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Abstract

Abstract

The miniatursation andhigh-levelintegration ofadvartedelectronicdevices such as
3D chip stacls, bring aboutincreasediunctionality, efficiency and power density
However this hasalso intensifiedhe challenge dfieat dissipationJnfortunately, the
existingthermally conductive composgéall short of meeting thgrowing demands
of the electronics industryHence development of high thermal conductivity
composite becoms the highly demandetb addresshe heat dissipation issues of

electrical and electronic devices

This research, based on theview of the curent research on thermally conductive
composite insw@ting materialsendeavourdo prepare higiperformance thermally
conductive epoxy resirbased composits. Different strategies, including freeze
casting anddacuumassisedfiltration methodshave beeemployedo preparea range
of novel thermally conductive compostéa thealignmentof micro/nanestructured

filler units.

Firstly, 3D vertically alignedsilicon carbide §iC) whiskersaerogelsvereconstructed
by freeze casting methptbllowed by thermal sintering to coolgdate the aerogels.
The resulting 3D network structureestablisheshermal transfer pathwaywithin
polymer compositedeading toa muchimproved thermal conductivity (1.55 W
K1) and a low coefficient of thermal expansion (throydgme: 48 ppm K, in-plane:

35 ppm K1) evenat alow filler loading of 10.2 vol%.

The vacuumassised filtration method wasusedto construct horizontallyaligned
hybrid fillers consistingof hexagonal boron nitride plateletsBiN) and SiC whiskers
within epoxy resin The resultsreveal that Epoxy/BN/SIC biayered composite

achieveghehighest inplane thermal conductivity at room temperajuneasuring of
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2.16 W m* K, compared to composite wiingle filler andrandomly mixed hybrid
fillers (1.55 W m?® K?) at 15.5 vol% total loadingThis study alsoindicatesa
synergistic effect on dielectric properties and therntanductivity in the
epoxy/BN/SIiC bi-layered composite Epoxy/BN/SIiC bilayered composite
demonstrate enhanced dielectric constant (9.03) with low dielectric loss of 0.015
(1000 Hz) at room temperatysirpassing the composite with randomly mixed hybrid
fillers, which exhibitsa dielectric loss 08.029. Thignnovativemethodholds promis

for developng high-performance dielectric materidisaturedwith improved thermal

conductivity and low dielectric loss.

Building on the succesachieved inimproving in-plane thermal conductivifyjthe
vacuumassisedfiltration method was alsosedto enhancéhethroughplane thermal
conductivity The kBN andGraphenexide (GO) wereeffectivelyvertically oriented
within theepoxyresin composite€onsequentlythe BN-GO-epoxy compositboasts
animpressive througiplane thermal conductivity &51W mtK at a loading of 2
vol%. In addition thesecompositegxhibitarevolutionaily low coefficient of thermal
expansion(5 ppm K) that can matchvell with materials used i8i semiconductor
chips. Thisapproach is very promising for advancing materials sigherthermal and

mechanical lbaracteristics

This workoffers fresh perspectives thedesign andormulation ofhigh-performance
thermal management materialshe developedcompositesshowcase significant

potential forapplications in th@extgeneratiorof powerelectronics.
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Chapter 1

Chapter 1 Introduction

1.1 Background

In the UK, greenhouse gas emissi@ms tobe cut to zero by 205@s outlined ina
new government plaaimed at combatinglimate chang¢l]. Consequentlythere is
a pressing need tadvancethe timeline forphasng out petrol and diesel vehiclés
meet this targeby 2@5. This shift presents botlthallenges and opportunities
particularly for electric vehicles (EWyithin the automotive industryVithin EVs,
advanced electronic devicgdays a crucial role necessitatingminiaturisation

multifunctionalty, reduced weight and increasgower density2].

The miniaturization of electronmomponent$inges on the development of advanced
electronic packaging technolieg The manufacturing process of electronic products
can be lilenedo construct a buildingyith theintegrated circuit chipervingas a floor.
Just as buildings aim to maxisei construction density, electronic products must
assemble multiple layers of chips withstinct functions to enhance packaging
efficiency, optimise internal spacdilisation, and reduce overall sif8]. Figurel.1

ill ustratesthe progressionfrom two-dimensional ZD) to threedimensional 8D)
packaging structurgl]. While 3D packagingenhanesthe functiorality of electronic
productsand a significantly boosts power densitly also inducessubstantial heat
dissipation challengd$]. Failure todissipate accumulatdteatfrom components in

a timely mannerposes aseriousrisk to the stabilityand safetyof the electronic
products Studiesshowthat more than half dheelectronic devicefailure stemfrom
heatrelatedissues [2]. Consequently efficient heat dissipation hammerged as a
critical necesgy in power electronigscrucial for extending product lifespan and

enhancingperformancd2, 6, 7}
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(a) Diew Dls 81
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Figurel.1 (a) 2D packages involve mounting two or more chips on the same level of
the package base, (b) 2.5D introduces an intermediary layer between the chip and the
base of the package, and (c) 3D packagescally stack the chip$4]

As shown inFigurel.1, sulstrates play messential functiom packaging.The role of
substrate materiglis to support fixed electronic componentnd their surfaceor

internal formation of the circuit pattern can bennected to the circuit, as well as
insulation, thermal transfersolation and protection of components.the package,

the heat was generated from the semiconductor and then transferred to the substrate.
To meet the requiremendf insulating and heat conduction, polymer materials are
usually utilized in the substrate because of their good processability, electrical
insulation, lightweight, and low cog8, 9]. The most commdy used polymer
substrate material ass fibres reinforced epoxyor exampleFR4is awell-known
commercial material for printed circuit boar(RCBs) The polymer composite is

combined with a glass fibre cloth to form a dielectric layer, which is coated with copper
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on both sides to form polymer compositesubstrate with a sandwich structure, as

shown inFigurel.2.

However, current polymer materials usualfyossess relatively low thermal
conductivity (e.g. below 0.5 W ft K'!) [10-12]. The internal temperature of
electronic products will continue to rise because of ineffective heat dissipation until
some components are burned, resulting in thermal failure. Moreover, thermal stresses
and warpage will occur in the high temperature workingronment due to thearied
coefficient of thermal expansionsCTE9 of each electronic component$13].
Therefore, thermally conductive materials with high thermal conductivity, excellent

electrical insulationand a matching CTE with silicoare considered the optimal

selectionto solve the heat dissipation isqad].

/_—_/ Copper Foil
—1’7 Glass Fiber Fabric

-/—\ Copper Foil

Figurel.2 Schematic image of glass fibre reinforced subsfddip

Polymer composites which include polymer matrix and thermally conductive fillers (e.
g. Boron Nitride, Aluminium Nitride) have been proposed to improthee thermal
conductivity [16-18]. In general, the fillers are introduced into the polymer by the
method of solution mixing, which disperses the fillers randomly. However, the
improvement of thermal conductivity for polymer composites is limited due to the lack
of effective thermal transf pathways. Many methods with a large amount of filler
loading have been proposed to address this issutesuch high loading (50 wt%)

resulted in the degradation of mechanical properties, heavy weight and high cost,

3
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which limits the application of polymer composi{é9, 20] Thus, there is an urgent
need to design thermally conductive composites wiglssaddition of loading to meet

the requirememtof advanced electronic devices. To achieve high efficiency of heat
transfer in composites, continuous pathways of fillers need to be constructed to
guarantee that most of the hesatransferedthrough the filler networkf21-23]. The
method for constructingcontinuousthermal transfepathways of filleranclude ice-
templating (freezeasting)[24, 25] vacuumassisedfiltration [26, 27] hot preseg

[28, 29] and mechanical stretching30, 31] However, most methodsare only
successfuin enhancinghein-plane thermal conductivifyso the utilization of fillers

to improve both irplane andthroughplane thermal conductivwés still demands

further investigation

Another severe issue in the electronic package is the mismatch of CTE of each
constitutive elemenB2]. As the temperature changes, the package materials expand
at different ratesleading to mechanicahermalstress and strain. The CTE of the
silicon chip is only3 ppm K ! [33]. Howeverthe CTE ofsome substrate of polymer
composites is much higher (BD ppm K1), especially in the Z directiof84]. For
example, the CTE of current PCB materBR4 in the XY direction is aboufil2-16

ppm K1, but80-90 ppmK "t in the Z directior{35]. Thus it is necessary to develop
novel polymer composites wittlesirable threelimensional coefficients of thermal
expansionPrevious study has shown that the epoxy composite with aligned filler
layerssignificantly reduces CTE along the alignment direction at a low filler loading
[36]. Therefore, constructinfiller networks inpolymeris an effective strategyfor
increagng the thermal conductivitywhile decreasingthe CTE of the polymer

composites.
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1.2 Motivation and Innovation

1.2.1 Motivation

High thermal conductivity electrically insulating composites have important
applications in many fieldsAs the electronics industry progresses rapidigvice
integration is advancing towards higher densities, leading to a significant increase in
power density per unit voluméhus generating a large amount of heat. If the
accumulated heais not efficiently dissipatedpromptly, localized hotspots will
severelyinfluencethe efficiency, stability, and lifespan of electronic devices. High
thermal conductity composites therefore play a crucial role in modern electronics
industry. These composites not only serve to supporfeatehelectronic components

but also to effectively dissipate heat. However, currently used compdsite
relatively low thermal conductivity, resulting in unsatisfactory heat dissipation that
cannot meet the needs of modern electronic industry developatectronic devices

are rapidly changing various aspects of our litesrefore,developing composites

with high thermal condutvity is critically important

Although polymer compositehave been proposal enhanceghermal conductivity,

the application of these composites is limited by the low thermal conductivity of
polymers and the significant degradationnaéchanical and processing properties
following the addition of high filler contentraditional methods farreatingthermally
conductive composites struggle to form effective thermal conduction pathways within
the composite Therefore, there is an urgent need to create oriented and orderly
thermal conduction networks inside the system to achieve composites with high
thermal conductivityThedeep understanding of the relationship between the structure

and properties of thermal conductivity composaéesneedso establishto provide
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a solidtheoretical foundatioror the industrialization of higiperformance thermal

conductivity composites.

1.2.2 Innovation

1. By employing efficient vacuurassiséd filtration and ice templating methods,
an effective and welbrdered thermdl conductive network is constructed
within the polymer matrix. The heat in the compasnreainly diffuses and
transfers through the network formed by the thermal conductive fillers. Simply
increasing the filler content does not guarantee the formation of an effective and
well-ordered thermal conductive network. More importaritlig imperative to
managehe orientation of the thermal conductive netvaik alignthemwith
the drection of heat flow. Achieving true connectivity of thermal conductive
particles and forming controllable, stable, and structurally ordered thermal
pathways through filtration and ice templating methods are the main innovative
aspects of this study.he uniquenovelty from this work isto achiee stable
silicon carbide(SiC) whisker3D netvorks by sinteringand formingvertically
alignedfillers by vacuumassisted filtration.

2. Micro-sizedSiC whiskers are selected as raw materials. In previous st&is,
nanofibers were commonly used for preparing aerogels using the ice templating
method. 8C whiskers are more economical compare8it® nanofibers.

3. Thesuitable sintering temperature and atmosphere conditions for SiC whiskers
have been studied in detddr the first timein this thesis.Furthermore, the
impactof sinteringtemperatureon the thermal conductivity of the composite
was investigatedThe sintering was a new mi@toucture control method to

reducetheinterfadal thermal resistandeetweerfillers.
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4. This thesis studiethe role of synergistic effect on dielectric properties and
thermalpropertiesoy layering hybrid fillers of hexagonal boron nitride platelets
(h-BN) andSiC whiskes into epoxy resin.

5. The vacuurrassisted filtration method is commonly usedcteatehorizontal
pathways for filler thermal conduction. Thikesisinnovatively appliesthe
vacuumassisted filtration method teonstructvertical thermal conduction
pathways, and simultaneously utiliz8saphene oxideGO) as both a thermal

filler and a bonding agent to enhance mechanical performance.

1.3 Aims and Objectives

Despite numerous studibave been summarized thermally conductive composites

in the literature review, several issues remain to be further investigated. For instance,
the construction a8D thermal conductive networks using SiC whiskers and the effect
of sintering temperature on the thermal conductivity of composites; the synergistic
effect of multilayer structured composites on thermal conductivity and dielectric
properties; and finding mosedfficient methods to achieve vertical alignment of fillers

to enhance througplane thermal conductivity.

The ains of this researclvereto produceepoxy resirbased polymer composites with
fillers including SIC whiskers,h-BN platelets, and GOwhich exhibit improved
thermal conductivity and low CTEand to investigate theelationship between the

microstructureand thermal properties of thecomposites.
To achiee these aims, thepecific objectivesf the researchwere asfollows:

1. Tobuild the3D network structure dbiC whiskerdy freezecasting method.
SiC whiskers will be mixedavith polyvinyl acetate (PVA) as aadhesiven

aqueous slurrfollowed by freeze casting prepare SiC aerogelBhe ratio of

7
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SiCto PVAIn the slury will be adjustedo find a range thatanmaintainthe
structureof SiC aerogels.The sintering temperature and time as important
factor will also be investigatedThe target isto explorethe conditions for
preparing the optimal microstructure.

. To align BNplateletsandSiC whiskersby usingthe vacuurrassisted filtration
method.

BN platelets and SiC whiskevgill be aligned in the horizontal directidoy
usingvacuumassisted filtration metho&ingle layer BN, single layer SiC and
BN/SiC bilayerwill all be prepared for further investigation.

. To achieve vertically aliggd BN plateletsusing vacuumassisted filtration
method

Firstly, BN will bealigned in thénorizontal directiorio geta2 cm highsample
Then the sample will be cirtto slicesand rotate it 90 degrees. GO will also
beadded teexplore the effect on sample preparation.

. Toimpregnateepoxy resin intdhealigned fillers

The liquid epoxyresin will be impregnatkinto the fillers prepared beforia
this process, temperature armtuum time will be adjusted to obtain uniform
composites without bubbles.

. To characterise the morphologi/the fillers and compositggoduced.

The characterisation methods, includingRéy Diffraction (XRD), Scanning
Electron Microscope (SEMand Trarsmisson electron microscope (TEM)
will be used to studyhe microstructurand morphologywf the samples.

. Todeterminehe thermal properties tiie compositeproduced

The thermatonductivitywill be investigated witthelaser flash method he

CTE will bedeterminedrsia thernbomechanical analysis.
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7. To investigate the relationship between the microstructurd thermal
properties To explain the heattransfer mechanismwith in-depth
understandinghe effect ofthe filler type, loading an@lignmenton thermal

conductivity.

1.4 Outline of Chapters

This thesis has been organised into seven chapters. Chapter 1 gives a brief introduction
to the background, objectives and structure of the thesis. Chapter 2 presents the
literature review about thermally conductipelymer composite as well as their
applications indifferent fields. Chapter 3 describes the experimental methods and
details information orthe charactesation techologies Chapter 4 describes the
construction of 3D SiC whisker netwakn epoxy resin polymer to improve the
thermal conductivy of composites by the freexmsting method. Chapter 5 presents

the role of synergistic effect on dielectric properties and thermal conduaiivitye
bi-layered RBN and SiCepoxy compositeChapter 6 discusses the enhancement of
throughplane thermal conductivity and the reduction of the CTE of epoxy resin
polymer achieved by vertically aligning BN and GO using vacassisted filtration.
Finally, the conclusions of this thesis and some future research suggestions are

summarized in Chapter 7.
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Chapter 2 Literature review

2.1 Background on thermal managementmaterials

Thermal management addresses issues related to heat removal, thermal strain, and
distortion It holds a significant position in theackaging of power semiconductors

and other electronic devicel electronic devices, a large fraction of power loss
transforms into heat. For instance, during the 1980s, the heat flux density of integrated
circuits stood at approximately 10 W tnescalating to 20~30 W ¢éfin the 1990s.

By 2008, this figure had reachadarly100 W cm?. At presentthe heat flux density

at the chip level has surpassed 1 kW Trwith the density at hot spots potentially
hitting 30 kW cm? [37-39]. To guarantee the prompt dissipation of the substantial
heat produced by electronic components, materials for thermal management have
emerged as a crucial factor in the design and assembly of microelectronic product
systems.The electroniachip packagesre consistingof several different materials
Semiconductors and ceramics exhibit CTEs between 2 ppmamd 7 ppm K,
whereas the CTEs for copper, aluminium, and diidéss-reinforced polymer PCBs

are significantly greatel 7to 80ppm K 1) [13, 40] Thermal stresses and warpage in
each componenmmainly result from the variation ICTEs. Therefore, polymer
compositesneed to bedeveloped to possess both low CTE and high thermal

conductivity.

2.2 Mechanism of heat transfer in polymer composites and
key influencing factors

2.2.1 Mechanism of heat transfer in polymer composite

The process of heat transfer involves the flow of heat through solids, liquids, or gases

or between two closely interacting madiHeat transfer occarthrough three
10
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fundamental mechanisms: thermal radiation, thermal convection, and thermal
conduction[41]. Among thesewithin the interior of solids, heat transfer primarily
occurs through thermal conductioFhis thesis is dedicated &xploring the internal

heat transfer capacity of polymer matrix compositdgerefore only the heat

conduction part is discussed.

The heat conductioomechanismin solidscan beclassified intoelectron conduction
andphonon conductiarFree electronare he thermal carriers in metals and a limited
number of conductive polymers (such as polyacetylene, polypyrrole and polyaniline)
[42]. These electrons, characted by their small volume and highobility, can

freely move without being constrained by the lattice positions in crystalline substances,
efficiently transferring heat through mutual collisiofiterefore bulk materials that
conduct heat through free electrons typically exhibit high thermal conductivity.
However, the presence of free electrons also imparts excellent electrical conductivity
to the materials, which malmit their applicationwhen electrical insulation is

required.

In most polymer and ceramianaterials heat conduction iprimarily achievedby

lattice vibration and molecular chain vibration, and the carrier of heat energy is mainly
phonon Compared withsomepolymer materials, the lattice structure of ceramic is
more ordered, which meapfionons are able to travel in the direction of the lattice
and have larger average free paths, so the bulk ceramics show higher thermal

conductivity.

In polymer materials, polymer chains are intertwined, which is not conducihe to
high-speed motion of phonons. There are serious scattering and propagation direction

changes of phonon at the interface of the polymer chain, and the average free path of

11
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phonon is significantly reduced across the polymer chains, which determines that
polymess exhibit low thermal conductivity{43]. Most insulating polymers display
thermal conductivities betwedén1-0.5 Wm't K'%, as shown inTable2.1 [8, 10, 44,

45).

Table2.1 Thermal conductivities of polymexommonly useds matrix[8, 10, 44,
45],

Material s Thermal Conductivity (W m't K1)
Epoxyresin 0.19
Polycarbonate (PC) 0.20
Polypropylene (PP) 0.11
Polystyrene (PS) 0.14
Polyimide, Thermoplastic (PI) 0.11
Polyetheretherketone (PEEK) 0.25
Polyvinyl chloride (PVC) 0.19
Polyvinylidene difluoride (PVDF) 0.19
Polyphenylene sulfidéPPS) 0.30
Polytetrafluoroethylene (PTFE) 0.27

Poly(ethylene vinyl acetate) (PEVA) 0.34

Poly(dimethylsiloxane) (PDMS) 0.25

The internal disordered arrangement of molecular chains and the presence of a
significant amount ohon-crystalline regions in polymers lead to extensive phonon
scattering, restricting the use of polymers due to their low thermal condufigjty

To overcome this limitation, certain polymer processing techniques can be employed
during polymer synthesis or processing to enhance the orientation of a portion of
polymer chains or introduce new microstructural units. This can partially improve the

12
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intrinsic thermal conductivity of polymers. Numerous researchers have explored the
study of intrinsic polymers, employing techniques such as orientation methods to
induce locally ordered structures along specific directions of internal molecular chains,
ard incorporating liquid crystal rigid elements into the matrix to enhance the thermal
conductivity of polymers [47-49]. However, intrinsic polymer research is
predominantly focused on the microscopic scale, presenting challenges in
charactesation, limited improvements in thermal conductivity, and complexities in
processing, hindering larggeale production. Therefore, the current mainstream
approach remainaddingthermaly conductive fillers intothe polymer matrix to
preparecomposites

Table2.2 Thermal conductivities afommonly usedhermally conductive filler§10,
50-54].

Material s Thermal Conductivity (W m'1 K'?)
Diamond 2000

Graphite 100~400 (on plane)

Graphene 2000~6000

Carbon nanotubes 2000~6000

BoronNitride (BN) 250~300

Aluminium nitride (AIN) 200~319

Aluminium oxide (AbOx) 20~29

BeO 270

Silicon carbide (SiC) 120

In thermally conductiveomposits, the improvement of thermal conductismainly
from the contribution of heat conducti@iters, which is related to thiype of fillers,

distribution of fillers, the content of fillesand the thermal resistance of interfatlee

13
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thermal conductivies of fillers which are commonlytilized are listed inTable2.2.

At lower filler loadings, they remain isolated within the polymer maffigure2.1).
Thus,in the matrix, there is no sufficient connection between the isolated fitlers
form thermal conduction patvays, which limits the improvement of the thermal
conductivity of compositesAs filler loading is further increased the percolation
threshold, fillers begin to contact each other to form macroscopic heat conduction
networks, which can provide a channel for the higppeed transmission of phonons
(Figure 2.1). As depictedin Figure 2.2, thethermal conductivity of the composite
showsa significantlyincrease after the percolation threshold pfB6{. Furthermore
efficient heat transfer is achieved when the heat transfer direction is aligned with the
heat conduction networka conclusionenhancinghethermal conductivity relies on

establishinghighly oriented thermal conduction netwsiik the polymer matrix

Filler B

Filler A ‘
-’

4

Matrix

-

Figure2.1 Thedistributionstate offillers in the polymer matrix.
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Percolation Threshold
Gaps' :

Thermal Cond.

Volume fraction

Figure2.2 Percolationlike behaviour with the loading fraction increaskating which

the pathway betweemwo connectediflers increasefb5].

