC material was determined in trials 2.1 and 2.2, then a validation of the use
of themography was carried out in trials 3.1 and J.8mperature distribution through PMC
plates subjected to 4 discrete heaters was presented in trials 4.1 and 4.Bemmé behaviour

of IHCT assemblies was explored through trials 5.1 and 5.2. Finaflyth#rmal behaviour of

the demonstrator PMC component subject to a concentrated heat source was presented in trial 6.

2.2.2.1. Thermal repeatability of PMC plates

Quantification of thermal repeatabilityfor manufactured PMCplates was performedby
comparingheatirg histories of the PMC plates manufacturechause A power of 25 W was
supplied to a heater fixed at the centre of the PMC plageye 2.57. Temperature history was
recorded for approximately 40 minutes (2500ensuring that steaetate was reache@MC

plates were tested in the vertical and horizontal orientations in trials 1.1 and 1.2, respectively.

The experimental dafar trials presenteth this sectiorare theaverage of at least 3 repetitions.
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Figure2.57: Minco heater attached to a PMC plate

2.2.2.1.1. Trial 1.1: PMC plates aligned vertically

Heating histories of 3 PMC plates aligned vertically discussedn this sectionResultsfrom

all thermocoupledor the 3 different PMC plateappearin Figure 2.58, in terms of relative
temperature 9T, with Ty beingthe initial temperatureOverall, relative temperature profiles
corresponding to the 3 tested PMC plates anéaahthermocouple location showed good

concordance.
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Figure2.58: Relative temperature histgnyertically aligned plates
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Thermocouple TC#7 was omitted from the results showhignre 2.58 since no temperature
change was sensed at that locat®ieadystate relative temperature wasached at about 02 s

at all thermocouple locationgn general, relativeeimperature profilegorresponding to each
thermacouple locatiorshowed limited discrepancies of about 2 °C, within the error margin of the
thermocouples.Relative temperature profiles for the 3 PMC plates coincided except at
thermocouple locations TC#3 during steatigte and TC#5 during transient stdteermocouple

TC#3 showed a relatively large discrepancy in the relative temperature profile corresponding to
PMC plate N°1 while those corresponding to the 2 other plates were matching. The same
behaviour was observed at TC#5 during the transient Stiaitecould be explained bfailure of

the adhesive tapesedfor attachingthe thermocouple to the PMC plate. The higmperature

adhesive tape can peebidod bondings not achieved before the startatest.

2.2.2.1.2. Trial 1.2: PMC plates aligned horizontaly

In the case where PMC plates were aligned horizonthléyheater walsondedto the back face
of the PMC plate while thermocouples were placesh the top face of the plate. Resulis
different thermocouple locationare summarizedrigure 2.59. Relative temperature profiles

during heating showed good consistency.
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Figure2.59: Relativetemperature histonhorizontally aligned plates
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Steadystate wageached at approximately @@ s as previously foundith the verticalplates.
Relative emperature values showed good concordalceg transient and steadyate Again,
sudden changewere observed in relatitemperature andcould be explained by pooohding
of the thermocouple to the plate surface.

Generally all profiles recorded at a given thermocouple location for vertically and horizontally
aligned PMC plates showed good consistency with variability within measurement error
margins. High temperaire pressursensitive adhesive failure was identified to be the main
reason for relatively large discrepanciesrelative temperature profiles at some thermocouple
locations Adhesive failurecould be explained by thgood surface finislof the PMC plate and

relatively high temperatures reached during tests.

2.2.2.2. Emissivity determination

The experimental trial and error method was used for determining the surface emissivity of PMC
components manufactured in the course of this thesis. The thermography uecias) also
validated, so as to ensure acceptable accuracy of temperature readings in experiments. This was
achieved through comparisons between thermogram data and direct thermocouple temperature
measurements, for selected cases labelled Trial 2.1 amd 72 as follows. Trial 2.1
corresponded to testing the PMC plates oriented vertically while trial 2.2 corresponded to testing
PMC plates oriented horizontgllin these trials, the PM@lates were heated as described in the
previous section. After reaciy steady state, temperatures were measured at selected locations
on the face of the plate using thermocouples as shown earkagure2.53. Thermograms were

also taken at steaeltate with emissivity initiallyset to 0.9 in the IR camera. Then thermograms
were analysed and temperature data was extracted using ThermaCAM researcher Pro software.
The thermal emissivity was varied to match thermocouple temperature measurements. A value of
0.92 was eventually chosédor the surface emissivity of the PMC plates for the next phase of

testing.
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2.2.2.2.1. Trial 2.1: PMC plates aligned vertically

A thermogram otthe back face oPMC plate N°3 is presented Figure 2.60. Emissivitywas
initially set to 0.9 and thenvaried to 0.92 and to 0.98. Temperature data along the centreline,

showed inFigure2.60, was obtained for the different emissivity values.

243°C

Figure2.60: Thermogranof PMC plate N°3aligned vertically

Thetemperature distributiowas expected to shoglanar symmetry as the heater was centred on
the plate.However the centreline of the plate did not coincide with ¢keatre ofthe temperatre
distribution through the platen the thermogram abovéhis can be explained bynperfect
orthogonality between the plate and camera &amperatures varied from 22 to about 108C
with considerable temperature gradgerifemperature profiles obtaed from the thermogram

were plotted and comparegainsthermocouple temperature measuremefitpire2.61.

Overall, Figure2.61 shows that changing the emissivity diok mesult in considerable charsge
temperature values. Thermocouple measurements were generally closetherithegraphic
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temperature profiles. Neverthelegsbermocouple measurements were clogesthe profile
corresponding to an emissivity of 0.9this is bettervisualizedin the magnified region ahe
curves shown ifrigure2.61. Irregularities in the temperature profiles resulted from the presence
of the adhesive tape uséat attachingthe thermocouplestthe surface of the PMC plaféhe
adhesive tapbas adifferent emissivity which manifests aanderestimatd temperature values

over its surface
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Figure2.61: Comparison ofemperatur@btained fronthethermogram and thermocoupler
Trial 2.1

2.2.2.2.2. Trial 2.2: PMC plates aligned horizontally

The same procedure wasnductedon the same platalignedhorizontally. The thermogram is
presented ifFigure 2.62. The temperature distribution showg@thnarsymmetrycoincidingwith

the centrelineof the plate The emperature range was larger tleoservedor the plate aligned
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vertically. This is mainly because the contribution of buoyaddyen convection heat transfis
more relevant in the case of vertical platese maximum temperaturen the horizontal plate
was about 111C.

1099°C

244°C

Figure2.62: Thermogram oPMC plateN°3 aligned horizontally

Once again theemperaturegrofiles along the centreline were obtained for the emissivity values
of 0.90, 0.92 and 0.98 emperature profiles appear kigure 2.63. Temperaturezalues did not
vary extensively Thermocouple temperatures wevery close to all of the IRneasured
tempeatures. As in the previous cade temperature at the centre of the pleteresponding to

a distance 060% in the Figure showedthe largestdiscrepancy betweeliR andthermocouple
data Again, his is explaned by the presence of the adhesive tape, fmedttachingthe

thermocouple
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