2.2.2 Key influencing factors
(1) Intrinsic poperties of thermally conductive fillers

The properties of the fillsincluding the intrinsic thermal conductivity of the filger
shape, size, etcinpfluence the thermal conductive properties of polymer matrix
compositesFor the same materialthe crystalstructures and defects of fillers are the
important factors thahfluenceintrinsic thermal conductivity ofillers [56]. In actual
substances featurimdgefective lattice structures, the average distance phonons travel
and heat transfeefficiency are constrained as well due to the impact of phonon
scattering phenomena resulting from defects, boundarie$5@tcDifferent fillers

have different intrinsic thermal conductivities, such as the theoretical intrinsic thermal
conductivity ofAIN is 319W m't K'1[58], SiCis 120W m'! K'! [59], and diamond
intrinsic thermal conductivitys 2000W m'! K'! [50], as showrin Table 2.2 In
addition, the size of the fillsalsoaffects the thermal conductivity of the compaosite

When thevolume fraction of BN fillers remains constantompositeshe silicone

15
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rubber compositéncorporating largesized (20 em) patrticle fillers exhibits greater

thermal conductivity compared to one utilizing fillers of sma{@B and 6.Cem)

particle sizesbecauseomposites with larger fillers havess filler/polymer interface

leading to lower interface thermal resistaf@@]. However,this situation does not

occur for all compositg asthere are controversial studies on the effect of particle size.

Zhou et al. investigatesilicone rubbewith various particle sizef Al20s fillers and

di scovered that the ther mal 60e filledsim@ag | vi ty
slightly higher compared to those with.@f i | | er s of 2864wl and O
loading [61]. As filler loading increases, the thermal conductivity aafimposite

improves due to the compact packing structure of the particles, with fisem5

particles achieving higher packing density and better thermal conductivity tlkam25

particles However, when the particle size of the filler is at the nanoscale, the
nanoparticles may exhibitinique physicaland chemical properties that differ
significantly from their bulk counterparts due to their small size and high surface area

to volume ratioNanomaterials are materials that have at least one dimension in the
nanometrescale, typically ranging from 1 to 10@anometresConsequently the

thermal conductivity of polymer composstprepared with nanoscale fillers may not
necessarily be lower thahdt of compositeprepared withmicrometrescale fillerq8,

62].

The geametry of fillers profoundly influencesthe thermal conductivity of polymer
composites. Distinct dimensions of fillers (zelionensional sphericallD linear or
rod-like, 2D sheetlike, and 3D honeycomHike) determine factors such as filler
dispersion, contact area, and contact modes during filler interl@&hgrhese factors
result in variations in the number and quality of constructed heat transfer pathways,
subsequently impacting the extent of their contribution to thermal conductivity in
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composites Compared with zerdimensional materials, 1D materials and 2D
materials with ultrehigh aspect ratios can form a large contact area between the fillers,
which provides a wider path for the transferpbfonons andeduces the interface
thermal resistanc&Jnderthe samepreparation conditions, for instance, ttmntact

area oflD fillers may be smaller than that 8D fillers, leading to differences in the
thermal conductivity of the prepared polyriesedcomposites Su et al.[63]
investigated the thermal conductivity of epoxy resasedcompositedilled with BN
nanosheets ar8N nanotubes. The study revealed that the thermal conductivity of the
BN nanosheet/epoxy resaompositess higher tharthat of theBN nanotube/epoxy

resincomposites

(2) Distribution of fillers

The creation of pathways for phonon thermal flow hinges on the interaction among
filler particlesand the formation of the network structuvéhen the amount of filler

is comparatively minimala small quantity of fillers is randomly dispersed within the
matrix, forming an "islangea" structure where they existigolationwith minimal

contact between them, aad aresult thermal conductivityhas very small increase

With the continuous increase in filler content or adjustments in the preparation process,
the filler particles gradually come into contact with each other, eventually forming a
continuous phase that traverses the entwenposites[64]. Creating a thermal
conduction pathway enhances thermal conductivity by enabling heat transfer via
electrons or phonons along the path of least thermal resistance, according to thermal

conduction path theory.

According to the thermal conduction path theory, establishing a connected thermal

conduction network within the polymer matrix can form hejficiency thermal
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conduction paths, facilitating effective heat transfgs]. For fillers randomly
dispersed in the polymer, the thermal conduction netsvoded to be established
through the sufficient stacking af considerable quantity of filler matesaln other
words, the random dispersion of fillers hinders the aaeneced required for the
formation of thermal conduction pathikeading toless enhancement of thermal
conductivity in polymetbasedcompositesit has been reported thais necessarjo

add over 50 wt% oBN (8 em) fillers to the epoxy-terminated dimethykixaneto
achiee a tenfold increase in thermal conductivi8; 66]. In contrast to the random
dispersion of fillers, a small amount of fillers can enhance the thermal conductivity of
compositedy forming a connected thermal conduction network within the polymer,

providing thermal transfer paths for heat transfer.

2.3 Solutions and limitations of improving thermal

conductvity of polymer composites

Currently, the fillers used to prepare thermally conductive insulating polymer
nanocomposites are carbon (carbon nanoti@@sgraphen¢68]), metals (silvef69],
coppenf70]), ceramic Ceramic fillersincludenitrides, such as BIN1] andAIN [72],
etc.; oxides, such as magnesium oxide (Mf@3) andberyllium oxide (BeO)74];

carbides, such as Si(59].

Metals have excellent thermal and electrical conductivity. However, these fillers
themselves have very high electrical conductilegding to the increase efectrical
conductivity of composi® Therefore, metallic fillers are suitable only for
applications where electrical insulation and the threshold for voltage breakdown are

not essential consideratians
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In carbonbased thermally conductive polymer materials, fillers mainly include carbon
fibre, graphite, carbon nanotubes, diamond and graphene. Carbon &#ers
remarkedly enhance the mateéalability to conduct heawith a small amount of
addition, which is lighter than metal fillers and inorganic fillers. Unfortunately,
carbonbased filler itself also has a high electrical conductivity, which limits its
application in the field of insulatioVithin the domain otompositeghat are both
thermally conductive andlectrially insulating, such conductive additives are often
coated with either an organic or inorganic insulating layer. This coating aims to
restricing the fillerés conductivity, yet it preserves tltempaite high ability to
transfer heatFor example, Noma et al. used a-gel method to coat the surface of
graphite particles with a layer ailica dioxide (SiO) [75]. When the filler volume
fraction was 22.9%, the thermal conductivity of the polyac@mnpositeseached 3.3

W m't K1, At the same time, it hasgood insulation performance. When a voltage of

500 V is applied, the volume resistivity of tbempositess >1.0x10%q ¢ m.

The traditional method ahixing is very limited to improing the thermal conductivity
of composites. In order to achieve high thermal conductivity with a relatively low

filling amount, a lot ofesearchhas been carried out in recent years.

2.3.1 Functionalization of filler surface

The synergy between the fileand the polymer matrix significantly impacts the
composite's thermal conductivity. Byodifying the fillerés surface, the interaction
between the filler and the matrix can be improved, leading to better filler dispersion
within the matrix. This optimization of the phonon transport path minimizes the

thermal resistance at the interface, thereby elevating thepasit#s thermal
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conductivity [76, 77} There are two methods for the functionalization of the filler

surface: covalent functionalization and rmovalent functionalizatiofi78].
(1) covalent functionalization

Covalent functionalization is to graft some chemical groups on the surface of the filler
through a covalent bond by a chemical reaction, thereby enhancing the interface
interaction between the filler and the matrix. Common methods include strong acid

oxidation, solvent assisted ball milling and coupling agent treatfiz&ht
(2) non-covalent functionalization

Non-covalent functionalization uses electrostatic interactions between fillers and
modi f4 er 8 eYamdet Waalafarces, and hydrogen bonds to achieve filler
surface functionalizatiofi80, 81] Compared with covalent functionalization, Ron
covalent functionalization has the advantages of not damaging the filler structure and

is easy to operate.

Teng et al. nortovalently functionalized graphene nanosheets (GNs) through
polyglycidyl methacrylate modified with pyrene molecules, promoted the dispersion
of GNs in the polymer matrif80]. The improved interface interaction significantly

improves the thermal conductivity of GNs/epoxy composites.
2.3.2 Hybrid particles

Enhancing the thermal conductivity of the compasitith just one type of filleiis
limited. Hybrid fillers of various types, morphologies, and sizes into a composite
facilitates synergistic interactions among the fillers, leading thigherthermal

conductivity[64, 82, 83] Xu et al. used\IN whiskers andAIN particles as fillersn

20



Chapter2

PVDF-based compositi84], and achievee thermal conductivityp to11.0 W m?

K'! at 60 vol%filler loading. .
2.3.3 Oriented fillers

However, currently, there are also some limitations of current polymer composites.
First, he process of surface functionalization is too complicated, anchfinevement
of thermalconductivity is limited.Second, darge amount of fillesis still needed to
achieve higher thermal conductivjityhich resultshigh cost.Third, the studies are
more focused on improving thermal conductivity rather than how to reducelQus..
it is essential to find an efficient way tinprove the thermal conductivity of

composites

The key to preparing high thermal conductivitgmpositesis to form thermally
conductive pathwayms polymer matrix For compositegprepared bysimply mixing

the fillers are randomlgistributed which is not conducive to achieving high thermal
conductivity. Materials with alD structure and a high aspect ratio, like carbon
nanotubes and carbon fibres, along ithmaterials, such as graphene and hexagonal
BNNS, exhibit thermal conductivity along their lengtlirection that significantly
surpasses their radial thermal conductivityhen aligned, these materials can fully
leverage their super thermal conductivity in the longitudinal direct@urrently,
numerous techniques have been explored to align the fillers, including the doctor blade
method[71, 85] application of electric and magnetic fielg86], filtering [87], hot
pressing88], and electrospinninfB9], etc. These will be introduced in detail in the

next sectiorof this thesis

21



Chapter2

2.4 Distribution control of thermally conductive fillers in

polymer composites

Introducing thermal conductive fillers into the polymer is a common approach to
preparing high thermal conductivity compositeBffectively controlling the
distribution of fillers within the polymer matrix is a key method for establishing
thermal conduction pathwayshe commonly used nano fillers incind BN
nanosheet (BNNSBN nanotube (BNNTandSIiC fibre have anisotropic heat transfer
properties. These fillers can be oriented in the process of preparing composites, which
significantly enhancethe themal conductivity of composites in the orientation
direction of fillers. Therefore, according to the orientation of thermally conductive
fillers in the polymer, thermal conductivmposites can be classified into three
distinct groups(1) polymer compositesith randomly distributed fillers(2) polymer
compositesvith 2D alignedillers; (3) polymer compositesith 3D structural network

of fillers.

2.4.1 Polymer compositeswith randomly distributed fillers

Solution simply mixing is the prevalentechnique for dispersing fillers randomly
within polymer compositesThe composites are obtained by mixing thermaly
conductive fillers with the liquid polymer or the solid polymer dispersed in the solvent
evenly andhenplacing it in the mould for curindn the past decadscientists have
conductedmany studies on the randomly distributed filler in polymer composites.
Surface functioralization of fillers was usually employed to enhance the thermal
conductivity of such material¥he AIN filled with epoxy resin composite has been
proposed by Tanaka et al., as showikigure 2.3 [90]. They made different surface

modifications to AIN including surface grafting of silane, epoxy, mercapto and other

22



Chapter2

functional groups. The results show that the maximum thermal conductivity of the

composite is 6 Wn'! K'* when the AIN content is 65 vol%.

Hybrid fillers are additionally employed to enhance thermal conduct¥tgndomly

distributed fillers polymer compositeli et al. prepared PVDF composite using three
different size BN particles mixed with carbon nanotubes (CNAs) shown inFigure

2.4, the final dispersion states of CNTs in PVDF composites were affected by the shape

of BN particles[91]. The results exhibit that the largest thermal conductivity is 2.18
WmiK'Y  which demonstrates that the middle
most proper filler to construct high efficiency heat conductive pathways with CNTs in

PVDF/BN/CNT composite.
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Figure 2.4 Schematic of preparing PVDF/BN/CNT composites with three different
sizes of BNJ91].

Although inorganic fillers have high thermal conductivity, random distribution fillers
polymer composites are limited in practical applicatiBecently, oriented fillers
polymer composite has attracted more and more attentiento the following
shortcomings of randomly distributed fillers polymer composibestly, the essential
factor to improve thermal conductivity is monstructheat transfempathways In
polymer composites, polymer, as a poor conductor of heat, mainly provides
mechanical and eleatal insulation support, while heat flow is mainly conducted
throughthermal conductivédillers. The random dispersion of fillers results in a large
amount of fillers/polymer interfaceteading toelevated thermal resistancgevere
phonon scattering occurs at the interfaces, which affects the heat conduction in
compositesSecondlyonly increasing the content of thermally conductive fillers can
improve thermal conductivity, but it will lead to the degradation of mechanical
properties and seriously affets processability. Thus, it is still a challenge to improve
the thermal conductivity without damagitige mechanical propertge Thirdly, high

filler content will undoubtedly increase the costofmposites
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2.4.2 Polymer composites with2D alignedfillers

Many thermaly conductivefillers have anisotropic heat conducting properties. They
can be oriented during specific processing and form oriented heat conghathingys

in the composite, which makes the mataerave better heat conducting properties in
the orientation directiofb9]. In many applications, thermally conductis@mposites

are required to have a high thermal conductivity in a specified direction. Therefore, in
the research of thermally conductive compasiéehieving high thermal conductivity

in a specified direction has attracted much atten#@nshownin Figure 2.5, many
methods have been put forward to oriented fillers, including injection mouUlelig
doctor blading [71, 85] stretching [93], vacuumassisted orientation[87],
electromagnetic field orientatioj@6], hot pressing88], ice template methofb9],

electrospinning89] etc
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Fiber pre- Vacuum assisted Mechanical stress Electric /magnetic
impregnation self-assembly assisted alignment  field aided alignment
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]
0: o':.o EEEEER
Chemical vapor emplate assisted
Electrospinning deposition allaiiniae Other method

Figure2.5 The methods for alignment of fillers in polyn{éd].
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Injection moulding is a typical method of orienting anisotropic fillers. When a
mixture of polymers and fillers is injected through a mould, the applied shear stress
causes the fillers to be oriented in the injection dired@&ih The Al 203 fibres whose
average diameter i s 10 ¢ m-ddnsty polyethylegeo o d
matrix [92]. Compared with the random dispersion ob@ fibres, the thermal
conductivityof compositen the injection directiommproves by 17.5%. By using the
injection moulding method, various types of moulds can be desapuending to the
requirement of practical application. Users can orient the fibrous filler according to the
shape of the mould. Injection moulding is suitable for the low injection flow rate. The
orientation of fillers in composites gradually disappears at a high injefttrrate

owing tothe influence of the interaction between the fil[&6].

In contrastdoctor blading (or tape casting)is a simple technique for horizontally
orienting fillers.Doctor bladingdoes not require special moulding equipment, and the
preparation process is simple and continuous, so it is suitable forslzatge
production. Cast moulding is divided into tveteps first the blend of fillers and
polymer is deposited ont@ substrate, allowing it to spread naturally under
gravitational forces. The mild shear stress produced in this process can orient the fillers.
Secondthe blademovesat a speed up to several meters per minioteontrol the
thickness of thdilms. At the boundary of thblade the movement of thieladewill

cause the fluid to flow and generate strong shear stress. The shear force causes the

anisotropic fillers to form an orientation along the direction of the fluid f@xy.

Xu et al.prepared BN/polyvinyl alcohol (PVA) film bgloctor bladind71]. The SEM
image inFigure2.6 shows that the shear stress brought bythéecaused BN to form
a good horizontal orientation in the PVA matrix, while the composite interface

prepared without thedoctor bladingprocess showed a randomly scattered BN
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distribution. The ipplare thermal conductivity of composites is 5.4, 7.6, and 8.8 W
m' ! K'? respectively, when the BN content is 10, 20, and 30 vol%. At the same BN
content, the irplare thermal conductivity of composites prepared by tiwetor
bladingis increased by more than 13.5% than that of the composites prepared by the
simply mixing In addition, thebladecan uniformly control the thickness of the film,

so that the composite film has a transmittance within a certain range of BN content.

Figure2.6 Crosssection micrograph of the composites prepared (a) by doctor blading

(b) by castingonly [71].

Vacuum-assisted orientation is the method of forming anisotropic thermally
conductive fillers into a horizontal orientation which is similadéetor blading The
difference is thatdoctor bladingis based on shear stress, while vactassisted
orientation is based on fluid forcf38]. Figure2.7 shows the flow chart of vacuum
assisted filtratiomssemled procesgor BNNS/cellulosenanofiberd CNFs) film [99].

The fillers and solvent are mixed and placed in a vacassisted filtration system.
Thenbecausef thevacuum forceat the bottom, the solvent will flow downward and
penetrate through the holes of g@nd core, thereby generating liquid flow force. The
fillers will move to the bottom under the action of liquid flow force. In order to

maintain the stability of its structure, the fillers will tend to be arranged horizontally
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to form a densely layered structure. The higher vaalemgnee leads to a higher degree

of orientation in the ifplane direction.

Zeng and others us&NNS as the basic assembly unit and PVA as the polymer matrix

to prepare thiffilm materials with similar microstructure to natural shells based on
vacuumassisted filtration technology7]. SEM images Kigure 2.8) show that the
crosssection of the composite presents a perfect layered structure, inBiiB are

closely stacked with each other. The contact interface provides a large heat transfer
area.BNNS forms an oriented heat conduction path which improves tigaime
thermal conductivity of the composite to 8/ m'! K''. The essence of vacuum
assisted orientation is to establish a framework in which the fillers comitiiceach

other, and then use a polymer to fill the gap between the fillers, which is suitable for

the preparation of ultrhigh filler contentcomposites

BNNS CNF BNNS/CNF Film

Figure2.7 Schematiof the composite preparation by vacuum filtration fda9.

Figure2.8 The SEM images of th@-b) crosssection(c) surfacanorphologyof NF-
BNNS-PVA paperRed arrowsn (b) indicate the bridges between platelg&g]
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Electromagnetic field orientation also serves as an efficient approach to redfiee
orientation of fillers in specific directior]$00]. Most ceramic filles themlvesare

not intrinsically magnetic mater&l Therefore, it is necessary to perform surface
modification treatment on the ceramic fillers in advance, making ceramics filler
oriented in a magnetic field, such as loading magnetic particles on the surface. Kim et
al. loaded magneti@erroferric oxidg FeO4 particles on the surface of Aldhd used

a magnetic field to form an orientation inside the epoxy mdkigure 2.9) [101].

When AIN content is 20 vol%, ththroughplane thermal conductivity of epoxy
composites with randomly distributed AIN is 0.915 W?! K'!, and thermal
conductivityrises to 1.754 Wn'! K'! after magnetic field orientation. The principle

of electric field orientation is similar to that of magnetic field orientation, which causes
fillers to be indirectly affected by external forcd92]. Anisotropic fillers such as
nanosheets and nanowires are polarized when an electric field is applied. Electric field
induced torque acts on the fillers to form a linear array. The main disadvantage of
electromagnetic field orientation is that it needsray time to orient the fillers. In a
viscous polymer matrix, it often takes several hours to achieve the orientation of the

filler, which limits its practical application.

NaOH
5

H
AIN-OH PVP coated AIN

FeCI; 6“;0

AIN
@ PVP remove NoH, ‘ ’

AIN-Fe,0, PVP, Fe;0, PVP, FeO(OH)
coated AIN coated AIN

Figure2.9 Fabrication procedure of the AIResO4 hybrid filler [101].
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Hot pressing uses mechanical forces to orient filletsitially, fillers are evenly
blended with the polymematrix, followed by subjecting the mixture to elevated
temperature and pressunder pressure, the anisotropic fillers will tend to be aligned
along the long sidgl03, 104] Themechanisnof heat transfer enhancement is similar

to doctor blading anddacuumassisted orientatiofLl05-107]. The hot pressing and
electrospinning methods can be combined to achieve the oriented arrangement of
fillers. Yang et al.prepared BNNS/PVA thermallgonductive composite filmby
electrospinningechnology, followed by hegpressing andthe fabrication process is
illustrated inFigure2.10 [105]. The inplane thermal conductivityf BNNS/PVA film

with 30 wt% BNNSsignificantly enhanced to 18.68 m't K™%,

= o C

BNNS/H,0 5 Stirring ‘ . ?)
/‘T BNNS/PVA Electrospun
T mixture
PVA/H,0

Hot pressing \ Vertically folding

% BN G T G T A T
\
\‘ ) (A £ N N £ S

BNNS/PVA-III BNNS/PVA BNNS/PVA fibers
stack array

Figure2.10 Schematic othe process fapreparingBNNS/PVA films [105].

Stretching method is also applied tdnorizontally aligned fillers in composit¢$08,

109]. The tensile force generated during the stretching process can induce the fillers to
align in the direction of the applied forcEhe BN/PVA film underwent stretching at
ambient temperature, with a steady force manually applied to its elongated edges until
the desired draw ratio was achievg@3]. The inplane thermal conductivityf

stretchedN/PVA film which is twice the original lengtlreacked 30W m't K’ with
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50 voPo BN. However, the issue is that when the film is stretched to twice its length,
there is a noticeable necking phenomenon. The significant contraction occurring

locally within the sample causes a reduction in the tensile strength of the film.
2.4.3 Polymer composites with 3D networKillers

Recently, researchers have paid more attention to comsty8f heat conduction
networls in polymer composites. Compared with the traditional inorganic particles
randomly distributed in the polymer, the composite which haB heat conduction
network significantly improvethe thermal conductivitat low content of fillerg59].
Several methods have been used to fabricate 3D structure netwopolymer

composites.
self-assembly

In the preparation afompositesutilizing thefiller self-assembly process to construct
a thermal conductivity network is an important and efficient method to improve the

thermalconductivity of materials.

A novel method oprepaing a3D BNNS networkby usng 3D cellulose as a skeleton
based on the s@el and freezelrying process has been reported by Gteal.(Figure
2.11). In this study, the hydrogen bonding was used to attaclBiS onto the
cellulosefibres by the selfassembly methodAt a BNNS contentof 9.6 vol%, the
thermal conductivityachieved 3.13W m'? K%, which is 1400% higher than that of
pure epoxy resifil10]. Theresults indicate thdahis method casignificanty improve

thethermal conductivityof BNNS composite alow filler loading.
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Figure2.11 Schematic of 3D BNNS netwogkeparatiorusingsolgeltechnique
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Freezecasting(ice-templating) method

Freezecastingor namedice-templatingis a common method for preparing porous
ceramicswhich has beensal to prepare3D filler networksin recent year§s9, 111,

112]. The core principle of the ice templating technique involves controlled
solidification, utilizing the ice crystals that emerge during the freezing of water as a

templateto create a structured network of fillef$13].

The freeze casting processligstratedin Figure2.12[114]. First, theslurryis poured

into the mould and followed by freezinghen puting the frozen suspension int@
vacuumcircumstanceo sublimatethe frozen phase. There are two kinds of freezing
methods whichare homogeneous freeze casting and directional freeze casting.
Homogenous freezing means the temperature distribution is uniform throughout the
sample. By using this method, the microstructuréhefsample is uniform sinciee
crystal growth ighe same in all directionglowever, when the freezing temperature
distribution hasgradient, the ice crystal will grow along the temperature gradient.
the whole process, theate of slurry which is expected to be stable and dispersed
uniformly is critical [115]. The most critical stage the solidification ofthe prepared
suspension becausdiee crystal morphologgetermineghe obtainedmicrostructures
which are homogeneous or directioriBhe crystal morphology isontrolled by the
freezing conditionssolid loadingand solvent type as a resultthe structure of the
materials can make a great chamgeordingly Figure 2.13 shows he relationship

between thdreezing process aratjueouslurry stateq116].
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Figure2.13The relationship between the aqueous suspension states and the processing
steps[116]

In the directional freezecastingprocess the finial microstructuredependson the
particleswhich are expelled and entrappey the moving solidification fronfl16].
The theory of freezing cast technique using water as the solveinbu inFigure
2.14[117]. When the aqueous suspension a&zén the ceramic particles arejected
by the growing ice crystals, thfierming a layered structu@ientedin the direction
parallel to the direction of ice growinut when the loading of ceramic is high, the
moving speed of particles is lower than thés of ice crystal growing in the highly

concentrated suspension, which letxsomeparticlesbeingentrapped within the ice
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crystals. The entrapped ceramic particles form inorganic arms which become the
bridge between adjacent walls. Due to this feature, the freezing cast technology can
constructa 3D network of ceramic fillers by adjusting the fabrication parameters.

m entrappad ceramic particles
: particles repelled from the interface
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Figure2.14 Schematic of freezeasting principle[117]

Zeng et alusedBNNS as the assembly unit to prepar&D structurel BNNS with a
controllable structure based on the-iemplating methodFigure2.15) [118]. When
thecontent oBNNSis 93 vol%, the througkplane and irplane thermal conductivity

of the composite are 2.85 and 20N 1K', respectively. At the sanBNNS content,

the thermal conductivity of epoxy composite with random distribuBNINS is only
1.13Wm't K™%, which indicates th8D BNNS network in the composite [seneftial

to the formation of thermal conductivity network of composite results in improving

the thermal conductivity of the composite
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Figure2.15 An illustration of the fabrication of 3D BNNS netwojk138].

Salttemplating

The salt templating method involves controlling the dispersion of fillers by occupying
the spaces created by the salt and maintaining the structural framework through the
use of a binder to prepa@D fillers. As shown inFigure 2.16, Cui et al.[119]
fabricatedpoly (ethyleneco-vinyl acetate) EVA) connecte®D BN skdetonby using
aNaCltemplate Theh-BN platelets wereonnected by EVA bindeand therepoxy
resinwas infiltrated into the 3D Bldkeletonto prepare composité high thermal

conductivityof 1.85 Wm'! K'?! is achieved at relatively low BN loading of 16.8

vol%.
‘N \_\ %
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Figure2.16 Schematic route for the preparation of 3D BN/Epoxy composites by salt
templating methogtl19].
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Polymer templating

The polymer templating methasldepositing high thermal conductivity fillers on the
surface of 8D polymer to create an interconnected network structure. Qin[&28al.
utilized commercially available melamiiermaldehyde (MF) foam as the scaffold to
prepare 8D interconnected network structure of reduced graphene oxide (rGO). The
processs immersing MF foam in a suspension of GO and subsequently removing
excess GO from the pores through centrifugation. This procésts @O attad to the

foam scaffold surface. Aftethe chemical reduction of GO, 8D interconnected
network of rGOwas obtained based on the MF scaffold. PDMS precursor was then
poured into the8D rGO foam to prepare a thermally conductomnpositegFigure

2.17). By controlling the immersion time of the foam in tO suspension and
compressing the thresimensional rGO foam from different directions to regulate the
orientation and density of the rGO foam in ttmmpositesWith a3D compression
ratio of 70% and a rGO loading of approximately 4.82 wt%, the thermal conductivity
of thecompositeseached 2.19v m'! K'?, which is about 12 times higher than that

of the uncompressambmposites
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Figure 2.17 lllustration of preparation procedures of the Graphene network and the

polymer nano composi{é20].
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2.5 Effect of fillers on CTE of polymer composites

In addition to low thermal conductivityhe high CTE also restricteagpplications of
polymer in electronic packagingTable 2.3 shows theCTE values ofthe most
commorly used polymerTypically, polymers exhibit a CTE within 2800 ppm K %,
significantly higher than metals and ceramics. etals and ceramigsssess CTE
values ranging from a few up 89 ppm K * [121]. As shown inTable 2.4the CTE
values of polymer are much higher than other part of materials in electronic packaging
The CTE of the silicon chip is on8/ppm K 1, butthe CTE ofE-glassfibre reinforced
epoxy commonly used as P@311-20 ppm K !in the X-Y direction but 60 ppnK'?

in the Z direction[13, 122] Thermal stresses and warpage in electronic components
primarily result from differences in CTESBherefore, it is essential to reduce @EE

of polymers.

Table2.3 CTE values of the most commonly used polyii@3].

Material CTE value (ppm K1)
Epoxy resin 4575

Polypropylene (PP) 200
Polyethylene(PE) 180-200
Polycarbonate (PC) 65

Polyphenylene sulfide (PPS) 50

Polyvinyl chloride (PVC) 70
Polyetheretherketone (PEEK) 2550
Polytetrafluoroethylene (PTFE) 112125
Polyvinylidene difluoride (PVDF) 130
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Table2.4 CTE values of materials in electronic packagiig§]

Material CTE value (ppm K'?)
E-glass Fibrereinforced Epoxy 11-20 (XY) 60 (2)
Aluminium 23

Copper 17

Titanium 9.5
SolderSm63/PI87 25

Sintered Agpaste 19.6

The glass transition temperaturg)(i& a critical property of thermoset polymers that
denotes a change in mechanical characteristics or the onset of phase alterations. It
typically denotes the temperature range where the polymer transitions from a rigid,
glasslike state to a more flexiblerubbery state. For example, epoxy resimais
thermoset polymer. Above the glass transition temperatyjetfiermoset polymers
exhibit characteristics of a highly viscous liquid or a ductile solid, while belowghe T
they behave as a hard and brittbdicc All CTE values mentioned in this thesis are
bdow the glass transition temperature. Many studies have found that the thermal
expansion and glof polymer changed by adding fillers, such as rgraphite[124],

CNTs [125], BN [118], and silica [126]. The addition of graphite narmatelets
(GNPs) to thepolymerhas been observed to potentially reduce both linear and axial
CTE[127]. GNFRs effectively decrease the CTE of the composites and also eethanc
other functionalities such dke electrical conductivity of the composité&arrier et

al. integrated CNTs intthe glassfibres epoxy composite, which resulted irhigher

glass transition temperature and reduced JIE5]. These resultsshow the
effectivenessof employing nano fillers to mimize residual stress ifibre-reinforced

compositesBN filler canalsolead to rapid reduction ithe CTE at relatively lower
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concentrations, primarily due to its high aspect rdtid8]. The reduction in CTE in
polymer nanocomposites is attributed to the decrease in segmental motion of polymer

chains, which is caused by the hindrance offered by nano fillers.

There are many factors thedn influence th&€€TE of composites, for exampléhe
size,shapefunctioralizationandthedistributionof fillers in the polymer matrix.The
singlewalled CNTs are funtionalized firstbeforebeing mixed with epoxyresin to
investigate the effecon CTE of composites[128]. Incorporatingfunctionalized
nanotubesnto nanocomposites has been observed to reduce the CTE by up to 52%.
However,with the pristine CNT the reduction bCTE was negligible due to uneven
distribution and weak bonding at the interface between CNT and epb&ycoped

CNTs which have sraller sizes lead to a lower CTEof CNT nanocompositeld 28].

Ren et al[129] chose two differenshapesof silica (silica nanopaticles and silica
nanofibers) tadd to epoxy resirSilica nanofibers filledepoxyexhibited lower CTE

than silica naaparticlesfilled epoxy, which indicatesepoxy filled with high aspect

ratio nanofibers demonstrated a notable decrease in the TOTi& occurs because
fillers with elevated aspect ratios can impose substantial mechanical limitations on the
polymer matrixs deformation, thus disrupting the distribution of thermal stress within

the matrix.

Alignment of fillers in polymer matrk also influence the CTE of compositdhe
well-aligned3D netvorks ofrGO walls bridgel by single wall CNB (SWCNT)were
constructedn epoxy resn [130]. The CTE valueof rtGO/SWCNT epoxycompositas
reduced to 59.47 ppm'Kfor the inplane direction which is ~17% decreaseas
compaedto the pure epoxy resiithe reduction in CTE observed in nanocomposites
can be ascribed to tIi8D networks formed by rG@nd SWCNTs. These networks

employ a pinckoff mechanism to efficiently impede volume expansiBecausehe
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CTE of rGO differs betweethe inplane(i 1 ppm K1) andthroughplane(28 ppm
K'1) directiors [131], the CTE of rtGO/SWCNT nanocompositesalso exhibit
anisaropy CTE. Theanisotrgic CTE in then-plane and througplane directiorwas
also observed iBD BNNS networksepoxy compositedue tothe anisotropic CTE of
BNNS (1 2.7 ppm K1'in the in-plane direction,38 ppm K! in the throughplane
direction[132]). In the 3D structurethe alternative layered structure between BNNS
and epoxyhelps tosuppress the voine changef compositesAt the BN loading of

9.3 vol%, the CTE values ofcomposites decreased fr@® ppm K*to 24and 32 ppm

K'!in thethroughplane andn-plane direction$118].

2.6 Dielectric properties of polymercomposites

Dielectric properties are mainiycluding two parameters, dielectric constant and
dielectric loss, which charactegithe ability of a material to save and lose electrostatic
energy in an electric field. Excellent dielectric properties are reflected in low dielectric

loss.

2.6.1 Dielectric constant and dielectric loss

Dielectric constant is an important characion parameter to dielectric materials,
which measures the polarization behaviour or the ability to store charge under the
action of an electric field133]. The dielectricconstantdetermined by the material
itself, independent of the applied electric fiekhe greater theolarizationof the

material thelargerthe induced chargéeading to an increaselielectric constant

Dielectric loss is mainly determined by the internal properties of the material and is
defined as the amount of energy consumed per unit volume of dielectric per unit time

to convert electrical energy in the form of heat into thermal energy. The measuremen

of the dielectric |l oss tanu under an al t e
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analyserand the loss at a frequency of 1000 Hz is usually taken as the dielectric loss

of the sample

Reasons for dielectric loss can be described as foll8g] (1) conductivity loss,
under an applied electric field, the conductive carriers in the mataiiaimove to

form a current, so that part of the electrical energy is converted to overcome the
resistance of the thermal energy. Whether it is an alternating electric field or a constant
electric field, conductivity loss can not be avoided, but mostpety because their

poor conductivities, ther conductivity loss is small. (2) polarization loss, only
occuring in the alternating electric field, is theeetric field and the matergko
produce the result of energy exchange. Polarization is divided into orientation
polarization and deformation polarizatiddrientation polarization is a dipole in the
electric field force under the action of the steering, part of the electric energy used to
overcome the viscous resistance of thaterialsinto heat of a relaxation process;
deformation polarizatiorarises wherthe materia€s intrinsic frequency of vibration
matcheghe frequency of thelectric field,this phenomenomvasknown as resonance
absorption This process, whictselasticity, results in maximaglectric field energy

loss. Conductivity loss occurs mairity non-polar polymers, polarization loss occurs

mainly in polar polymers.
2.6.2 Mechanism of dielectric properties

The various polarization mechanisms within the dielectric masearaldescribedas
follows. (1) Electron displacement polarization: under the external electric field, the
electrons outside the nucleus of the atom are displaced, resulting in the separation of
positive and negative charges, which is the most conpotarization inmaterias.

Theestablishment timef electron displacement polarizatisnbasically in the optical
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frequency range. (2) lon displacement polarizatitve: movement of positive and
negative ions under electric field force causes the ionic bond to be elongated, thus
forming a dipole moment. Compared with the electron polarization, the ion mass is
larger, so the polarization establishment timabsut10 ~10 3s, (3) Orientation
polarization:in adielectrig disorderedlipole momentsvill bealignedin the direction

of the external electric field his kind of polarization exists only in the polar dattec,

and the dipole can not be restored to its original state after the withdrawal of the electric
field. This proceswill consume a certain amount of energy, and the time period is
longer, about 13~10 1%s. (4) Space charge polarizatiom noruniform mediathe
chaotic distribution of space chargands to become ordered due to defects, resulting

in the production of amlectric field This polarization lasts for bbng time, about

10 ~1(P s, mainly in the lowfrequency role.
2.6.3 Theresearch onthermally conductive dielectric composites

Power electronic devices operating under high electric fields, like energy storage and
conversion devices, require dielectric composites characterized by a high dielectric
constant andigh dielectric breakdown strengti35, 136] These energy storage
devices suffer from high electric field intensapdpoor heat dissipatiofi37, 138]

In this context dielectric composites with high thermal conductivity are necessary to
maintain the reliability of these devicgds839, 140] A thermally conductive insulating

film permits the use of elevated voltages while ensuring electrical s&fetymes

often serve adielectric materialdecause of their numerous benefits, such as Buper
breakdown strengtiow dielectric loss outstanding thermadtability, affordability,
versatile processing options, and exceptional dependabilihese attributes

demonstrat considerable promise for use in energy storage and conversion devices
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operating at high temperatur¢$41]. However, polymer dielectric is thermally
insulating and has a thermal conductivity below 0.5n#K'* [142]. High dielectric
constant ceramic fillers are extensively utilized in polymer to fabricate- high
performance dielectric composites. However, the pemtuced from excessive use or
minor electrical discharges can lead to a rise in the temperature of insulation substances
gradually leading to the loss of dielectric performartbas it is challenging to meet

the urgent demands tifermally conductive dielectric materials in high power density
electronic device applications. Nanocompasitesing high dielectric and high
thermaly conducive fillers arepromisingto meet this challenge. Howeveandom

filler distribution in this composite is found to be quite challenging to achieve a balance
between low dielectric loss and high thermal conductivity. Generally, to achieve the
target thermal conductivity, a high loading is required to form continuousrbester
pathwayq143]. But high thermal conductivity composites are generally accompanied
by high dielectric loss and dramatically decreased breakdown strength with the filler
content[144, 145] High dielectric losses cause the material to generate a lot of heat
during use, which can lead to damage to the electronic. The generated heat could not
be dissipated in time due to the low thermal conductivity. Meanvwthéeslectric field
surrounding high dielectric constant fillers is significantly stronger than that in other
parts of the polymer. This heightened local electric field increases the likelihood of
breakdown occurringEnhancing the dielectric constant of composites is crucial
without cawing a rise in dielectric loss or a reduction in breakdown strefigire

are several strategies have been employed to maintain high dielectric constant, low
loss and dielectric breakdown strength as high as possible along with enhanced thermal
conductivity, such as the alignment of fillgist6], coreshell structure$147], and

design of multilayered structurgl48], and so on.
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Employing a multilayexd structure is a straightforward and efficient approach to
achieve this objective. In this setup, a layer with high filkexding offers a high
dielectric constant, while a layer with low filler content prevents an increase in leakage
current[144]. It is proposed that the variance in filler distribution within these multi
layered films can efficiently redistribute electric field intensity, thereby decreasing the
internal field strength within the dielectric layer and enhancing the overall breakdown
strength of these compositd449]. Studies have indicated that each layer in a
multilayer structured film, formed bylifferent filler loading can leverage its
advantages to enhance both the dielectric constant and breakdown strength of the

overall composit¢149-151].

h-BN platelets are excellent candidates for producing composites with both high
thermal conductivity and desirable dielectric properdias to its large band gap (5.7

eV - 6 eV), and high thermal conductivitg@0 W m*K'! for the inplane direction,

and 30 W mtK'! along the througiplane direction[105, 152, 153]h-BN platelets

are also easier to form horizontal distribution along (002) or (004) plane in polymer
matrix. The 2D structureand significant aspect ratio contribute to the improvement

of in-plane thermal conductivitji54]. Additionally, SiC whisker exhibits excellent
insulating attributes along with a respectable theoretical thermal conductivity,
approximately 120V m''K'! [36, 155] It is reported that the introduction of ene
dimensional SiC whiskers, could filled the gap between thediwensional
graphene nanosheet to prevent the accumulation, and thus a thermally conductive
path is additionally constructed in the longitudinaledtion [156]. The path and
intensity of dielectric breakdown are gl
microstructure, specifically theize and arrangement of the fillerEillers having

aspect ratio, AR >1 (whiskeand platelets) should have higher barrier potential at
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the interface between matrix and fillers for the carrier to overcome during the
conduction proces$l57]. In the breakdown process, when electrical treeing
encounters the filler, it propagates along with the interface between matrix aisd filler
due to the obstruction in treeing propagation. An increase in encountering frequency
using the hybrid fillers (i.e. a mixture ¢FBN platelets and SiC fibres) could
effectively prevent electrical treeing, resulting in an enhancement in the insulation
breakdown strength of the compogit&7]. Meanwhile, the addition of SiC and BN

can also help to increase the dielectric constahtis, SiC whiskers and -BN
platelets are anticipated to additionally enhance the dielectric constant while
synergistically boosting Hplane thermal conductivity through the formation of

conductive pathways in the-plane direction.

2.7 Application of thermally conductive composites

Nowadaysthe management of heat dissipation is a critical issue that influsaiedy,
performance and durability of electronic devicéBus, the demand for novel thermal
conductivecompositeds increasingOver the past few yegrthermally condudte

and electrically insulatingompositegradually plagdan increasingly important role

in themodern electronic industry. In some applications, the heat dissipation materials
direct contact with the chip, so timaterials need to possess both efficient thermal
conductivity andgoodelectrical insulation capabilitieI herefore, thishesisfocuses

on the application of thermally conducting and electrically insulatorgposites
2.7.1 Electronic packaging

As shown inFigure 2.18, the thermal interface material is used as a medium for
interface heat transfdretweentwo materials, which can improve the interface heat

transfer efficiency158]. Due to the roughness of the solid surface morphology, at the
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micro-nano scale, the solid surface is not smo@then two solid materials contact
each other, only a small percentage of the surface sf@m effective physical
connection, and the remaining voids at the interface are filled with air. However, the
thermal conductivity of air is only 0.024 W' ! K'* which is much lower than that of
many materials Thus, even for substances with low surface roughness, how to

improve the effective contact area is also an urgent techsscadto be solved.

In electronic packaging, the thermally conductive and electrically insulating
compositesare applied for the thermal interface materiéigre 2.18b), which are
placed between the heamitting chip and the integrated heat stokestablish an
effective heat conduction channel, leading to significantly lower contact thermal
resistancg¢l58]. Thermal interface materia{$1M s) can fill the micrevoids and holes

on the surface of two materials when they are joined or contacted. In practical
applications, although the use ©fMs will add a newinterface between the two

materials, they still improve the overall thermal conductivity of the system.
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Figure2.18 (a) Working principle of TIN; (b) The electronics package with two TIMs.
[158]

The substrate material &soan essential part of the electronic packaging system.
PCBs are integral components in nearly all Electrical and Electronic Equipment (EEE).

They typically constitute 4% of the total mass of electric and electronic devices. In
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commercial products, this percentage is often higher, reaching ugBta2t mobile
phones, 20% in computers, and 10% in televis[@B9]. The functions of substrates

are carrying the electronic components and making circuit conngcinsulation,

heat conduction and protection of componebtge to the continuous increase in
power and integration of electronic devices, the distances between components are
shrinking, resulting in an escalating heat dissipation requirement within limited space.
If this heat is not promptly and effectively disasipd, it can lead to elevated
temperatures of the components, posing a risk of damage to electronic dEvices.

there is a growing demand for high thermal conductivity substrates to address these
thermal management challenges. Thermally conductive composite polymers offer
significant advantages in addressing th#srmal dissipationissues.Meanwhile,
thermally conductive polymercompositespossessmany advantages, including
excellent dielectric properties, lightweight, ces$fectiveness, impact resistance,

corrosion resistance, ease of processing, and suitability fordaede production.
2.7.2 Light-emitting Diode (LED) devices

Globally, lighting electricity consumption accounts for nearly 20%otd| electrical
energy usag¢l60]. LED lighting, charactesed by high energy efficiency (30%),
instant starup, long lifespan, and low power consumption, has gradually replaced
traditional lighting sources such as fluorescent and incandescent [[igts161]

With the continuous improvement in lighting performance requirements and the
sophisticated development of LEDs, there is a trend towards high power density and
high integration. Currently, LED luminous efficacy has reactad@ W' (theinitial
luminousefficacy was only 0.1Im W'?1) [162]. Simultaneously, the rapid development

of LEDs has brought about thermal management challdregpesis@ 0% of the energy
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in the LED is converted into heHt63]. Such a large amount of heat will seriously
affect the working efficiency and stability of the LED. At a constant operating current,
for every 10 °C rise in temperature, the luminous efficiency of the LED decreases by
5% and the working life decreases3#£6[8]. If this substantial amount of heat is not
dissipated promptly, the temperature of the LED hgimitting chip will sharply rise,
significantly affecting LED performance, resulting in decreased reliability, lower
luminous efficiency, shortened lifespan, aingbversible damageAdditionally, in

LED lighting, heat dissipation is mainly achieved using metal heat sinks, primarily
composed oluminium However, in environments with conditions such as acidity,
alkalinity, high temperature, and high humidityetal materialsoften sidfer from
issues likescaling, corrosion and oxidatioin this situation,thermally conductive
polymer composits stand out. They offer significant benefits including being

lightweight, easilynouldableand resistant to corrosion

2.7.3 Solar cells

In recent years, solar energy has garnered widespread attention as a renewable and
sustainable energy sourcgolar cells, also known as photovoltaic (PV) cells, are
devices that convert sunlight directly into electricity through the photovoltaic effect.
They are a key component of solar panels and are widely used in renewable energy
systems to generate clean adtainable poweBecause solar cells have a relatively

low efficiency in converting light to electricity, a large fraction of the solar enbrgy t
capture turns into heat within the cellfie photovoltaic conversion efficiency of solar

cells decreases with an increase in operating temperature. For &asg ltheoutput

powerof crystalline silicorbased cellglrops by 0.4%[164, 165] and the efficiency

of amorphous silicon cellslrops by 0.25%[166]. To ensure the photovoltaic
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conversion efficiency of solar cells, how to dissipate the heat generated within the cells

becoms a significant challenge

Figure 2.19 shows a typical solar cell modulmade by different layers [167].
Poly(ethylene vinyl acetatdEVA) as acommonly usedell encapsulation material
has a very low thermatonductivity (0.23W m'? K'?). Besides,Polyvinylidene
fluoride (PVDF) which isalsoa commonlytypical backsheet component matetial
solar cells exhibits poor performance with a thermal conductivity of only 0.33W m
K'1. Jaewon edl. investigated using three differekindsof backsheet materiails the
solar cells.The study has shown that backsheeterials with an increased thermal
conductivity contributed to decrease in the average cell temperature if moreghan 1

in general and of more tharg2 onhot sunny daygL68].

ETFE
EVA

SILICON
EVA
PET

TAPE
CFRP

Figure2.19 A solar cell module made Wifferent layer4167].

Thermally conductive materiakre also used as TIM in the solar sels shown in
Figure2.20. A small percentage of rgpheng1-6 wt%) is mixed with a&ommercial
TIM to increase its thermal conductivit¥69]. By usinggraphenesnhanced TIMthe
efficiency of solar cells was enhanced by effectively eliminating unwanted heat. This

method can recover up to 75% of the power [269].
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Figure2.20 lllustration of operation of IM in solar cell[169].

The polymer layers with low thermal conductivibecomethe bottleneck in the heat
dissipation of photovoltaic cells. The most effective solution to address the heat
dissipation issue is thimtroduction of electrically insulating thermally conductive

fillers in the polymer.

2.8 Summary

From previous research, it is known thdtleg fillers to composites to construct a
continuous thermal conduction network is key to enhancing the thermal conductivity
of composite materials. The orientatidrehaviour of 1D and 2D fillers with
anisotropic thermal conductivity can form composites with anisotropic thermal
conduction properties. The orientation of the fillers can be achieved during the

processing or through external fields, such as magnetic fields and electric fields.

Among the various fillers1D SiC fibres and 2D h-BN sheets are considered ideal
fillers at this stage due to their high thermal conductivity, low expansion coefficient,

high dielectric breakdown strength, and excellent oxidation resistance. These
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properties make them wedbited for preparing materials with good insulating

properties, thermal conductivity, and mechanical performance.

BN, as a2D filler, has been widely used in past research. However, due to its sheet
like shape, BN tends to form thermal conduction pathways more easily in the
horizontal direction, thereby increagithermal conductivityhorizontally Thefreeze

drying andelectromagnetic orientatiomethods can achieve vertical alignment of BN
sheets, but both methods involve relatively complex preparation processes and require
precise control over both the preparation and synthesis processes to achieve precise
structurd design. Therefore, there is an urgent need to find simpler methods for
vertically aligning BN sheet€Compared to 2D fillers, 1D fillers with a high aspect

ratio areexpectedto form long heatconductive pathways along their longitudinal
direction within the composites. However, th@semising structures have been less

explored in previous studies on thermally conductive composites.

In previous studies, SiC nanoéiis werealso added as fillers into epoxy resin,
achieving a thermal conductivity of 1.8¥ m'! K'! [59]. This is almost the highest
thermal conductivity that SiC reslased materials can achieve with a filler loading

of less than 20%. However, SiC nanofibers are very expensive, which is not conducive
to subsequent largecale applications. Further resealishneeded to design and

construct thermal conduction pathways using more afforaaisi®n sizediCfillers.

Although researchers have conducted extensive scientific studies on highly thermally
conductive polymebased materials, and these materials have seenapigitations,

there are still significant challengas follow

1) The thermal conductivity of epoxy resin is very low; therefore, when the

thermaly conductive filler content is below 50%, the thermal conductivity of
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composites withthe epoxy resin matrix remains around®m'* K'* [8, 12,
45, 170] Therefore, the thermal conductivity of rediased composites still
needs to be improved.

Constructing 3D network stctures using 1D materialsto achieve highly
thermally conductive compositéss been less explored in previous studies
The procesfor aligning BN verticallyis complicated|It is necessarip explore
simple methods to verticgl align BN in polymer composite®r improving
throughplane thermal conductivity.

The effect of theadditionand alignment oD and 2D fillers on the CTE of

compositeslso needs to be investigated.
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Chapter 3 M ethodologies

3.1 Raw materials and chemicals

SiC whiskersiCWs, diameter~ 1. 5 e m,-53 eenm)t hwi t5h a pur i ty
purchased from Alfa Aesar by Thermo Fisher ScientiiBN platelets, averaging ~5

pm and 70 nm in diameter, were acquired from M.K. IMPEX CORTflytical grade

(99.99%) isopropyl alcohol (IPAyas purchased from Fisher Scientific. Graphene

oxide dispersion (1%, Aqueous) whsughtfrom William Blythe Ltd. Polyvinyl

alcohol (PVA) wasboughtfrom SigmaAldrich Co., Ltd. The epoxy resin (WEST

SYSTEM 105) and hardener (WEST SYSTEM6RWere obtained from Gougeon

Brothers, Inc.

3.2 Preparation of 3D SICW network aerogels (3DSiCW)
and 3D SiCW-epoxy composites
3.2.1 Preparation of 3D SICW network aerogels (3C5i1CW)

Firstly, PVA was dissolved in water, and then differemightsof SICWs were added

into the PVA solution under magnetic stirring foh,Ifollowed by sonication for 30

min. Then the slurry was transferred into gra@ytetrafluoroethylene (PTFEhould

placed ora copper disk that was dippéd liquid nitrogen forl h, and this process is

called unidirectional freeze castingor the homogeneous freeze casting, the slurry

was transferred into the PTFE mould with a PTFE bottom and also placed in liquid
nitrogen for 1 h.Then all the samples are placed in the freeze dogdrconco) After
freezedrying at a low temperatureq 5 ) and | ow prfed8&hur e (0
the frozen scaffolds(SICW+PVA) were sintered atdifferent temperatuse

(900/1000'1100/1200 ) for 6 hin theair to obtainordered3D SiC networkaerogels.
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The networks were controlled by adjusting the loading of added SiTwde 3.1)

and these aerogels prepared by the unidirectional freeze casting method were
designated as 3D SiCW, in which X was the volume fraction of SICWs the
composites. The SiCW aerogels prepared by homogeneous freeze casting were named
HomofreezeSiCW. The networksof aerogelswith different PVA contents were
controlled by adjusting the adidih of PVA in suspension and designated as SiCW
PVA-Y. The value of Y is the mass fitaan of PVA in the suspension.

Table3.1 The weight (Wic, Weva) and volume (M20) used to prepare SiCW aerogels

with different SiC loadingsRsicrva is weight ratio of SiC and PVA SiC wt% and
PVA wt% are theweightpercentagef SiC and PVAI slurry.

Group  Aerogel  Wsic(g) Wpva(@) Vh2o(Ml) Rsicpva  SiC PVA
wt% wt%

A SiICW-2.5 0.5 0.05 10 10:1  4.7% 0.47%
B SiICW-3.6 0.8 0.05 10 16:1  74% 0.46%
C SiCW-4.6 11 0.05 10 2221 99% 0.45%
D SICW-5.7 14 0.05 10 28:1 12.2% 0.44%
E SiICW-6.7 1.7 0.05 10 34:1 14.5% 0.42%
F SiICW-8.2 2.0 0.05 10 40:1 16.6% 0.41%
G SiICW-10.2 3.0 0.05 10 60:1 23.0% 0.38%

3.2.2 Preparation of 3D networks SiICWepoxy Composites (3D

SiCW-epoxy)

The composites were prepared by vacuum infiltration of epoxy resin int®iGLY
aerogelsFirst, the hardener and epoxy resin were uniformly mixed in a 1:5 mass ratio
by marnual stirringat room temperature. Subsequently, thprapared SiCW aerogels

werecompletely immersed into the epoxy resin mixture and thewved to a vacuum

55



Chapter3

oven for 30 minutes to expel any .abue to capillary force and a lepressure
environment, the liquid epoxy resin mixture effectivetypregnatedhe 3D SICW
aerogelsAfter that, the mixture was cured@® for 30 min. Finally, the extraepoxy
resin matrix adheringo the composite surface was removed diynding using
sandpape(400and 120Qyrits). The obtained composites were denoted as 3D SiICW
epoxy-X, where X is the volume fraction of SICWSs in epoxy resin composites. For
comparison, SiCW composites with randomly distributed SiCWs at the same loading
were also prepared lniformly mixing looseSICW into epoxy resimising aSpeed
mixer at 2000 rpm mih! for 5 min The SiICWs composites with randomly distributed
SiCWs were named as&RCW-epoxyZ, whereZ is the volume fraction of SICWs in
epoxy resin composite§.he SiCW composites prepared by homogeneous freeze
casting were named &mo-freezeSiCW-epoxy. The wholgreparatiorprocesss
shown inFigure3.1.

Freezing direction

Liquide N,

Sic Free_ze smtenng inflltration
casting
Mixing by Unidirectional free:e Fmem
+ ultrasonication and drying
magnetic stirrer - - 3D network SiC
polyvinyl alcohol : : : | |
(PVA) SiC and PVA dlsp_ersmn

in agu | n
aqueous solutio Homogeneous freeze

| J1 J1 )\ J

I

B
<
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Figure3.1 Schematiof thefabrication of3aD SICW-epoxy. The experimental process

consi st s o)prepaation of antaguposis slurfy containing SiC and PVA,

()freezing the sl ur yfreezeidngingland ginterind) th@ aertogels g e n

( )polymer infiltration.
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3.3 Fabrication of BN/SIC bi-layered epoxy resin

composites

First h-BN (0.4 g) and IPA (50 ml) were put into a 100 ml beaker, and then the
suspensionvas stirred by magnetic stirrers for 30 min, followed by sonication for 20
min to disperseheh-BN uniformly. Then0.2 g SiCwhiskerswerealso added to IPA
(50 ml) in another beaker. The S§Gspensiomwas also stirred by magnetic stirrers for
30 min, followed by sonication for 20 miithe BN/SIiC bilayer vas prepared by a
sequential vacuum filtration proce3fie BN suspension wasiltered first througha
vaauum systemequipped with a polycarbonate filter paper (47 mm in diameter, 5.0
em i n p @& flae BNslayer ferined on the filterpaperassoon aghe IPA was
completely filtered outimmedately after that,SiC suspensionwvas poured onto the
BN layer for filtrationto obtaina SiC layer on top of BNI'he obtained BN/SIC bilayer
waspeeled from the filter papers and dried at room temperaturB2for Then, the
Epoxy/BN/SIC bilayered composites were fabricated by vactassisted
impregnation of epoxy. Before the impregnation,4quast epoxy resin was uniformly
mixedin a 1:5 mass ratiby manual stirringt room temperaturdhe BN/SIC bilayer
was then immersed into the epowjth the assistance @& vacuum for 8 minutes.
Finally, the samples were cured iandan o0VeEeE
the amountof materials used in experimergee shown inFigure3.2 and Table 3.2.

The randomly mixed BN/Si@poxy composite EBNSIC_R wasalso prepared for
comparison. The same loadiafBN and SiC weradded into epoxy resin amaixed
randomly by magnetistirring and finally, the mixture was poured into a mouk&hd
waiting for cuedat room temperaturdhe single layeBN and the single layer SiC
epoxy composite§EBN and ESiC)with samefiller loadingwere also prepared by

vacuumassistediltration first and followed by epoxy resin impregnation.
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Vacuum filtration Vacuum filtration on the top of BN
r—\ Filter f\ Filter
membrane membrane

BN SiC .
Suspension Suspension

Vacuum pump Vacuum pump

\w
BN/SiC bi-layered :

Epoxy resin composites Dipping in epoxy at vacuum

Thermal conducting
membrane

Figure 3.2 Schematicfor fabricating BN/SIC bi-layeredepoxy resin composite by

sequential vacuurassistediltration.

Table3.2 The details of materials used in the experimenin W the weight of BN;
Wsic is the weight of SiC; Wa is the volume of IPA.

Sample name Wen/g Wsid/g Vipa/mi
EBN 0.54 0 50
ESiC 0 0.76 50
EBNSIC_R 0.40 0.20 50
EBNSIC_2L 0.40 0.20 50
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3.4 Constructing vertically aligned Boron Nitride-Graphene
Oxide (BN-GO) epoxy compositesby vacuumrassised

filtration method

Firstly, h-BN (0.5 um) and G@4 g together)were mixed with 100 ml deionised water
in the beaker and then magnetically stirred and sonicated for 30 mi20anuoh to
form ahomogeneously dispersed suspensidre mass of GO as a percentage of the
total mass of BN and GO was 1wt%, 3wt%, 5wt% and 7wt%, respectinéti.
vacuumassisted filtration, the homogened®iN-GO suspnsionwas assembled into

a BNNGO 1 cweitk a&diameter of 4.5 cm and height of 2.crhe pure BNicaked
was also prepared by the same procgésshBN (0.5 um) weradispersedvith 100

ml Methylated spirit solution by sonication 80 mins, followed by vacuurassisted
filtration. Then,theseficake® were longitudinally sliced into section$hese slices
were flipped 90e and spread out on the d
pars A and B weremixed inaratio of 5:1by manual stirringAfterwards, the obtained
slices were put into the mould, and the epoxy resin was infiltrated into thevsiibes
the help ofavacuum for 15 min. Finally, the samples were cureahiacuum overat

90 eC for 10 BNGO.sliceBNer nambdBMEOKX €Xds theweight
percentage of GO in the BRO cake.The obtained composites were nanid-
GOX-epoxy. Table 3.3shows thedetailsof the materials used irachsample To
furthertry to improvethethermal conductivityof compositesnano BN(70 nm)was
addedto epoxy resinbefore infiltraing into the BNGO5. The epoxy resin and nano
BN were mixed bySpeed mixer witft2000 rpmmin'! for 5 min. The proportions of

BN nanoparticles in thepoxyresin areb wt% and 10 wt%espectivelyThe obtained
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composites wergroundwith sandpaper&00 and 1200 grits)rhe whole process is

ill ustrated irFigure3.3.

Table3.3 The details of materials used in the experimé@fy is the weight of 0.5 m
BN; Wgois the weight of GO; \Bh7o is the weight of 70 nm BN naparticles.

Name Wan/g Waolg Wan7d/g
BN 4 0 0
BN-GO1 3.96 0.04 0
BN-GO3 3.88 0.12 0
BN-GO5 3.80 0.20 0
BN-GO7 3.72 0.28 0
BN-GO570-5wt% 3.80 0.20 0.18
BN-GO570-10wt% 3.80 0.20 0.36
BN+GO - __—" - > | 3y
sus'pension -5 —_——— = P : ‘
.\ . -« | @
€ Remove 3 v‘/ o 4\]'\
- L b .
= Cut  Slicing up / \
+ N — L_’J —_— > .. 4’
-‘3.,;",_‘/ GO BN-GO “cake” Immersion l J |
BN suspension into epoxy " /
Vacuum filtration
1cm Grinding

-—

BN-GO composites

Figure3.3 Schematic of preparing vertically aligned B»D composites by vacuum
assisted filtration.

3.5 Microstructural Characteri sation Methods

3.5.1 Scanning Electron Microscopy (SEM)

SEM produces images of sampdesorphologyby scanning the surface with a focused

beam of electron&igure3.4 showshe SEM operating principle. The focused electron
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beam interacts with the sample to generate secondary electron emission (and other
signals).The secondary electron emission varies depending on the surface morphology
of the samplesThe detector collects and converts the secondary electron signal into
an electrical signal, which is subsequently amplified@esdayed on higkresolution
monitor. Finally, the secondary electronic image reflecting the surface morphology of

the sample is obtained.

Electron ; ;
 — |

Source

=l [ R= Anode

Condenser —
lens

AN Aperture
Scan coils «<—|] B
Objective = =
lens Secondary electron
Detector
-, (]

e » Secondary
'_,ﬁ" electrons

Sample «——

Figure3.4 SEM probe model and operating princifil&1]

In this thesisA JEOL 7100Hield emission gun scanning electron microscopeG
SEM) system with an accelerating voltageléfkV anda working distance of 10 mm
was applied to examine the microstructure of the samplespowder samples were
attached ta conductive tapeThe polymer composite samples were attadbdtie
sample htwlers with carbon cement for observatidil. samples were coated with 10

mm Iridium using a sputtering device.
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3.5.2 Focused lon Beam Scanning Electron Microscopy (FHSEM)

Focused lon Beam Scanning Electron Microscopy {&BV) is a powerful imaging
technique that combines two microscopy methods: Focused lon Beam (FIB) and
Scanning Electron Microscopy (SBMFigure3.5a shows theschematic image dhe

FIB-SEM systenj172].

In FIB-SEM, a focused beam of ions (typically gallium ions) is usedtaway layers

of a sample, allowing for precise cressctional imaging and 3D reconstruction. This
cuttingprocess can be controlled with high precision, enabling researchers to precisely
expose specific regions of interest within the samBiecombining FIB and SEM
imaging capabilities, FIESEM allows for the characteation of complex structures

and materials at high resolution, making it a valuable ito®arious fields such as

materials science, biology, geology, and nanotechnology.

In this thesis,The FEI Quanta200 3D Du#dleam FIBSEM was used tqrepare
samples for the transmission electron microso@eM). First, the powder sample
wasstuck on the SEMsample holder anthen theneedlepickedup oneSiC fibreand

put this fibre on théolderto be used in TEManalysis(Figure3.5b and c)
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Electron

( a ) source

e

Figure3.5 (a) Schematic image of FIBEM systenj172]; (b) the images of picking
one fibre bya needlg(c) the images of putting the fibre on the holder.

3.5.3 Transmission Electron Microscope (TEM)

Transmission Electron Microscopy (TEM) is a powerful microscopy technique used
to study the internal structure and morphology of materials at the nandswleasic
working principle of TEM is shown irFFigure 3.6. In TEM, a beam of electrons is
accelerated throughigh voltage (typically 200 kV)and transmitted through an
ultrathin specimen, interacting with the sample to generate arésghution imageln

some caseshe samples must be carefully prepared upwigshing andetchingto be

thin enough This technique provides detailed information about the atomic structure,
crystallography, and defects within materials, allowing researchers to observe features

with dimensions as small amanometreTEM is widely used in various fields such
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as materials science, nanotechnology, biology, and semiconductor research for
characterizing nanomaterials and investigating their properties at the atomic level.
Selected Area Electron Diffractiq®AED) is a techniquaisedin TEM to study the
crystal structure of materialBy focusing an electron beam on a small, selected area
of a thin sample, a diffraction pattern is produced. This pattern consists of spots or
rings that provide information about the sample's crystal structure, including lattice
paraméers, orientation, and symmetry. SAED is particularly useful for identifying

phases, studying crystal defects, and analysing hanomaterials.

In this thesis, théransmission electron microscope (TEM, JEOL 2100+) technology
with a working voltage of 200 kWas used tmbtain the images afamples.SiC

samplesverecut by FIB-SEM beforebeingimagedby TEM.
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Figure3.6 Schematic diagram of TEMystem[173].
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3.5.4 Energy Dispersive Spectroscop{(EDS)

Energy Dispersive Spectroscopy (EDS) is a powerful analytical technique used
primarily within the field of material science and engineering for characterizing
materials. EDS works by bombarding a sample with a focused beam of electrons to
induce the emissn of characteristic Xays from the sampie constituent elements
[174]. These Xrays are then detected and analysed to determine the elemental
composition of the sampl&DS can béntegraedwith SEMand TEM whichmakes

it an invaluable tool for identifying the composition rdnoparticlesandthin films

[175]. Both SEM-EDS and TEMEDS were useih this thesis.
3.5.5 X-ray Diffraction (XRD)

XRD (X-ray Diffraction) is awidely usedmethod of characterising the crystal
structure of material and their changing patternsfhe basic principle of Xay
diffraction is shown inFigure 3.7. X-ray diffraction operates on the principle of
constructive interference between monochromatiay§ and a crystalline structure.
When a monochromatic -Kay beam strikes a crystal, the spacing between atoms
arranged in a regular pattern closely matches the wavelength of the incomagg X
This causes the-Xays scattered by various atoms to interfere with one another, leading
to pranounced Xray diffraction at specific angle$his implies that when the incident

rays interact with the sample, they produce constructive interference (resulting in a
diffracted ray) under conditions that meet Bragygg L aw, whi ch i s def.
sind The orientation and intensity of diffracted rayspace ar@tricately linked to

the structure of the crystal. These diffraction patterns serve as a reflection of the law
governing atomic distribution within the crystal, revealing both the position and

intensity of diffraction peaks through therXy diffractionpattern By comparing with
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the standard card, the composition, structure, crystallinity and particle size of the
material can be obtaine@ihetexture coefficient (Tc) is used to describe the degree of
preferredorientation ofcrystallites The intensity of therystallographiglanes in the

XRD pattern of samples used to calculate Ty following the Harrig€Equation3.1

Y 'QQa

-B _— Equation3.1

where | is the measured diffraction intensity,i$ the diffraction database intensity
value, and n is the number of peaks being calculated, in this cas€mk=IBis Miller

index.

In thisthesis, the XRD analysis was carried ouBoyker a D8 Advancseystem with

40 kV and 35 mA working conditi@u s i ng Cu KW dr d dhiea twpore | en
is 0.154 nmThe samples were measuneiih the range 010-90° ata scanning step

of 0.02° with 0.12 stime stepat room temperaturd.he EVA software is used to

analysehe XRD data
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Figure3.7 Principle of Xray diffraction[176]
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3.5.6 Density measurement

In this thesis, the deity of the samplesasmeasured and calculated following the
Archimedes principleAccordingto Archimedes principlean object submerged in a

fluid is subject to an upward buoyant force that matches the weight of the fluid the
object displaced-irst, the objecis immersed ito water, as shown ifFigure3.8. Since

the object maintains a state of static equilibrium, the force exerted on it can be depicted

by the followingbelow.

WO 0 w T Equation3.2
where Wals thetersion in the strindthe apparent weight of the object), and W is the
weight of the object. The buoyant forEés described by the following
O " Lo DIQ Equation3.3
where V is the valme of the object} (water)is the density of wategandg is the
acceleration of gravityJsing Equatiors 3.2 and 3.3 canget the density athe object

kas following.

" ——" 0 wo Qi Equation3.4
wherem is the mass of the object, andimits apparent mass sWa/g.

In this thesis, the weight of the sample was first measured in the air and then in the
water. Because the density of water is 1 ¢,call the densities of samples were

calculated byequation 34. Distilled water and an analytical balance with an accuracy
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of 0.0001 mg were used. The weight measurements in air and water were repeated

three times to avoid errars

:
J

<s

Figure3.8 Archimedes Principle.

3.6 Evaluation of mechanical properties

The compressive strength of a material refers to the maximum stress it can withstand
under a compressive load applied perpendicular to its surface. It is tyeixpigssed
as the ratio of force to unit area, measured in Pascals (Pa) or Megapascals (MPa).

Compressive strength reflects the matesiadsistance to compression or squeezing

and indicates its ability to withstaeaternal pressuré&or elastic samples like aerogels

the compressive stresrain curves show linear elasticity, plateau and densification
regimes. The linear elasticity regime corresponds to the elastic bending of the cell
walls of aerogels; the plateau corresponds to the elastic buckling oéll walls; and

the densification regime corresponds densificationof the aerogelsFor brittle
samples, the samples will break under compression, resulting in a Sickeksdrop

in thecompressive stresdraincurve.In this thesisaninstrument Instrof5969 was
usedto investigate the compressiehaviourof SiC aerogels and Bi&O slices For

testing SiC aerogels,100 N load cell was used, and for testing-BR slicesa500

68



Chapter3

N load cell was used. The cylindrical SiC aerogels (diameter of 27 mm and height of
4 mm) and BNGO slices { mmx1 mmx2 mm) were corpressed at a speed rate of

0.5 mm min?.

3.7 Evaluation of Thermal Performance

3.7.1 Thermal diffusivity test

Thermal diffusivity represents the speed at which a material conducts heat. A higher
thermal diffusivity indicates that heat can spread more quickly through the material.
In this thesis, the thermal diffusivities of the composite samples were measuiged usin
the LFA 467 HyperFlash laser apparatus (NETZSCH, Germany). As shdviguire

3.9, one side of a plaparallel sample is heated by a laser pulse. Then, the temperature
rise on the rear surface is measured versususgimg an IR detector. According to the
mathematical model of the unsteady heat conduction process, the thermal diffusivity
of the sample can be determined. By using different holders, LFA can achieve testing
throughplane and irplane thermal diffusivityThe diameter of the samples for the
throughplane thermal diffusivity test is 12.7 mm. The diameter of samples for-the in
plane thermal diffusivity test is 25.4 mm, and the thickness is below 1 mm. Before the
measurement, the samples were sjp@gted witha thin layer of graphite on both sides

to increase the absorption ratio of light energy and the infrared emissivity of the surface.
The thermal diffusivity tests for all composite samples were repeated three times to

avoid errors.
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Figure3.9 Schematic of the measurement of the thermal diffusifdf}7]
3.7.2 Differential Scanning Calorimetry (DSC) and Modulated DSC

(MDSC)

DSC is a thermal analysis technique usestthe heat flonchange ira sample as a
function of temperature or time. It is commonly used to charaetdhie thermal
properties of materials, including melting poig, crystallization temperature, and
heat capacity. However, standard DSC still has some limitations, e.g. DSC can only
measure the sum or average of the changes in heat flow during heating or cooling,
resulting in unclear attribution of absorptive or exathie peaks, or masking of some

charateristic peaks.

MDSC is an advanced variation of DSC that applies a small modulation to the heating
rate during the analysis. By superimposing a small oscillation on the heating rate,
MDSC separates the reversing and-neversing heat flow components of the sample.

The reat flow signal contains all the information on thermal transformations as in a
standard DSC. Reversible heat flow contains information on glass transition, melting,
etc. Irreversible heat flow contains information on kinetic phenomena such as

solidification, volatilisation, decomposition, etc. This separation allows for a more
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detailed analysis of the sam@ehermal behaviour, particularly in complex systems
or when overlapping thermal events occur. MDSC is particularly useful for studying

phase transitions, glass transitions, and thermal stability in materials.

In this thesis, the samples were measured by TA DSC2500. MDSC was used to get the
specific heat capacity of composites. The samples were cut to small size first which
had an average mass of about 10 mg. The tests were carried out under an N

atmosphere from room temperature to 200with a ramping rate of 3C min' L.
3.7.3 Thermal conductivity

Thermal conductivity is a fundamental property of materials that describes their ability
to conduct heat. Quantifies how efficiently a material can transfer heat through it by

conduction. The thermal conductivity (MV m' 1K'1) is calculated by

O _J BN Equation35
wherea (mn? S'1) is the thermal diffusivity and (g cni?) is the density of the

samples; gis the specific heat capacity.

In this thesis,before testing the thermaliffusivity, the density of samplewas
measured by the method described in section 3.96.toughplane thermal
conductivity testthe samplesvere cut and ground tb2.7mm diameteand 1.5mm
thicknessFor in-plane thermal conductivity test, the samples were cut and gtound
25.4 mm diameter and 1 mthickness. The samples wespraycoated with ahin
layer of graphiteThen, he samples wernaut into thespecificholderfor using in LFA
467 to getthethermal diffusivity.After testing thermal diffusivitythe samples were
cutinto small piecesvith a weight of only aboutO mg Then the specific heat capacity

was obtainedby the method described in section 3.ARer getting density, thermal
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diffusivity and specific heat capacity, the thermal conductivity of sampies

calculated byEquation3.5.
3.7.4 The coefficient of thermal expansion (CTE)

The CTE is a measure of hawuch a material expands or contracts in response to
changes in temperature. CTE can be defined as the fractional increase in length per

unit rise in temperature. The obtained CTE can be described as:

“<<| e

Equation3.6

where L is the length of material in the direction being measuaied; the change in
length of material in the direction being measuepd; i s t he change in

over whsimeadsureg

In this thesis, the CTE afiecompositesvasevaluated by thermomechanical analysis

(TMA, Q400 TMA) from room temperature to 100 with 5° min ! heating rate

under 0.02 N forcdn this thesis, the CTE values of the samples are calculated before

the glass transition temperaturg)T
3.7.5 Thermogravimetric Analysis (TGA)

TGA is a method employed to track variations in the weight of a sample over
temperature or timeéDuring a TGA experiment, the sample is heated or cooled at a
controlled rate in an inert atmosphere (usually nitrogen) or in the presence of a specific
gas (such as oxygen). As the temperature changes, the mass of the sample is
continuously monitored usina highly sensitive balance. This allows researchers to
analysehermal stability, decomposition, oxidation, and other temperakependent

processes of the sample. TGA is widely used in various industries and research fields
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to study the thermal properties of materials, determine their composition, and assess
their stability under different conditiongn this study, TGA experimens were
performed using SDT Q60Thesamples were placed analuminium oxidecrucible

and their weight change waecorded with the temperature change from room

temperature to 700 °C in the air with a 5 °C rhimeating rate.

3.8 Electrical resistancemeasurement

Electrochemical Impedance Spectroscopy (EIS) is a powerful analytical technique
used to study the electrical properties of materials, particularly those involved in
electrochemical processes. It involves applying a small amplitude alternating current
(AC) signal to a material or electrochemical system across a range of frequencies and
measuring the resulting impedance respohséhis studythe size of samples is 10

mm in diameter and 1 mm in thickneEs$S tests were conducted using the ModuLab
XM Materials Test System (Solartron, Hampshire, U.K.), with measurements recorded
at room temperature across a frequency range of 0.01 to 1 MHz. Impedance plots were
analysedusing Zview software (Scribner Associates, Inc.). The values of electrical
resistance (R) wemabtainedfrom the intercept of the corresponding semicircle on the
real part of the impedance, and the corresponding electrical conductivity was

calculated by taking the reciprocal of the obtain

3.9 Evaluation of dielectric properties

3.9.1 Dielectric constantmeasurement

The preparedompositesamples wergroundwith fine sandpaperl00 mesh)and
the thickness of sampless measured:.he size of samplas 10 mmin diameterand
1 mm in thicknessThen, a layer of conductive silver paste was evenly applied to both

sides of the samples, which were then placed in a drying oven to dry atofOEC
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hour.Afterwards,aModulLab XM Materials Test System (Solartron, Hampshire, U.K.)
was used to test the dielectric loss and capacitance at different frequangiee® (
Hz). The resultavere analysed using Zviesoftware (Scribner Associates, InclThe

dielectric constant{ is calculated by Equation.

- — Equation3.7

where C is the capacitancetb&sample; d (m) is ththickness of the sample, S{m

is the surface area tife sampleand( is thevacuum permittivity
3.9.2 Breakdown strength

A breakdown strength test evaluates the dielectric strength of insulating materials. It
determines the highest electric field that a material can endure before it breaks down
and becomes conductive. During the test, the material is subjected to increasing
voltage until electrical failure occurs. The breakdown strength is calculated as the
voltage at failure divided by the material's thickness. This test is crucial for assessing
the suitability of materials used in higlltage applications, ensuring safeipd

reliability in electrical and electronic systems.

In this thesiSsMEGGER performs aéAC Hipot Tesbin which ramp voltage is applied
across the insulating material up to the predefined voltAdieen a short circuit is
detected in a specimgimeto breakdown was noted down until the failure is detected

in each specimerThe size of samples is 10 mm in diameter and 1 mm in thickness.
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Chapter 43D SIiC Whiskers Networks for Polymer

Composites with Improved Thermal Conductivity

In this chapterdrawing inspiratiorirom the reported directional freezasting method,
herein, we chose micrsized SiC whiskers (SICWSs) as fillersdonstuct3D networks

by using an anisotropic mould made of different materials. In this work, we
demonstrate that tifeeeze castingnethod can be applied to tailor the microstructure
of SICW aerogels. Furthermore, tih@pactof sintering temperature on SiCW aerogels
in the sintering process was first investigated. The formation of [&y@r on SiC
fibres was demonstrated, and the effect ofSl& layer on the thermal conductivity

of composites has been investigated in thapter We also establish the relationship
between the microstructures ahérmal conductivity of 3D SiCWpoxy composites,
which enables the optimization of the properties of the thermally conductive

composites in electronic devices.

4.1 Fabrication and characterisation of 3D SiCW network
aerogels

As illustrated insection3.2 andFigure 3.1, the processof creating3D SiCW epoxy

compositesunfolds in four stageq1) freezecastingthe SiC suspension; (Xyeeze

dryingto suldimatethe ice (3) sinteringto produceSiCW aerogels(4) impregnations

of epoxy resinAs shown in Figure4.1), our mould was made of Cu dish as the bottom

and thermally insulting PTFE as the surrouB@ SiCWnetwork aerogels of various

shapes, such as cylinder and cuboid, could be conveniently manufactured by

employing various mouldg-{gure4.1a), which was advantageous for use in various

electrical devicesFigure 4.1b shows the 3D SiCW network aerogels after being
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sintered.The obtainederogelfavelow density and high porosity as shownTiable

4.1. The 3D SICW network aerogel exhibits a light skelettoat was put onear of
wheat without bending the eafBigure 4.1c). It is worth noting that the 3D SiCW
aerogel can support up 1800times its own weighf235g,Figure4.2a), as shown in
Figure 4.2c, while it is very light weight (about 0.13drigure 4.2b). To further
investigate the strength of aerogels, the threpighe compressive test is performed
to determine the mechanical properti€ae compressive stresgrain curve of 3D
SICW aerogel is shown iRigure4.1d. The 3D SiCWaerogel exhibits classical foam
behaviour, in which an elastic region at low strain (<9%) is followed by compaction
with increasing compressive strditv8]. The yielding behaviour occurred due to the
collapse of 3D network structuf&79]. Before collapsehte compressive strength of
the 3D SICW aeroges 32.5 kPa at 8% compressive strain. These results reveal that
the obtained SICW aerogels have strong mechanical stréffgghrobustness of the
networks favourably ensured their preservation throughout the following epoxy
composite fabrication process.

Table4.1 The solid volume loading, density and porosity of 3D SiCW aerogels with

different solid loading.

Group Aerogel Solid loading (vol%) Density (g/crd) Porosity

A SICW-2.5 2.5 vol% 0.089 97.2%
B SICW-3.6 3.6 vol% 0.1276 96.1%
C SiICW-4.6 4.6 vol% 0.1590 95.0%
D SICW-5.7 5.7 vol% 0.1910 94.0%
E SICW-6.7 6.7 vol% 0.2117 93.0%
F SICW-8.2 8.2 vol% 0.2710 91.5%
G SiICW-10.2 10.2vol% 0.3425 89.3%
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Figure4.1 Photographs of (a) the mould; (b) 3D SiCW aerogels; (c) Photograph of the
3D SiCW aerogel standing on ear of wheat without bending the ears, demonstrating
its light weight; (d) Compression stressain curves of 3DIEW aerogel; inset of (d)

shows the process of compression test and the 3D SiCW aerogel after compression.

Figure4.2 Photograph of showing the weight of (a) heavy object, (b) SICW aerogel,
(c) favourable strength of 3D SICW aerogels.
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Figure4.3a and bshowthe characteristianorphology of SiC whiskersyith lengttrs
ranging from5-55 € m a n d beveéenlrde t5e ThenXRD pattern Kigure

4.3e) showsdistinctive peaks of cubi®-SiC locatedapproximately aB5.6°, 41.4;

60.C°, 71.7 and 75.4. These peaksorrespond tthe crystal planed 11), (200), (220),
(311) and (222)respectivelyThe minor peak in front of the strongest peak is due to
the stacking fault§l80]. As shown inthe inset ofFigure4.3b, the vertically aligned

SiC whiskers are responsible for the reflection from (111) and (222) planes. Therefore,
in order to further investigate the orientation of SiC whiskiwes texture coefficient
values for (111) and (222) were determined, providing insights into the degree of
orientation of SiC whiskers along the throyglane direction, which is parallel to the
direction of ice growthaccording to the results of XRBigure4.3e andf). As shown

in Table 4.2there is no obvious difference in the text coefficient values of each sample,
which indicates the unique structure of SICW aerogels prepared by {tempkated
method.This can be atibuted tothe fact that SiC whiskers are not all along the ice
growth direction (througiplane direction), and they were woven together in various
directions to form SiC layers-{gure 4.3c and d). This is different from aligned
aerogels prepared from 2D materials, such as BN, where the orientation of each BN

platelet tends to be parallel to the ice crystal growth dire€tiéh].
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(111)/(222)

I[111]

SiC whisker

—— SiC whiskers
\ —— Random freeze-SiC-1000°C (f)l (111) (220)
(e ) (111) —— 3D SiCW-2.5 aerogel-1000°C
SiO2 —— 3D SiCW-2.5 aerogel-1100°C (311)
—_ L (200)_ RS ENEs ae;ogel-1200°c . 3D SICW-10.2 aerogeu ﬂﬂ) j(_zgz)
3 (220) (311) : 3D SiCW-8.2 aerogel - L L
> o l ) (222) > [2Dsicw-67 aerogel J k *
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é L g 3D SICW-5.7 aerogel | - 3
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Figure4.3 SEM images of (a) elusterof SiC whiskers, (ban individualSiC whisker;

the inset of (b) is the illustration of the effect of SiC whisker orientation on the XRD
pattern; (c) (d) SEM images of SICW aerogel layer at different magnifications; inset
of (d) is the schematic illustration of SICW aerogel layej XRD pattern ofSiC
whiskers,Homo-freezeSiC aerogel an@D SiCW2.5 aerogel sinterg at 1000eC,
1100€eC and 1200C; (f) XRD patten of 3D SiCW aerogslwith different loading
sintering at 100@C.
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Table4.2 The Texture coefficient (Tc) of SiC whiskd&iCWs) Homo-freezeSiCW aerogel
and 3D SiCW aerogels

Plane Tc for Tc for Tc for Tc for Tc for Tc for Tc for Tc for Tc for

SiCWs  Homo 3D 3D 3D 3D 3D 3D 3D
freeze SiICW- SiCW- SiCW-  SiCW-  SiICW-  SIiCW-  SiCW-
SiCw 2.5 3.6 4.6 5.7 6.7 8.2 10.2

(111) 2.77 2.65 2.43 2.69 2.68 2.65 2.72 2.26 2.32
(200) 0.33 0.35 0.22 0.25 0.22 0.32 0.31 0.24 0.28
(220) 1.06 1.12 1.63 1.32 1.44 111 1.16 1.37 1.50
(311) 0.72 0.75 0.62 0.63 0.60 0.77 0.70 0.95 0.77

(222) 0.11 0.12 0.10 0.11 0.10 0.16 0.11 0.18 0.13

To further investigate the structure of aerogels constructed with SiC whiskers, the
SEM images were captured to investigate the microstructures of SICW aerogels, as
shown inFigure 4.4a-g. Figure 4.4a shows that the layers made of woven SiC are
vertically aligned, which is due to the preferred growticetrystalsfrom surface of

the copper disk along the temperature gradient directidreezecasting Therefore,
SICWs wereexpelled by growing ice crystaléorming a layered microstructure
orientedin the direction parallel to the movement of theefzing front.Given the
critical influence of the SICW skelet@microstructure on the composidhermal
conduction efficiency, SICW aerogels featuring tailored microstructures were
produced by adjusting the SICW concentration in the initial SIEEWA slury. The
amounts of each material used in the experiments were showabie 3.1. The
porosity and volume fraction of SiC aerogels in epoxy resin are shoWwabie4.1.

By increasing the volume fraction of SiC aerogels from 2.5 vol% to 10.2 vol%, the
SICW aerogels with different microstructures were obtained. All these aerogels exhibit
a layered hierarchical structure composed of aligned, thin whisBetswith an
increased SIC loadinguring the freezing process, growing ice crystals ensnare some
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SiC whiskers, positioning them perpendicular to the direction of ice formation. This is
likely due to the increased solid content limiting the mobility of SiC whiskers in the
freezecasting phaselhese entrapped whiskers form inorganic arms which become
the bridge between the adjacent walls. the concentration of SiC whiskers in the
mixture rises, the quantity of bridges grows accordinigtya result, the corresponding
microstructuremanifestedo be a honeycomlike structure in SIC\Ab.7 aerogel, as
shown inFigure4.4d. Fascinatingly, as the volume fractimtreass to 6.7 vol%, the

SiC layers manifest a curled form, induced by the compressive forces of the ice crystals.
When the volume fraction increased to 10.2 vol%, the SiCW aerogel forms a dense
3D woven structure, as shownhigure4.4g , a | arge number of
are formed in the middle of the vertical layer structligure 4.5 shows the SICW
aerogel prepared by homogeneous freeze casting method which was nainatas
freezeSiCW. Comparind-igure4.4a with Figure4.5c¢, it is apparent that théomo-
freezeSiCW with a 2.5 vol% loading still displays some aligned structure. However,
the layered structure appears less defined, chamsmrtdsy a multitude of randomly
distributed fibres observed between the layers. This phenomenon is attributed to the
random growth direction of ice under homogeneous freezing conditions, resulting in a
less ordered structure iHomo-freezeSiCW-2.5 compared to SiCV¥.5 prepared
using the unidirectional freeze casting method. In addition, the structui#enod-
freezeSICW with a 10.2 vol% loading is completely disorderdgig(re 4.5d),
attributed to the high solid loading which increases the slurry concentration,

subsequently hindering fibre movement and blocking ice growth.
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Figure4.4 SEM images of the crossection of 3D SICW aerogels witkarioussolid
loadings (a) SiC\2.5; (b) SICW3.6; (c) SICW4.6; (d) SICWS5.7; (e) SICW6.7; (f)

SICW-8.2; (g) SICW10.2.
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(b) - Homo-freeze-SiCW-2.5

Figure4.5 (a) Digital photograph of SICW aerodabricatel by homogeneous freeze

casting method; SEM images of (b) (c) SICW aerogel with 2.5 vol% loadings
fabricatedby homogeneous freeze casting met hod
for 3 hours (d) SiICW aerogel with 10.2 vol% loadingsbricatedby homogeneous
freeze casting met hod ffombhbuwsswed by sinter.

PVA served not just as a binding agent, but also as a mechanism to regulate the
movement of the whiskers within the suspensitmillustrate the impact of PVA, a
sequence of experiments was carried tmutprepare SiC suspensions containing
different concentrations of PVArable 4.3. Figure4.7a-g shows the morphology of

the aerogelswith 3.6 vol% loading of SiCpreparedfrom suspensions with PVA
concentrations of 6, 0.9, 14, 2.7, 36, 4.4, 85 wt%. Clearly, the aerogelé
microstructure is significantly influenced by the PVA concentration, which dictates
the slurrys viscosity. The number of bridges increases with the increasing PVA

concentration in the slurry, but when the PVA concentration is higher than 4.4 wt%,

83



Chapterd

the aligned structurgradually disappearedihe microstructure of the aerogel is
completely disordered when the concentration of PVA is upstar®%. The reason is

the high viscosity of slurry inhibits the movement of SiC whiskers and ice growth,
most SiC whiskers are entrapped in ice crystals. In addition, the high concentration of
PVA in aerogels leads to obviously shrinkage of the aerogel bedhe sintering
process removes PVA and the SiC whiskers are not sufficient to maintain the original
shape othe aerogels as shownhigure4.7h. Figure4.7i-l shows SEM images of the
crosssection of Si®V-PVA-4.4 aerogels with PVA before sinterinthe majority of

SiC fibres are encased in PYand he aligned microstructure coustill be observed
inside the aerogel, bukigure 4.7k and | demonstrate that the aligned material is
predominantly composed of PVA rather than SiC fibre woven layethis sample,

SiC whiskersare randomlydispersed and surrounded by PVA polymer. During the
process of sintering, PVA is removel@aving the SiC fibres unsupported.
Consequently, the fibres bond closely gopporteach other, leading to overall

structural shrinkage and increased density, as depictedune4.6 andTable 4.4

Therefore, the concentration of SICW and PVA used in the preparation of aerogels
needs to be within a certain ranfpe the microstructure of aerogels to exhibit an
aligned or network structure while maintaining the shape of the aerogel. The
concentration range of SICW needs to be from 4.7 wt% to 23.0 wt% in the beginning
slurry, and the corresponding aerogels were prépareomposites with a volume
loading from 2.5 to 10.2 vol%. For PVA concentration, as shoviaigare4.6, as the

PVA content increases, the volume of the aerogel is gradually reduced after sintering,
but when the PVA content is less thad wi%, the volume reduction is smaller, and

the aerogel also has a 3D network structure at the same time. Therefore, the
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concentration range of PVA needs to be frodhwWt% to 14 wt%. Meanwhile, the

mass ratio of SiC to PVA should ideally be higher than 5 to 1.

S \ = A
Saa X &

SiCW-PVA-0.5 SiCW-PVA-0.9 SiCW-PVA-1.4

o - 5 i Y p'.' . f AN
& AR RN = \ i
. A - o~ N 4 LS

SiCW-PVA-2.7 SiCW-PVA-3.6 SiCW-PVA-4.4 SiCW-PVA-8.5

Figure4.6 The photos of SICWPVA aerogels with different PVA contents.

Table4.3 The weight (Wic, Weva) and volume (M20) used to prepare SiCW aerogels
with different PVA contentsSiC/PVA is the weight ratio of SiC and PVS&|Cwt%
is the weighpercentagef SiC in the suspension; PVAwt% is the weight percentage

of PVA in the suspension.

Group Named Wsic(@) Weva(@) Vwo(ml)  SIC/PVA SiC PVA

wit% wt%
B SICW-PVA-05 0.8 0.05 10 16:1 74% 05%
Bl SICW-PVA-0.9 0.8 0.1 10 16:2 7.3% 0.9%
B2 SICW-PVA-14 0.8 0.15 10 16:3 7.3% 14%
B3 SICW-PVA-2.7 0.8 0.3 10 16:6 72% 2.7%
B4 SICW-PVA-36 0.8 0.4 10 16:8 7.1% 3.6%
B5 SICW-PVA-4.4 0.8 0.5 10 16:10 71% 4.4%
B6 SICW-PVA-85 0.8 1.0 10 16:20 68% 85%
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Table4.4 The density and porosity of SICW aerogels with different PVA contents.

Group Aerogel Density (g/cn) Porosity
B SICW-PVA-05 0.1276 96.1%
Bl SICW-PVA-0.9 0.1380 95.7%
B2 SICW-PVA-14 0.1497 95.3%
B3 SICW-PVA-2.7 0.1680 94.7%
B4 SICW-PVA-3.6 0.1760 94.5%
B5 SICW-PVA-4.4 0.2089 93.5%
B6 SICW-PVA-85 0.3325 89.6%

Sintering plays a vital role in the formation of aerogskeletons. Under high

magnification SEM, the aerogel reveals interconnected parts of SiC fibres in joint with

each othe(Figure4.8). Specifically, the originally rough surface of SiC fibres due to

stacking faults transitions to a smooth texture after sintdfiBg]. To explore the

impactofs i nt eri ng on

and 1200

peak associated with Si@ clearly observed in the XRD pattern of SiC whiskers and

Si

C

f

i bres, t he Si

, respectively.

XRD wanewf i

SiC aerogels after sinterin@igure4.3e). In addition, the results of SEHEDS also

C

r

aer

st

show an aligned distribution of element O which is almost the same as element Si

(Figure4.9a-c).
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(a) Sicw-PVA-0.5  |ib): Sicw-PVA:9" | (c) - SiCW-PVA-1.4

(d) SiCW-PVA-2.7 (e) sicw-PvA-3.6 |(f) SICW-PVA-4.4

) (h) SiCW-PVA-4.4

Figure 4.7 Crosssectional SEM images of SIiCW aerogels with different PVA
contents: (a) ®.wt%, (b) 0.9 wt%, (c) Bwt%, (d) 2.7 wt%, (e) B.wt%, (f) 4.4 wt%,

(g) 85 wt%; (h) Digital photo of SICWPVA-4.4 aerogel before and after sintering
(i-) Crosssectional SEM images of SiICW aerogels before sintering with 4.4 wt%

PVA content in slurry at different magnifications.

87



Chapterd

Figure4.8 SEM image of SiC whisker junctions in 3D SiCW aerogel.

TEM were also applied to investigate the effect of sintering conditions on SiC fibres.

In order to obtain clear TEM images, firstly, the FBEM technique was applied to

thin SIC fibres.Figure4.9d shows the process of picking out a SiC fibre which has
been sintered at 1100 f-SEM. Afier gutting this u s i n
fibre on the stage, the focus ion beam was used to thin it to expose theentiss of

SiC fibre Figure4.9e). It can be easily observed under SEM that the SiC fibre has a

| ayer on the surface that is completely
finger bi scuit covered with <chocol ate s
observed under TEM, as sk in Figure4.9g. The difference between the internal

and external structures were analysed separately by Selected Area Electron Diffraction
(SAED) (Figure4.9f). The crystalline structure inside the SiC fibres is clearly observed,
however, the outer layer is an amorphous shell because the SAED pattern only have a
bright spot in the centre. The observation of the local surface usingHEB/reveals

that this ouger layer contains bot® andSi elements Eigure4.9h-j). All these results
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indicate that hightemperature treatment can lead to the formation ok $iDthe

surface of SiC fibres.

(a)

(h) 1100°Céh

Thickness: ~¥170 nm

(k)

()  1000°céh 4l (m) 1000°C3H

Thickness < 10nm Thickness: “70 nm ess: “70 nm Thickness: ¥190 nm

Figured9( a) SEM i mages for EDS scanning of
(b) Elemental mapping of Si; (&lemental mapping of O. (d) FIBEM images of

picking out a SiC fibre by the needle; &M images oSiC fibre after polishing by

focus ion beam; (f) high magnification TEM image of transfer interface, the insets of

(f) show the SAED pattern of inner core and outer layer of SiC figyelEM images

of Si C fi br e dor®hoesafeedpoliahing dy FIBSEM; (h) TEM

images of local surface for EDS scanning of fibre shown in (g); (i) Elemental mapping

of O; (j) Elemental mapping of Si. TEM imagjef SiC fibre sintered at (1§ 0 O for

6hours(1 000 foml@B®O0BGourfspml30Mdourfsor 6 hou
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The thicknessof Sicon t he surface of Si C fibre sin
much | ess than that of sintered at 1100
~190 nm) Figure4.9g, | andn). This result is consistent with the XRD results of
increasing intensity of the peak related to 8i@h increasing temperature. The most
important thing is that newly generated @D the surface o%iC whiskers fill the

gapsleft by the removal of PVA and promote fibi@fibre bonding Figure 4.8),

resulting in the robust mechanical strength of the netwdik$urther reveal the role

of SiO,,t he Si CW aerogel with PVA has al so be
PVA, i nstead of being treated at 1000

becomes powder again, becatlsere isno SiO,formedat 6 00

4.2 Structural characterisation of 3D network SiCW-epoxy

composites

After impregnationthe epoxy resin fills the pores of the 3D SiCW network, depicted

in Figure4.10. Minimal distortion happened during the infiltration phase due to the
stable interconnectestructuresThe existence of aligned white lineskigure4.10a
indicates thaSSiC structures remain intact within the epoxy resin. The com@esite
parallel polymer sections are encased by the vertically structuredla$ets
positioned betweethese sectiond.he orderly distribution of SiC whiskers within the
composites was further confirmed by EDFglre4.10b and c).The elemental EDS
mapping for Si and O shows that the SiC whiskers and epoxy resin are neatly layered
alternately along the alignment. Such characteristics are advantageous for improving
the heat transfer capabilities of SiC composité inplane SiC bridges between the

SiC layers could also be observed in the esestion of the composites, as shown in

the white circle inFigure 4.10d. However, the horizontal bridges are less visible

compared to the vertically aligned SiC whislkagrers owing to theirelativelyless in
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number Importantly, the SiC whiskers demonstrate strong adherence to the epoxy
resin there isno noticeable separation at the interface between the epoxy and SiC fibre
as indicated by A iRrigure4.10d ande, based on the crassctional analysis of broken

3D SiCWsepoxy compositeBut for the fibre marked B iRigure4.10d and f, a gap
between it and the epoxy can be observed, which is formed during the brittle fracture,
suggesting that the interface between them iswetting [183]. As a result, some
cavities (red circle ifrigure4.10d) on the epoxy can also be seen in the SEM image
due to the SiC fibre being flaked off during the fracture prodégsire4.11a and b

show SEM images of SiC composites prepared by a randomly directly mixing method
which were named 8iCW-epoxy. The SiC whiskers in the RCW-epoxy samples

are completely randomly distributed in the epoxy resin.

S N 3
. 40NN o
X ﬁ. L
" -
Ny o’

\ \‘ U “
WY Epoxy
A

-

Figure 4.10 (a) SEM images of the fracture morphology in 3D Si3\W&epoxy
composites; EDS elemental mapping of (b) Si (c) O; (d)-héglolution SEM images
of (a); (e) highresolution SEM images of the SiC fibre marked A in (d); (f) high
resolution SEM images of the SiC fibre marked B in (d).
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Figure4.11 (a) (b) SEM images othe crosssection ofR-SiCW-epoxy composites at
different magnification.
4.3 Thermal and electrical properties of 3D SiCW-epoxy

composites

The thermal conductivities of the composites in both threpighe and irplane
directions as a function of SICW loadings are showFiguire4.12a. Pure epoxy resin

has & extremely low thermal conductivity of RIW m'! K" which corresponds
closelyto the results repted in previous literaturd®5, 112] As expected, thermal
conductivity values of 3D SiCWépoxy composites increased with the SICW loadings.
For example, when the volume loading of SICW was 2.5 vol%, the thermal
conductivity of composites is 0.60 W' hK'%, which was 3.1 timekigher tharthat

of pure epoxy resin. At the highesilumeloading (10.2 vol%), thermal conductivity
values in the througplane direction for the composites reach 1.55 Wkn?, which

was 8.1 times that of pure epoxy resin. Significant improvement may be attributed to
that the vertically aligned SiCW networks served as thermally conductive pathways
array throughout the composite$igure 4.12b). Because of the anisotropic
microstructure of 3D SiICW network, there is a distinct contrast in thermal conductivity
between the througplane and irplane directions under the same loading. It is

interesting to note that the-plane thermal conductiyitalso increases gradually with
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SICW loading, and there is a dramatic increase as the loading rises from 4.6 to 5.7
vol%, which corresponds to the resudteownin Figure4.4. This is due to more and
more crosdinked bridges formed in the4plane direction, thus creating a pathway for
in-plane thermal conductivityrhe SiCWloading range from 4.6 to 5.7 vol% marks a
critical transition phase for the-plane thermal conductivity of the compositésis
rangeis the first to demonstrate such changes for SiC fibres usingeiee casting
method asthe loading of SiGs usually below 4 vol%n previous studief36, 59, 184]

Within this range, the SiC whiskers reach a percolation threshalde in-plane
direction forming continuous and interconnected networks that significantly enhance
heattransfer. The number of contact points between whiskers increases, facilitating
efficient phonon coupling, and the alignment and orientation of the whiskers improve,
creating effective thermal pathways. This leads to alim@ar and substantial increase

in thermal conductivity. This range highlights the importance of precise control over
filler content and dispersion to achieve hiyggrformance, thermally conductive
composites.This phenomenon can also be observed in studies constr&iiing
structuresBNNS using freeze castingmethod [118]. When the BNNS loading
increases from 5.9 to 9.3 vol%, theglane thermal conductivity of the 3BNNS
epoxyresin composites also shows a significant-hie@ar increase, indicating that the

critical transition range for BNNS is between 5.9 and 9.3 \[al%8].

Another key factoaffecting thethermal conductivity of SICW compositesieefiller
alignment. The corresponding throdglane thermal conductivity of 3D SiC\poxy
composites and those of epoxy composites with randomly dispersed SiCWs and
HomofreezeSiCWs aerogels at the same filler loading is showFigare4.12c. The
differences in thermal conductivity among various samples highlight the significance
of a connected network and alignment with the direction of heat ffowexample,
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the thermal conductivity of 3D SiCWpoxy resin is 0.60 W thK'! at a loading of

2.5 vol%, but that of FSiCW-epoxy composite is only 0.32 W kK" due to the lack

of thermal transfer pathways. Since SiCA®rogels formed under homogeneous
freezing conditions could still form an aligned structure locally, the thermal
conductivity of composites filled witHomo-freezeSiCW aerogels is higher than that

of composites filled with completely randomly distributed SiCWs at the same loading.

Theoretical t her mal Cc ocapakycorposites predictédeoy v a l
Agari 6s mo d digured.r2eand. ihe Wwgarithmic equation of Agari was

given inEquation 4.7170].

IcC w o6 1¢cjo_ 16 _ Equatior4.1

WhereCn represents the effect of SICW on the epoxy resin strud@drepresents the
ability of SICW to continuous thermal conductive chains, the easier formation of
thermally conductive channels of fillers, the higher @ebtained.Vs represents the
volume fraction of fillers;ae, 1+ and &y represents the thermal conductivity of the

composites, fillers and polymer matrix, respectively.

Figure 4.12e and f show the logarithmic values of the thermal conductivity as a
function of the SICW volume fraction. Herein,is 120 W m* K'! anday is 012 W

m' 1 K'1[184]. According toEquation 4.1the parameters @ andCn for 3D SiCW

epoxy composites are calculated ta3&3and1.67, respectivelyThe Cs value for R
SICW-epoxy composites stands at mer@y’9 indicating that the 3D network
structure of SiC possesses a more potent capacity for creating uninterrupted pathways

for thermal transfer within the composites.

The throughplane thermal conductivity of 3D SiC\poxy composites with SiC

aerogels sintered at different temperatures is also showigume 4.12d. When the
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sintering temperature is above 1000 the thermal conductivity of 3D SiCWpoxy
composites decreases with the increasing sintering temperature. This is because thicker
SiO; layer generated on the surface of SiC, which affects the heat trarigtered.ok-

n) . It is worth noting that at 900 sint
3DSICWepoxy1 0. 2 vol % is slightly | ower than t
As depicted irFigure4.13, there isaminimal variation in the thermal conductivity of

the 3D SiCWepoxy10.2% whenSiCW-10.2 aerogel wasintered at 1000 for

different durations. This because the thickness of the Si€mains consistent at the

same sintering temperature. However, a prolonged sintering duration may enhance the
bonding between SiC fibres, resulting in a slightly elevated thermal conductivity in
samples sintered for 6 hourSigure 4.13b demonstrates how increasing the PVA

content negatively impacts the throdglane thermal conductivity of the composites.

This occurs because the creation of cilodsed bridges in the uplane direction

decreases the quantity of aligned SiC fibres in the thrglaye direction.
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Figure4.12 (a) Throughplane and irplane thermal conductivity of 3D SiC\&poxy

composites with

aerogel s

sintered

at

100

at room temperature; (b) Schematic of the heat dissipation through the 3D SICW

epoxy resin; (c)rhroughplane thermal conductivity of SICW composifabricated

by different method;HomofreezeSiCW-epoxy was prepared by homogeneous

freezecasti ng

epoxy was prepared by unidirectional freeasting method and followed by sintering

at 1000

met hod

and

foll owed

f 0SiICWe&poxy avasrpeeparedRby mixing SiICW and epoxy

directly; (d) The throughplane thermal conductivity of 3D SiC\@poxy-10.2 vol%
with SIC aerogels sintered at different temperatieg logarithmic values of the
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throughplane thermal conductivity of 3D SiC\poxy composites with aerogels
sintered at 1000 for 6 hours a@ a fu
logarithmic values of the throughlane thermal conductivity of -8iCW-epoxy
composites as a function of the SICW volume fraction
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Figure4.13 (a) Thermal conductivity of 3D SiCWpoxy10.2 vol% composites with
3D SiCW10.2 aerogels sintered at 1000 f or di f;f(l® Theonghplaheo ur s
thermal conductivity of SiC\B.6-epoxy composites withaerogels prepared by

different concentrations of PVA

Dimensional stability is also a crucial aspect for thermally conductive materials in
ensuring the reliability of electronic devicd$e influence of SiC loading on the CTE
and Tyis analysedn Figure4.14to assesdimensional stability and thermal reliability
The CTE values in both the throughkane and irplane directions of the 3D SICW
network composites were determined through TMA analysssshown inFigure
4.14a, the CTE values for 3D SiC\poxy composites decreased dramatically with
SiCWs loadingAt the SiCWloading of 10.2 vol%, the CTE values in the through
plane and irplane directions are only 48 ppm¥and35 ppm K?, which were much
lower than that of pure epoxy res®b(ppm K 1). The findings showed that the 3D

network composites improved dimensional stability in comparison to pure epoxy resin

The glass transition temperaturg)(Tassociated with changes in the state of polymer

chain motion, is another critical factor influencing the processability and applicability
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of polymer compositeszigure4.14b shows the effect of SiC loadings ogfér the

composites. The results showed thgwdlues for 3D SiC\AEpoxy composites were

all higher than that of pure epoxy reéf eC), which also demonstrated the constraint

motions of epoxy resin chains. It is worth noting that, with the increase of SiC loadings

of composites, theglvalues first fall and then rise. The reason could be explained as
followed: In polymer nanocomposites, because of thewetting interfaceFigure

4.10f), there is a region surrounding each nanoparticle, and the polymer in this region
has high mobility, thuslitkeési neglildjot wang :
Therefore, when the fill er Ilikeairderaotign i ncr e
zone will increase accordingly. Because of the high mobility of the polymer in these
regions, the polymer chains in these regions start to move preferentially when the
temperature starts to rise, which means that the more of these regions there are, the
easier it is for the polymer chain to mobile at the same temperature, leading to the
decrease of theyg[183, 185, 186]However, T does not decrease further as even more

SiC whiskers are added, because saturation oft8f$
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Figure4.14 (a) CTE values (b) Jvalues of 3D SiC\Wepoxy composites as a function
of SICW loadings.
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A high electrical resistivity for thermally conductive materials is crucial for electrical
insulation applicationdrigure4.15 presents the volume resistivity property of the 3D

SiCW composites. Compared with the pure epoxy (1.5% q0cm), the volume

resistivity of 3D SICW composites decredsy 1 order of magnitudeThis could be

due to the improved movement of charge carriers along the SiCW. Despite the
electrical resistivity droppingt8.0 x 1dq c¢cm, whi ch remains abo
for electrical insulation 0° q cm), it signifies the effective electrical insulation

properties of the 3D SiCWs network composites.
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Figure4.15 Volume resistivity of 3D SiC\Aepoxy composites with different SICW

loadings.

To investigate the potential of 3D SiG¥poxy composites in thermal management
applicationthe changes in surface temperature of composites over time during heating
wereinvestigatedising an infrared thermal imager. For this purpose, samples of epoxy,
R-SiCW-epoxy, and 3D SiCWépoxy composites were positioned on the heating
plateg~50 °C)to assess the ability to absorb hgagure4.16). The changes in surface
temperature over time, along with the related infrared thermal images, are displayed
in Figure4.16b-f. Figure4.16b shows the temperature of the samples at the beginning

which is 25.1°C, and after 25 s, the temperature of epoxy ré&8iCW-epoxy and
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3D SiCWepoxy is 38.7C, 42.0°C and 44.7C (Figure4.16c, d and ejespectively.

It is worth noting that, in the first 5 s, the surface temperature of the 3D -BioWy
composite increases with time at a higher (&tgure4.16f). In order to compare the
surface temperature changes of the three samples more visually, all samples were
placed together on the hot platEBigure 4.16g). After 30 seconds, the surface
temperature of the 3D SiC\&poxy was the highesindicating that the 3D SiICW

epoxy composite can conduct heat the fastest to reach the highest temperature with the

same heat source.

In addition to the infrared imaging results, the thropigme thermal conductivity of
3D SiCW-epoxy was found to be 1.535 m'! K™, and the througiplane CTE was
measured at 48 ppKT L. These resultare better thathepreviously published studies
on the enhanced thermal conductivity of compagsitieh alignedSiCW filler networks.

For instanceXiao et al. demonstrated that aligned Si@isker networks improve
thermal conductivity in polymer composites, achieving a thermal conductivity 8f

W m't K"t with 3.91 vol%loading[184]. Similarly, research b$henet al.on theSiC
microwiresnetworksof polymer compositeseported a thermal conductivitf 0.62

W m' 1K™ highlighted the importance of filler alignment in achieving superior thermal

performancg36].

When comparing these findings to commercial materials, such as FR4 (a widely used
compositematerial inPCB9, the advantages of 3D SiG#poxy composites become
evident. FR4 typically has a throughane thermal conductivity of around 0AB m'?

K'l and a CTE of approximatel§4 ppmK'! in throughplane directior{187, 188]

The 3D SiCWepoxy composites exhibit a significantly higher thermal conductivity

and a lower CTE, demonstrating their superior thermal management capabilities.
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These findings indicate that 3D SiC¥poxy composites possess significant potential
for use in thermal management applicatiorise high thermal conductivity and low
CTE, combined with the rapid heat absorption observed in the infrared imaging, make

these composites highly suitable for applications requiring efficient thermal

management.

—a—Epoxy
| —&—R-SiCW-epoxy
—a— 3D SICW-epoxy

o 5 10 15 20 25 30
Heating time (s)

(g) 3D SiCW-epoxy

Epoxy R-SiCW-epoxy

13mm

Figure 4.16 (a) Experimental setup for thermal infrared imaging; Infrared thermal
images of (b) (c) epoxy, (d)-BiCW-epoxy, (e) 3D SiC\Wepoxy composites; (f)
Surface temperature variation with heating time; (g) Optical images of epexy, R
SiCW-epoxy and SiC\Wepoxy composites placed on a hot plate; (h) Infrared thermal
images of samples corresponding to (g) at the bagyofiheating; (i) Infrared thermal
images of samples corresponding to (g) after heating 30 seconds.
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4.4 Discussion

4.4.1 The effect of SiGV aerogelstructure on thermal conductivity

of composites
In this thesis, SiC whiskers were chose bethermallyconductive fillers to construct
aerogelsFillersactas bridges for constructing thermal conduction pathways, thus the
structure of fillers within a polymer matrix esucialto the thermal conductivity of the
composits. Themicrostructureof SiC aerogais shown inFigure4.4, Figure4.5 and
Figure 4.7. SiC nanavires were used to prepaerogelsin previousliterature as
shown inTable4.5. The highesthroughplane thermal conductivitgf SiC nanowire
composite is 1.6W m't K'1[59]. However, the cost @iC nanaviresis prohibitively
high, making it unsuitable for subsequent industrialization and practical applications.
In contrast, the price dbiC whiskers is almost only oAeundredth of that o&iC
nanavires. The highesthermal conductivity o8D SiCW-epoxy compositereaches

1.55W m't K"t which is quitethe sameasthat of3D SiC nanowire composite.

This previous research @1C nanowireaeroges also noticd the SiC nanowires were
jointed after sinteringout nofurtherdetails of this process wenavestigated59]. In
this chapterXRD (Figure4.3), SEMand TEM(Figure4.9) resultsdemonstratéhe
SiO; layer forned on the SiC whisker during the sinteriigeM results confirm the
thickness othe SiO; layerincreases with the increase of sintering temperaiure
thermal conductivityesultsof SICW compositeare relatedo the variation ofSiO;
thickness The thermal conductivity of composite with 3D SiC aerogaiéering at
1000€C is thehighest When the sintering temperature exceeds HI)@hethickness
of SiQ, is increagd gradually Sincethe thermal conductivityof SiO; is lower than
that of SiC, SiO, layer hindersthe heat transmissiomnd increagd the thermal
resistance at the interface between fillelsading to a reduction in thermal
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conductivity.As the sintering temperature increases from 1000 to 42G68e thermal
conductivity of the3D networkSiCW composite decreases from 1.59t82W m'!

K'! (Figure4.12). However when thesintering temperaturis 900 °C,only a10 nm

thick SiQ layer formed on SiC surface cannot facilitate a strong joint between SiC
fibre, hence cannot provide aefficientheat transfer path-{gure4.9m), resulting ina
lower thermal conductivity1.42W m'! K'Y, This study fills the gap in research on

the sintering conditions of aerogels and their impantthermal conductivity.

The SEM resultslemonstratenidirectional freeze castirig an effectivenethodfor
preparing3D network SiC aerogels. These aerogels dispialayeredhierarchical
structure withthe SiC bridges between the layefhe 3D network architecture
emerges from the intricate balance between the rate of ice formation and the movement
speed of the whisker#.the ice forms too quickly or the whiskers move too slowly,
ice crystalsgrow beforethe whiskersmove togaps between the icand some SiC
whiskersareentrappedn the iceleading to the creation of perpendicular connecting
structuresThe higher concentration of solids may impede the SiC whigabiigy to

move swiftly during freezingTherefore, as the concentration of SiC whiskers in the
suspension increases, the microstructure exhibits a honeyldaattern among the
layers.As the number ohorizontalthermal conduction pathways increases, the in
plane thermal conductivity also rises with the increasing|&xding Additionally,

the increase iIrBIC loadingleads to a tighter weave of the SiC layers vertically,
establishing more pathways for thermal conducfidre highesthroughplane and in

plane thermal conductivéis arel.55 W m! K"t and1.23W m'* K" with the highest
loading of 10.2 vol% The differences in thermal conductivity amoogmposites
produced using various techniques highlight the crucial role of the microstructure of
fillers in influencing the thermal conductivity SICW aerogelpreparedunder
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homogeneous freezing conditiglomo-freezeSICW) has less aligned structure
Thus,the thermal conductivity of composites filled witomo-freezeSiCW aerogels
has lower thermal conductivity tha8D SiCW-epoxy composites.The randomly
mixed SiICW composite$R-SiCW-epoxy) exhibit the lowest thermal conductivity
among composite®ecause there is no connected networdomposites, phonon has
to jump from one expssway to anothedeading toa relatively longer timeThe
presence of more gaps and a smaller contact area resuliadréased contact

resistance, which naturally led to reduced thermal conductivity.

Some previouly reported thermally conductive composites for improvingugh
plane thermal conductivitsre summarized ifiable4.5. Compared the througplane
thermal conductivityvalue for 3D SiON-epoxy with previouly reported value$or
polymer compositeghe thermal conductivity value of our samyigs amonghehigh
levels at thadenticalloading in the literatureTo ewaluate the thermal conductivity

enhancement efficiency, enhancement per 1 vol% lodding introduced as

- —— p ntt BEquation4.2

where K and k are the thermal conductivity of the composites and epoxy,resin
respectively, and Ms the loading of fillersFigure 4.17 showsthe d variations for
throughplane direction at different filler loadingBhe maximuny value reache$60%

at a filler loading of 2.5 vol%The d value deceasessignificantly whenthe fillers
loading is higher than 6.7 vol%, which corresponds to the results of the séductur
changes in the SiCW aerogels. When the flbading is higher than 6.7 vol%, there
are more SiC fibrem the inplane directiorto form the 3D network structuréhese
horizontally aligred SiC fibres have less contribution of throygane thermal

conductivity, thus decreasing the throughane thermal conductivity enhancement
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efficiency. Table4.5 summarizes thg of previously reportedgdymer compositem
throughplane directionThe Thermal conductivitandd values of our samples were
among high levelcxompared toprevious reportedCompared to other SiC fies
compositesourcompositeslo not exhibit the highes} the highest is observed $i1C
nanavires. Howevernpanawires are prohibitively expensive, making them unsuitable
for largescale production. Additionally, their CTE characteristics remain unexplored,
and there is a lack of research on composites witm&mwiredoadings greater than
2.17vol%. Compared to BN fillers, the thermal conductivity of BN compositas
higher than that of ou8iCW-epoxywith similar filler content using the sanfireeze
castingmethod. However, thg is comparable between ti®@CW and BNNS This
indicates that 2D materials have advantage over 1D materials in constructing
thermal pathways. However, our study also addresses a gap in the research on the use

of 1D materials for constructing thermal pathways.

Furthermore alternative strategiesased on the application of electoc magnetic
fields and temphte methodhave been proposed to alitire fillers. For example,he
previoudy reported vertically aligneBN@FeOs, SIC@FeOs, AIN@FeO4 epoxy
composites were prepared by magnetic field alignmBgtusing manetic field
method,Fex0s needed to beecorated on the fillers firsand the whole process was
complexcompared tdreeze casting methoth addition, he thermakonductivity of
composites prepared lmgagnetic fieldnethodis lowerthan compositepreparedy
freeze castingt same volume loadingvhen the volume loading of filler is 10 vol%,
the througkplane thermal conductivity SiC@FeOs-epoxy is only 0.6%V m' 1K',
which isonly half of the thermal conductivity of 3D SiCMpoxy composit¢189].

Amongthefreeze casting, electric or magnetic fieldd template metlp our freeze
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casting approach is comparativetyich moreefficientand facile for the enhancement

of thermal conductivity.
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Figure4.17 Thermal conductivity enhancement efficiendy ¢f the composites with
differentSiC whiskes volume loading.

In this chapter, theelatiorshipamong the SiCW loadirsgthemicrostucture ofSiICW
aerogelsand the thermal conductivitiias beerrevealed.This research novides
guidancefor the subsequent preparation of thermally conduatvm@positesusing

micrometrescalefibre materials.
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Table 4.5 Comparisonof thermal conductivityand CTE of our 3D SiCWépoxy

composite withepoxybasedcomposites filled with other fillerén the published

literature
Matrix Filler Method Loading Through d(%) CTE Refere
(Vol%) plane Thermal nce
conductivity Ege)m
(W mil KTl)
Epoxy SiC Freeze  2.17 1.67 406 - [59]
nanowire casting
Epoxy CNF/SICWs Freeze  1.32 0.62 218 21.9 [36]
casting
Epoxy SiC Template 3.91 0.43 29 - [184]
nanowire method
Epoxy BN Freeze 14 ~1.2 36 ~40 [111]
casting
Epoxy BNNS Freeze  9.29 2.85 181 ~24 [118]
casting
Epoxy BN@FeOs; Magnetic ~13.5 0.85 28 ~28.7 [132]
field
Epoxy SIC@FegO; Magnetic 10 0.65 26 - [189]
field
Epoxy AIN@FeOs Magnetic 20 1.754 38.8 - [101]
field
Epoxy BN@FeOs Magnetic 10 ~1.2 57 - [190]
SiC@ FeOu field
Epoxy BN Surface 18.5 2.77 73.5 53 [191]
nanotube modified
Epoxy RGO Freeze  3.65 0.69 78 59.42 [130]
/SWCNT ~ casting
Epoxy Micro Freeze 10.2 1.55 117 48 This
SiICW casting work
Epoxy Micro Freeze 25 0.60 160 80 This
SiICW casting work

4.4.2 The effect of SICW aerogel structure on CTE

CTE is the mpor physical property when the materials are expdsedtemperature

changingenvironment It can be observed from thEable 4.5 that there has been
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limited research on th€TE of thermally conductivecompositesin previously

published studies, thubis gapneeddo befill edurgently.

CTEresultgFigure4.14) showthe dram#c decreas#vith theincreasen SiCloading

This reduction is attributed to the suppression of the volume change in the alternate
layered structure between SiICWs and epoxy in the interstitial space. Another possible
reason is that the epoxy resin molecular chains were constrained in the SiCWs
netwoks and therefore their motion ability was limitétlhatis more,the increased

SiC has lower CTE thagpoxyresin therefore, when fillers with a low&TE occupy

an increased volume in the polymer, the ove@lIIE of the composite naturally
decreasedn addition, the 3D SiC\WWpoxy composites exhibit anisotropic CTE in the
throughplane and irplane directions. The CTE values in thepiane direction are
lower than those in the througitane direction, which is because there are more
layered structuregerpendicular to the iplane direction than parallel to thephane
direction. Theseresultsdemonstrat€CTE values rely on the orientation of fibres and

fibre volume fraction.

CTE is influenced by t hehasmanaterials, &TEGsS st r
determined by atomic bonding, molecular structure, and assembly. As temperature
rises, thermal energy increases, leading to greater atomic movement. Materials with
weak atomicbonds and low bonding energy exhibit larger CTEs due to increased
interatomic distances. In multiphase materials like composites, CTE depends on each
component phaseheir interactions volume fraction and amposite architecture.

Weak interfacial bondinggils to effectively combine the contributions of each phase,
whereas strong interfacial bonding allows for a balanced thermal expansion behaviour.

Strong interfacial bonding ensures effec
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expansion, leading to a lower overall CTE. Poor interfacial bonding can result in

differential expansion, causing internal stresses and potential failure.

In this study, the tight bonding between SiC apibxy resin, along with the high
aspect ratio of SiC fibres, effectively suppresses thermal expansion. Previous research
has also found that fibrous materials with a high aspect ratio have a greater inhibitory
effect on thermal expansion compared to particutséeerials.Silica nanofiber filled

epoxy showed 1.4 times greateFEEcompared to spherical nanopatrticle filled epoxy

[129].

To analysethe changemechanisnof CTE, the simple Rule oMixture (ROM) was
first introduced talescribehe CTE of3D SiCW-epoxy compositeéThe simple ROM

can be given by the following equatifi92].

| | ® w Equatiorn4.3

whereVs is volume fraction of fillerst is the CTE of fillers, Vinis thevolume fraction

of matrix, Un is the CTE of matrixandU: is the CTE ofthe composite.

The CTEof SiC is3.5ppm K1, and CTE of epoxy resin 82 ppm K. When the

SiCW loading is 10.2 véb, the CTE of 3D SiC\Aépoxyis 48 ppm K !in the through

plane directionaxis direction)[193, 194] If the theoreticalCTE obtained from the
calculation using the simpROM should be 8ppm K %, sothesimpleROM does not

apply and that the rules for the variation of the CTE need to be described by other
models.This implies that solely considering the volume fraction and CTE of the filler

is insufficient to describe the CTE changes in composites. The arrangement of the filler

should also beonsidered
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Many models such a3urnes model, Mori-Tanakamode| Kerner model and
Schapery model which are commonly used poedictthe CTEof composie are all
tried but they could nofit the resultd195-198]. Hirsch model waginally chosento

describe the CTE of the composif#99, 200] The model is expressed as:

| Tl o | p T Equation4.4

where \is volume fraction of filler} is the CTE of filler, \h is the volume fraction
of matrix, Un is the CTE of matrix andk is the CTE ofthe composite Er andEm are

theY o u n g 6 s oftleediled andpolymer matrix, respectivelyp is a parameter
(0 O biprepresentinghe ratio of the parallel portiolased orthe rule of mixtures,
there are two forms of the mechanical respondggish are parallel andesies. The

Hirsch model combines the paralpertion and series portida01].

The data forcalculationthe CTE of composites summarizedn Table4.6[194, 195,
202, 203] For the throughplane CTE to fit the experimentresult, theb was
determined to be OMhen the fillers loading i%0.2 vol%[200]. Thecalculated CTE
results by Hirsch modeb approximately 2 ppm K which is quite same aghe
experiment result48 ppm K 1). This also indicates that when the fillermsa 3D
network structure, the mechanical response of the composite has half |perdidei

and halfseriesportions.

Table4.6 The properties 0BiC andepoxy: [194, 195, 202, 203]

CTE (pm K %) E (GPa)
Epoxy resin 95 3.2
SiC 3.5 420
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4.5 Summary

In summary, 3D SiCWhetwork reinforced polymer composites have been prepared
by freeze casting method, for improved thermal conductivity. By adjusting the
proportion of raw materials in the suspension, SiICW aerogels with tailored
microstructure can be achieven optimised 10.2 vol% SiCW loading have been
proposed for the preparation of SICW aerogels by freazéng method. The obtained

3D SiCWepoxy composites exhibit enhanced thermal conductivities, compared with
that of random SiCW composite and pure epoxyntesi the highest SICWs loading
(10.2 vol%), the througplane thermal conductivity of 3D SiC\Wpoxy reaches 1.55

W m't K™, which was 8.1 times that of pure epoxy resin, and 1.6 times that of R
SiCW-epoxy composite. This improvement results from the vertically aligned and 3D
interconnected network of SICWs in epoxy resin composites, which provide heat
transfer pathwaysiNe havealso demonstrated that after sintering, the formation of
SiO; on the surface of SICWs has led to a strong structure of the aerogeksvet@v
thicker SiQ layer would form at excessively high sintering temperatures, meguit
lower thermal conductivity. Furthermore, the 3D SiC@y®xy composites present a
lower throughplane (48 ppm K) and inplane CTE (35 ppm ¥) compared to the
pure epoxy resin (99ppm K1). This work provides a simple method to fabricate
vertically aligned filler networks in polymer composites to improve their thermal

performancewhich shows promise for use in thermal management applications
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Chapter 5 Development of thermally conductive
dielectric bi-layered nanocomposite

In this chapter bi-layered epoxy composites weadbricatedby utilizing epoxy resin

as polymer matrix anlk-BN platelets and Si@hiskers ashermallyconductivdfillers,
which areanticipatedo enhanceéhethermal conductivityanddielectric constant, keep
low dielectric loss and maintain the dielectric breakdown strengtfieaomposites.
The thermal conductivity and dielectric properties Eoxy/BN/SIiC bilayered
composite have been investigated in this resediuis. research aims to gain a more
profound insight into how Hiayer embedded fillers of varying dimensions influence

the thermal conductivity and dielectric propestiofthe polymer composites.

5.1 Characterisation of BN/SIC bi-layered film

Following the procdure illustrated irSection3.3 andFigure3.2, BN/SiC btlayered

film compositewas preparedy carrng out the filtration process of BN and SiC
separately, the sample colieclearly divided into two layers which are SiC layer and

BN layeras shown irFigure5.1a and b The vacuurrassistediltration process allows

the fillers to be evenly distributedesultingin smooth and uniform surface fthe
filtered BN/SIC bilayered film The greygreen layer iconsistingof SiC and the

white layercomprisesBN. Figure5.1d ande shows SEM images of the surface of SiC
layer and BN layer. It can be observed that both SiC fibres and BN sheets are uniformly
distributed in the layers, meanwhile the BN sheets are all flat, which means they were
aligned in the horizontal direction. Sflbres also overlapped each other in the layers

and formed an interconnected network in the horizontal direction. This demanstrate
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that vacuurrassistediltration allowsthe SiC whiskers and BN platelets to be stacked

in a uniform and orderly way.

SiC fibers

Figure5.1 (a) lllustration of layetby-layer structure, (b) Optical images of layered
structures (BN/SIC blayer), (c) Epoxy/BN/SiC biayered composite after epoxy
infiltration, SEM image of (d) SiC surface of BN/SiCGlayer and (eh-BN surface of
BN/SIC btlayer.

5.2 Characterisation of Epoxy/BN/SiC btlayered composie

The Epoxy/BN/SiCbi-layered composite was also observed by SEM, as shown in
Figureb.2a-c. The total thickness @&poxy/BN/SiCbi-layered composite is about 460

em, of which the Si C IhREgure52a,tha craskectienals 1 s
SEM images shows a distinguishing characteristic in the microstructure bilayer
structured composites: the interfaces between two layessandessly integratednd

no voids or other defects can be observed in the composites, which represents epoxy

resin was successfully filled into the BN/SiGlayers under the vacuurfigure5.2b
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andc showmicrostructure of the surface of each layer. In the layer of EBNy-Bié
platelets are still aligned in the-plane direction due to the force of vacuassisted
filtration. The SiC whiskers can also be observed in the SiC |&ygure5.2b). The
alignment of BN platelets and SiC whiskers was not disrupted by the impregnation of
epoxy resinThe surface morphology of the Epoxy/BN/SiC random composite, as seen
in Figure5.2d, showed a stark contrast to that of thdayered composites, with BN

and SiC patrticles dispersed randomly across the matrix.

a Cross-section of Epoxy/BN/SiC
layer composite

Epoxy/BN/SiG-randomi
compeosite surface

I

‘x»-:-—d/:c‘b&':i X3
y S . ¥y

Figure5.2 SEM images of (a) the crosgction of Epoxy/BN/SiC layered composite;
(b) the surface of Epoxy/SiC layer; (c) the surface of Epoxy/BN layer; (d) the surface
of Epoxy/BN/SiC random composite.
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To further demonstrate the alignment of BN platelets in epoxy matrix, XRD was
carried out for SiC whiskers, BN platelets, Epoxy/BN/A&@ndom(EBNSIC_R)
composite and the surface on both sides (BN and SiC surface) of Epoxy/BiHSiC
layered composite (EBNSIC_2L), as showrFigure5.3. The XRD pattern of SiC
whiskers shows that the peaks at 35.6°, 41.4°, 60.0°, 71.7° and 75.4° correspond to the
reflection from cubid®-SiC. For BN platelets powder XRD pattern, the characteristic
peaks located at 26.66°, 41.58°, 50.11° and 54.95° correspond to the reflection from
(002), (100), (102) and (004) plane of hexagonal BN. These characteristic peaks can
also be observed in the XRDtfans of EBNSIC_2L and EBNSIC_R composites, but
the intensities of these peaks were different in these compdditeslignment of h

BNs, both horizontally and vertically, contributes to reflections from the (002) and
(100) planes respectively1], as denoted in the inset Bfgure5.3b. To investigate

the alignment direction of BN platelets, texture coefficients (Tc) for pure BN powder,
EBNSIC_R, EBNSIC_2tBN surface along three diffraction planes i.e., (002), (100),
and (102), wereompued and presenteid Figure5.3b [204]. The Tc for a plane
denoted by Miller indices (hkl) for n number of peaks calculated (here, n = 3) suggests
a preferred orientation along that specific plafRer pureh-BN platelets powder, as
shown inFigure 5.3b, the T@oz) value is 2.57. This value increased to 2.68 in
EBNSIC_2L-BN surface, showing a shift of preferred orientation towards (002) plane.
At same time, the To) value of layered structure reduced from 0.32 to 0.21. These
results confirm that the BN platelets in layered structure are preferentially orientated

along (002) plane which is-plane direction.
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Figure5.3 (a) XRD patterns of pure BN platelets powder, SiC whisker, EBNSIE€ 2L

SiC surface, EBNSIC_2BN surface and EBNSIC_R; (b analysis of BN platelets,

EBNSIC_2L-BN surface and EBNSIC_R calculated form intensity values of XRD

peak data; inset of (ljustrates the impact of BN orientation on the XRD pattern

5.3 Thermal properties of Epoxy/BN/SIC bi-layered
composite

The interconnected BN platelets aligned alongplame direction could generate

thermally conductive pathways through the composites. To demonstrate the effect of

the bilayer structure and the arrangement structure on the thermal conductivity, single

layer BN epoxy, single layer SiC epoxy composites and randomly mixed BN/SiC

epoxy composites witthe same filler loading were fabricated, namely, EBN, ESiC

and EBNSIC_R. The measured throyghne and irplane thermal conductivities of

the pure epoxy and diffent epoxy resin composites are showirigure5.5. From

the TGA resultsKigure5.4), the volume loading of fillers in composite is determined

as 15.5 vol%. The pure bulk epoxy resin exhibits a low thermal conductivity2f 0.1

W m'? K™, which is consistent with previous repof®]. The presence of fillers

increases the througdlane thermal conductivities of all epoxy composites. It is

interesting to note thdt-BN composite (EBN) shows much higher throygane
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and inplanethermal conductivity than SiC composite (ESIC). This is due to the

intrinsic thermal conductivity of SiC is lower than that of BN.

Figure 5.5 also shows that the througiiane thermal conductivities of the EBN,
EBNSIC_R and EBNSIC_2L are quite similar. Since these three samples have
limited thermal conductivity paths in the througlane direction at the same loading.

To verify if there is a significant difference between the threpigine and irplane
thermal conductivity of each sample, the data for every composite was analysed
statistically.An independent sampteeststatistical method was used to compare the
throughplane and irplane thermatonductivity, and the results are shownTigble

5.1 The t values were calculated by the following equation.

0 —— Equations.1
Y —B ® o Equation5.2
"YO — — Equation5.3

wherew is the average value of the-plane thermal conductivityp is the average
value of the througiplane thermal conductivifySE is standard erro6 is $andard
deviation “Y is standard deviation dhe in-plane thermal conductivity datay is
standard deviation of the throughane thermal conductivity data is the number of
samples.In this case, n=3Using a tdistribution table or statistical software with
degrees of freedom equal to 4, ean get thd>-value When theP-value islessthan
0.05,there is a significant difference between the two groups of @iatastatistical
analysis of the i#plane and througplane thermal conductivity data for EBN shows a
P-value which is less than 0.0Bherefore, it can be concluded that there is a significant

difference between these two sets of data, indicating that tppdane thermal
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conductivity of EBN is significantly higher than the throyglane thermal
conductivity. The same applies to EBNSIC_@hmposite However, for ESIC and
EBNSIC_R, thdP-value for the statistical analysis of theirptane and througplane
thermal conductivity data is greater than 0.05, indicating that there is no significant

difference in their irplane and througplane thermal conductivities.

It is worth noing that the sample EBNSIC_2L with two layered structure achieves
the highest irplane thermal conductivity (2. M/ m'! K1) with 15.5 vol% loading

of total fillers The improved irplane thermal conductivity of these layered
compositess ascribed to the orientation of BN platelets and SiC whiskers aligned
with the direction of heat flowThis arrangement allows the betterplane heat
conducting characteristics of BN platelets and SiC whiskers to be fully utilized,
resulting in improved #rmal conductivityTherefore, due to the random distribution
of fillers in the EBNSIC_R sample, its -plane and througplane thermal

conductivities show minimal difference.
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Figure5.4 TGA curve of Epoxy/BN/SIC layered composite from room temperature to
700 °C.
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Figure5.5 In-plane and througplane thermal conductivity of pure epoxy resin, EBN,
ESIiC, EBNSIC_R and EBNSIC_2L composites.
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Table 5.1 Thermal conductivity (K) data forthree samples of thesame mateials,

including theaveragevalue,standarddeviation (S). Stardard error (SE)t-value and
P-value of the two groupsdata {n-planeand througkplane thermal conductivity)
calculated bystatisticalmethods.

K1 K2 K3 Average S SE t P

(W mTl (W mil (W mil K ((*f (W mil
KT l) KT 1) KT 1) (W mT 1 KT 1)

KTl)

Epoxy 0.11 0.12 0.14 0.123 0.015 - - -
EBN 1.53 1.61 1.67 1.603 0.070
In-plane

0.064 4.163 P<0.05
EBN 141 1.31 1.42 1.380 0.061
Through
plane
ESiC 0.50 0.64 0.62 0.587 0.076
In-plane

0.0&2 1.30 P >0.05
ESiC 0.58 0.43 0.51 0.506 0.075
Through
plane

EBNSIC_R 1.53 1.33 1.52 1.460 0.11

In-plane

0.080 1.40 P >0.05
EBNSIC_R 1.53 1.58 1.55 1.553 0.080

Through
plane

EBNSIC_2L 2.18 2.08 2.06 2.107 0.064
In-plane

EBNSIC_2L 1.54 1.49 1.58 1.537 0.045 0.045 1257 P <0.001

Through
plane

Because poor dimensional stability can negatively impact the dependability of the
devices, polymer compositagimensional stability has become an essential factor for

their reliable usage in electronic devices. The CTE value is indicative of the
dimensional stability and is evaluated by thermomechanical analysis (TMA) within

the temperature range of room tempematto 100 °C The CTE valuesand
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dimensional change of the pure epoxy and all composites in thpagé direction

are showrnin Figure5.6. The maximum CTE is found in pure epoxy re$@ ppm

K'1), and the CTE values of all composites are decrease after adding Fibers
example, the SiC layered composite (ESIC) has the lowest CTE wiuiolyi81 ppm

K'1. This result implies that the SiC filler is more capable of reducing CTE in through
plane direction than BN fillers, because CTE (#8n K'1) of BN in throughplane
direction is much higher than that of SiCgm K'%) [132, 193, 205] The value of

CTE for EBNSIC_2L layered composite falls within the ranges of CTE for EBN and
ESIC composites because it combines both BN layer anda$&C. The suppression

of volume change in the layered structure between BN and SiC and epoxy in the
interstitial region is responsible for the compdsilewer CTH118]. Another possible
reason was that the epoxy molecular chains were constrained in the layered composites
so that their motion ability was limited. The results suggest that the EBNSIC_2L

layered composite exhibited better dimension stability compaitbcpure epoxy.
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Figure5.6 (a) The coefficient of thermal expansion of pure epoxy resin, EBN, ESiC
and EBNSIC_2L compositegb) Dimensional change as a function of operating

temperature of the pure epoxy, EBN, ESIiC and EBNSIC_2L.
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5.4 Dielectric properties of Epoxy/BN/SiC btlayered

composite

The dielectric permittivity of a material is a measure of its ability to store electric
charge in an external electric field and reflects the mader@iélectric properties.
Figure5.7a shows the frequenaependence of the dielectric constant and dissipation
factor of pure epoxy resin and different kied composites at room temperature. ifhe
dielectric constast exhibited a very low frequeneyependence, which slightly
decreased with the frequency fronm?I@° Hz. The detailed data is shown Figure

5.8. The interfacial polarization and orientation polarization of dipoles were unable to
keep pace with the high frequency change, which acsdanthe decrease of the
dielectric constarjtl47, 206, 207]The dielectric behaviour at low frequencies mirrors
the characteristic interface polarization, originating from the macroscopic interfaces
among various multiphase structures. On the other hand, at high frequencies, the
dielectric behaviour is attributed the polarization caused by dipole orientation within
the composites, in line with Debye relaxation thel@8]. The dielectric constant of
pure epoxy resin was 4.99 under the frequency of 1kHz, and the addition of BN and
SiC caused an increase in theemll level of the dielectric constant compared with
pure epoxy at room temperaturehe EBNSIC_2L bilayered composites has the

highest dielectric constant which is 9.03 (1kHz).

Figure 5.7a also displays the dependence of dielectric loss on frequency at room
temperature for the compositeft is widely recognized that dielectric loss
predominantly consists of conductive loss and polarization |b46]. At low
frequencies, the dissipation factor can attribute tocdbmluctance loss sincthe
material polarizatioressentially aligns with the gradual shift in the external electric

field. Consequently, conductive loss prevails as a result of minimal polarization loss.
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As shown inFigure5.7a, because the polymisrinsulaed, the dielectric loss of pure
epoxy and composites below*Hz is very low. The dielectric loss for the composites
keeps increasing above*Hz because of polarization loss since dipoles have less time
to orient. The dielectric loss increases dramatically ovér HD because of the
relaxation loss caused mainly by segmental movements of the epoxy matrix at high
frequencieq208]. The EBNSIC_2L blayered composite hasamedielectric loss

(tanu 0. Owittbepoxyat 1k Hz

Figure5.7b-c show the dielectric constant and dielectric losghefpure epoxy and
composites at different temperature in thé-1@® Hz frequency range. Both dielectric
constant and dielectric loss increased with the temperature, which suggests that the
temperature plays a key role in determining the dielectric property of the composites.
The higher temperature allows the dipdiekave enough mobility to contribute to the

loss and dielectric constant because of the increased segmental mobility of polymer
[209]. All the samples have highest dielectric constant and dielectric loss at 100 °C
under low frequency. As the frequency increases, the dielectric constant and dielectric
loss both decrease gradually. At low frequencies, the conductance loss is dominant,
andthe high temperature prompt the charge carrier transport in composites leading to

a high dielectric losgL38].

The EBNSIC_2L biayered composites exhibited a higher and relatively stable
dielectric constant and a low level of dielectric loss in tiel®Hz frequency range,
which satisfy the requirement for a high dielectric constant but low loss value in

practical engineering applications.
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Figure5.7 (a) Dielectric constant and dielectric loss dependence on frequency for pure
epoxy and composites at room temperature; Dielectric constant and dielectric loss
dependence on frequency at different temperature for (b) Epoxy, (c) EBN, (d) ESIC,
(e) EBNSIC_R(f) EBNSIC_2L.
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Figure5.8 Dielectric constant dependence on frequency for pure epoxy and composites

at room temperature.

The breakdown strength is alsokey parameter in practical applications. The
characteristic breakdown strengtkp) of epoxy, EBNSIC_R and EBNSIC_2L
composites is deduced from a two parameter Weibull distribution as shdwgune

5.9a. Theequation is given as followed,
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00 p Qoun — Equation5.4

where P(E) is the cumulative probability of electrical breakdown, teeisneasured
experimental breakdown strengt, is the characteristic breakdown strength at the
cumul ative breakdown probability of 6 3. :
modulus related to the linear regressive fit of the distribution. TBuszan be

calculated by converting the function to:
I 11 T— 11 1— Equations5.5

The breakdown strength of pure epoxy resin is ~23nkYf 1, and the breakdown
strength of randomly mixed BN and SiC composites (EBNSIC_R) is slightly higher
than that of pure epoxy resin. This is because the randomly scattered fillers in the
polymer do not form conductive pathways and hinder the growth of ekddiees to

some extent under applied external electric field. However, the breakdown strength of
EBNSIC_2L is slightly lower than that of epoxy and EBNSIC_R, which is 2mkV?.

The reason for tkiis that the fillers in it are ordered in a layer that facilitates the
formation of a pathway for the growth of the electric tree, as showigure5.9b-d,

the EBNSIC_2L layered composite forms a greater breakdown damage.
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Figure 5.9 (a) Weibull distribution of breakdown strength of pure epoxy resin and
composites; SEM images of (b) epoxy; (c) EBNSIC_R composites; (d) EBNSIC_2L
composites after breakdown.
5.5 Electrical properties of Epoxy/BN/SiC bi-layered

composite
The good electrical insulation also plays an important role in the application of the
composites.Becausethe addition of the BN and SiC probably influence their
insulating properties, the volume resistivity of BN and SiC epoxy resin composites
weremeasuregdas shown irFigure5.10. The volume resistance of pure epoxy resin is
15x18°Y c¢cm, after adding the fillers, the
slightly lower than that of pure epoxy, but it still meeting the required resistance

standard for electrical insulation applications®(¥0 ¢ m) .
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Figure5.10 Electrical resistivities of epoxy and composites.

5.6 Discussion

XRD resultgFigure5.3) and SEM resultéFigure5.2) confirmedthatthe BN platelets

were aligned in the horizontal directibg vacuunforce Meanwhile, SEM resultsf
Epoxy/BN/SIC bilayered compositalemonstratehe interfaces between the two
layers are seamlessly integrated, with no observable voids or defects within the
compositesBecause thermalonduction pathways and tightly bonded interfaces have
been established in the-plane direction,Epoxy/BN/SIiC bilayered composite
(EBNSIC_21) with two layered structure achieves the highesplane thermal
conductivity (2.16 W Mt K'Y) (Figure 5.5). These results correlate well with the
findings byChenet al. andTarhini et al., who reported similar improvements in in
plane thermal conductivity by aligning fillers horizontally using various alignment
technique$210, 211] The high iaplane thermal conductivity can be attributed to the
efficient heat transfer pathways formed by the aligned BN platelets and SiC whiskers,

enhancing the composi@eoverall thermal performance.

The thermal conductivity comparison results show thatthineughplane thermal
conductivities of EBN, EBNSIC_Rand EBNSIC_2L are similar. This similarity arises

because, at the samelumefiller loading, the number of vertical thermal conduction
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pathways is nearly the same. In contrast, ESIC has the lowest thermal conductivity
because the thermal conductivity of SiC itself is lower than that of BN. Additionally,
SiCfibresarelD materials, resulting in smaller contact areas betvibezs. However,

by usinghybridfillers, even though SiC is also used in EBNSiGaritl EBNSIC_2L,

their thermal conductivities remain close to that of pure EBMNe advantages of
selecting SiC as a filler are manifested in its role in reducing the CTE, with ESIC
having the lowest CTE at only $pm K'!. The lowCTE of ESiC also suppresses the
thermal expansion of thHa-layeredEBNSIC_2L, thus the CTE of thEBNSIC_2L.is

55 ppm K'1, which is 10ppm K'! lower than that of pure EBNFigure5.5b). This
finding aligns with studies b$henet al. who demonstrated that incorporating SiC

fibrescan significantly lower the CTE of polymer composit&s].

The synergistic effect of theéEpoxy/BN/SiC bi-layered composite in enhancing
thermal conductivity andlecreasingdielectric loss is demonstratedn this study
Generally, to achieve the target thermal conductifiltes areadded ito polymer to
form continuous heat transfer pathwaBst these fillers incomposites are generally
increase thelielectric loss and dramatically decreased breakdown streFajite 5.2
shows the thermal conductivity and dielectric properties \adrious polymer
composites The breakdowrstrengthof all compositedecreasedifter adding the
fillers in matrix For example,hite breakdown strength of Al/Epoxy resin composite
even decreased from 31t@ 6 kV mm'L. In this work, he breakdown strength of
EBNSIC_2Lonly decreased from 23 to R¥ mm' L. The reason for the less decrease
is the rgion of electric field which is forme@roundthe interface between two

different layers in the Hayeredcompositgd148].

Regarding the dielectric constairttalso increases from 4.99 to 9.0is would be

explained that the fillers have inherently higher dielectric constant and the different of
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electrical conductivity between the fillers and epoxy resin generates the interfacial
polarization, which increases the dielectric constant. It is wortimgidbat the
dielectric constant of singllayered SiC composite (ESIC) is higher than that of single
layered BN composite (EBN). The reason is that SiC whiskers have a higher aspect
ratio than BN platelets, and the large dipole moments of the high aspedillet

results in a higher dielectric enhancement of composites at lower |dadg13]

In addition, the dielectric constant of the randomly mixed composite (EBNSIC_R) is
higher than the dielectric constant of the layered composite with only one filler. In
EBNSIC_R composite, the mismatch of electrical conductivities between the epoxy
matrix, BN and SiC enabled lots of space charges to migrate and accumulate at the
interfaces and bring stronger interfacial polarizaf@iv]. For EBNSIC_2L, BN and

SiC are aligned and in contact or very close to each other. The average polarization
associated with the contacted fillers is larger than that of an individual particle because
of an increase in the dimensions of the fillers linked together teagi®ater average
polarization and thus a greater contribution to dielectric cong2@éi. Additionally,
interfacial polarization also occurs at the interface between the BN layer and SjC layer
which results inthe increase of dielectric constanfBhus EBNSIC_2L btlayered

composite has the highest dielectric constant which is 9.03 (1kHz).

Regarding dielectric loss, compared with epoxy matrithe dielectric loss of
EBNSIC_2L bilayered compositeasno changeThe layered structure could inhibit

the movement of the charge carriers within eptegding to a lower dissipation factor
value. The low dielectric loss is beneficial to small leakage current and low energy
loss.However, Table 5.2showsalmostall dielectric loss of composit@screased after

adding fillers Thus, by designing a bilayer structure, the composite manages to
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increase the dielectric constant while still enhancing thermal conductivity, maintaining

dielectric loss antireakdown strength.

When compared to other layered dielectric thermal conductivity composites, the
EBNSIC_2L composite shows notable improvements. For instaieag et al.
demonstrated ahreelayer compositefilm of Al>Os with an inplane thermal
conductivity of0.532 W m'! K'!, which is much lower than the 2.16 W M K'?!
achieved by EBNSIC_2[148]. However,Wanget als composite showed a higher
breakdown strengti{73.79 kV mm'!) due to thesandwich struzire and high
breakdown strengtbf epoxy matrix (64.45kV mm'?) [148]. In terms of dielectric
properties, the EBNSIC_Zk dielectric constant of 9.03 is higher than that of many
singlefiller systems reported in the literatu(@able 5.2), such as the BN/epoxy
composites reported Byuang etl., which had a dielectric constant01[145]. The

low dielectric loss of EBNSIC_2L also comparffeasourablywith othersame filler
composits, such as the hybrid BN/SIC composites reportedShya et al., which
showed dower dielectric constan{6, 1kHz) but with a higher dielectric 1099.02,

1kHz)[215].

Doctor-bladng and hot-pressingmethod are also used to increaseplane thermal
conductivity Doctorbladng, asused byJang et al. has shown to align BN sheets
effectively, achieving irplane thermal conductivities of up to42V m'! K™ [216].
However, this method requires precise control over the process and uniformity of the
film thickness but it is sitable for largearea preparatiorA flexible BNNS-PVDF

film was also prepared by doctblading process, andthe inplane thermal
conductivity of this film reac@ W m' 1 K1 [217]. However, the througplane thermal
conductivity of the BNNSPVDF film is only 0.3 W m'! K''. Our EBNSIC_2L

composite achieved an increasethe in-plane thermatonductivity along with an
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increase irthe througkplane thermal conductivity (1.8 m'* K'1). Hot pressing,
reported byLiu et al., achieved an4plane thermal conductivity W m'1 K'tin a
BN/epoxy composite, but the high pressure and temperature involved in the process
can limit its applicability to sensitive materigi&l8]. In comparison to other studies,

our results demonstrate a more balanced approach to enhancing both thermal and
dielectric properties without significantly compromising theakdown strengtbf the

composite.

Compared with the commercial FR4 substrate, which typically has a thermal
conductivity of around 0-8.4 W ni! K'! and a dielectric constant of approximately
4.5, the EBNSIC_2L composite significantly outperforms FR4 in terms of thermal
conductivity and dielectric constant while maintaining comparable breakdown
strength. Furthermore, FR4 typically exhibits a CTE oluiad 66870 ppm K!in the
throughplane directionwhich is significantly higher than the CTE of EBNSIC_2L
[187, 188] The breakdown strength of FR4 is generally ardaikdl mm' %, which is

much lower tharthat of EBNSIC_2L,and the EBNSIC_2L also offers enhanced
thermal performance and lower dielectric 1049, 220] This is particularly
advantageous for applications requiring materials with high thermal conductivity and
low dielectric loss, such as in advanced electronic packaging and thermal management
systems. The ability of EBNSIC_2L to offer both high thermaldeectivity and low
dielectric loss while maintaining structural integrity and breakdown strength presents

a significant improvement over traditional FR4 materials us&UCiBs.

While the outcomes of this study offer significant advancements over traditional
materials like FR4 and other layered composites reported in the literaisiessential
to consider the potential disadvantagese potential drawback is the complexity of

producing the blayered structure, which might increase manufacturing costs
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compared to more straightforward filler incorporation methods used in FRA4.
Additionally, while EBNSIC_2L exhibits superior thermal and dielectric properties,
the integration of such materials into existing manufacturing processes could pose
challenges. The need for precise alignment and layering techniques might limit large
scaleproduction feasibility and increase costs. Furthermore, while our study shows
promising results under laboratory conditions, the g reliability and
performance under variognvironmental conditions, such as humidity, temperature
cycling, and mechanical stress, still need further investigation to ensure they meet all

application requirements.
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Table5.2 Comparison of thermal conductivijtgielectric constantielectric loss and

breakdown strengtbf our EBNSIC_2L composite withvarious polymein the open

literature.
Matrix Filler loading Thermal Dielectric  Dielectri Breakdown Refer
(vol%) conductivity constant c loss ence
strength
i1l il
(Wm K ) (kV mmil)
Silicone BaTiO3 0 - 3.02 0.001 31.5 [221]
fibres 59 . 8.33 ~0.005  19.1
vol%
Epoxy Al 0 0.2 5 0.009 31.2 [209]
48 1.25 34 0.010 6
vol%
Epoxy BNNF 0 0.15 ~3.4 - 115.8 [146]
2wt%  0.205 ~3.55 - 113.5
Epoxy SiISIO 0 0.17 ~3 0.01 - [147]
25.5 0.65 ~16 0.11 -
vol%
Epoxy h-BN- 0 0.2 ~3.9 ~0.03 - [222]
PGMA 15 1.198 4.93 ~0.068 -
vol%
Epoxy BN/SIC O 0.12 4.99 0.015 23 This
bilayer 155 216 9.03 0015 20 work
vol%
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5.7 Summary

The btlayered EBNSIC_2L composite was prepared in order to improve the thermal
conductivity anddielectric properties of epoxy composites. The results indicate that
EBNSIC_2L increased the througihane thermal conductivity of epoxy from Q. W

m'* K'lto 1.54W m'! K'! andthe inplane thermal conductivity to 2.0/ m* K1
becauseof the continue thermal transfer pathway constructed by horizontal aligned
BN platelets and SiC whiskers. The EBNSIC_2L also has higher dielectric constant of
9.03 at 1kHz, compared with 4.99 for epoxy at the same frequency. Most importantly,
the obtained EBNSIC 2L possessed high thermal conductivity and high dielectric
constant but low dielectric loss at the measured frequency range. The dielectric loss of
EBNSC_2L bilayered composite is only .@5 at 1kHz. Additionally, the
EBNSIC_2L composite exhibits the stability of dielectric properties at the frequency
higher than 1 kHz. Even though there is a slight drop in breakdown strength, it is still
maintained at 2RV m' 1. At same timethe EBNSIC_2L composite has low CTE value
which is 55 pm K'!. The improvements in thermal and dielectric properties of the

composites indicate promising prospects for future engineering applications
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Chapter 6 Enhanced through-plane thermal
conductivity of BN and GO epoxy composites by
vacuumassistedfiltration

In this chapter, the verticalilignedBN-GO composites werabricatedby vacuum
assised filtration and followed by slicing up. Thevertically aligned structure was
characterised by XRD and SEMurthermorethe compressive test was carried out to
demonstrate the strength of BBIO slices and the function of GO. The thermal
conductivityandCTE of the BNGO composites with different percentage of GO have
beeninvestigatedn this research. Fdurtherincrease the thermal conductivia/BN-

GO compositegshe70 nmBNNSwereadded into epoxy resin before infiltration. This
researchproposesa novel simple procedure to prepare vertically aligned fillers in
composites by vacuwassised filtration method to improve the throughane

thermal conductivity of composites.

6.1 Characterisation of BN-GO slices

The BN-GO sliceswere preparetly vacuumassisted filtratioomethodsasillustrated

in Sectionl.1andFigure3.3. SEM wasusedto charactege the sizes and morphology

of microsizeand nanaizeh-BN plateletsused in this study. #ishown inFigure6.1,

h-BN revealed flaky and smooth morphology with average size of 0.5 um and 70 nm.
Referencing the SEM images provided by the suppliedate@l dimensionof GO

is over bmicrometre§223]. XRD was also used to characserihe asreceivech-BN

and GO. As shown irFigure 6.1c, pristine RBN displayeda wellcrystallized
hexagonal structure. The peaksagproximately26.8°, 41.6°, 50.2° and 55.1° are
assigned to the (002), (100), (102) and (004) crystallographic planesBbf, h

respectively.The XRD pattern of GO reveals a peak at 10.7°, which corresponds to
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the (002) plane, indicating the presence of a significant number of oxygenated
functional groups on the graphite plan¥®D analysis did not detect any impurity

phases, confirming the high purity of the ra8N powder and GO.

Figure6.1 SEM images of BN powder with size of (a) 0.5 um, (b) 70 nm; (c) XRD
pattern of BN powder and GO.

During the preparation process, the BN platelets and GO with extremely high aspect
ratio in the solvent preferentially orient parallel to the sample surface after vacuum
assistediltration due to gravitational force$he BN and GO dispersions underwent
thevacuumassisted filtration, resulting in the assembly -&N\ into a closely packed

and horizontally aligned bulkAfter the obtained BNGO fcakeo was
lengthways, the slices flipped 90° followed by spreading out on the plate, and the
flipping process made the horizontally oriented BN and GO changing to vertical
oriented direction. Hence, a significant portion eBN and GO sheets is expected to
align in the througidirection (vertical direction) of the samples. The XRD detection

of BN-GO sliceswith different GO weight percentage provide support for the
alignment of BN structures. The characteristic peaks that represent the planes of
hexagonal BN are also observed in XRD of -Bi® slices. The horizontally and
vertically aligned FBN are responslb for the reflection fron{002) and (100) plane
respectively, which is indicated in the insetajure6.2. The intensity ratio of (002)

peak and (100) peak represents the orientation degreBNfgiatelets As shown in
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