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ABSTRACT

The use of polymers in applications such as electronic packaging, heat exchangers, and
thermal pastes is limited by their inability to dissipate accumulated heat effectively. Nano-scale
filler modifiers may be used to improve the transport of thermal energy through polymer
materials. Studies of thermally-enhanced polymer nanocomposites have shown minimal
enhancement by filler addition due to the presence of an interfacial or Kapitza resistance caused
by phonon mismatch. In this study, a graphite nanoplatelet (GNP) filler modifier was added to
polyurethane (PU) that is typically used in high wear applications. Due to PU’s low thermal
conductivity of 0.2 W/m-K, accumulated heat can cause degradation and early failure. A
specialized curing chamber, allowing for the application of heat and high vacuum pressure was
used to produce high quality nanocomposite specimens with minimal void content. GNP-PU
specimens modified with up to 4% GNP filler weight content were produced through solution
blending. X-Ray Diffraction (XRD) analysis performed on the specimens to investigate filler
dispersion suggested that no intercalation or exfoliation of the nanofillers had occurred. The bulk
thermal conductivity of the filler-modified PU specimens was tested using the hot disk method.
A linear enhancement trend, reaching a maximum bulk conductivity value of 0.43 W/m-K, with
no percolating behavior, was observed for the thermal conductivity of the GNP-PU modified
nanocomposite. These experimental values were found upon comparison to be in agreement with
results of second-order analytical models based on the series model. Differential scanning
calorimetry (DSC) was performed to measure the specific heat capacity of the test specimens for
anisotropic hot disk testing. Results of anisotropic hot disk testing showed a higher in-plane
thermal conductivity value as compared to thermal conductivity in the through-thickness

direction in all modified specimens. Further compression testing and hot disk analysis at various

1



probing depths suggested filler alignment in the in-plane direction as well as GNP settlement at

the base of the nanocomposite specimens.
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NOMENCLATURE AND ABBREVIATIONS
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A temperature Coefficient of Resistivity (£/°K)
o specific heat capacity (J/kgK)
D(z) dimensionless time-dependent function
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M dimensionless shape factor
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n order of diffraction signal
P total power output from sensor (W)
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Ro disk resistance at t=0 (£2)
s filler thickness (m)
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AT temperature gradient (°K)
ATava(T) temperature increase of specimen surface (°K)
AT; constant temperature difference between surfaces where AT; = 0 in perfect
sensor-specimen contact (°K)
t time measured from start of transient recording (s)



At; short time period in which AT; becomes constant (s)

V volume (m3)
w weight (kg)
X length (m)

il. Greek Symbols
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1. INTRODUCTION

1.1 POLYMER MATERIALS

Among engineering materials, polymers (or plastics) are considered comparatively
complex due to the nature of their chemical structure, which is composed of macromolecular
chains [1] [2] [3] [4]. Covalent bonds within the macromolecules fix the atoms in place, while
the chain links are connected through temperature dependent dipoles, hydrogen bonds, and van
der Waals bonds [1] [2] [3] [4]. Organic units known as monomers are linked (or polymerized)
to form these macromolecules [1] [2] [3] [4]. The polymerization reaction may be one of
addition (chain-growth) or condensation (step-growth), and involves the stages of chain
initiation, propagation, and termination [5] [6] [3]. Chain molecules may be linear or branched
with the addition of side chains [5] [2]. The degree of polymerization in a polymer is determined
by the average number of monomer units in a chain molecule [1] [2] [3] [4]. Since it is possible
to use any molecule compatible with this chain linking method to synthesise polymers, a great

degree of physical and chemical properties have been achieved through polymers since the 1920s

(11151 [2] [31 [7]1 [4].

The mobility of the chain molecules at any time determines the mechanical properties of
a polymer [1] [8]. Polymers such as elastomers or thermosets consist of cross-linked chains, as
shown in Fig. 1, bonded by covalent bonds. As a result of these cross-links, the chains are fixed
more rigidly relative to one another [1] [2] [9]. Highly cross-linked polymers are brittle while
materials with little or no cross-linking are elastic [9]. Unlike ceramics and metals, it is very
difficult to achieve a regular (crystalline) internal structure in a polymer due to the length of the
polymer chain units [1] [2] [8]. The chains will instead become twisted and entangled, which
will result in a partially amorphous structure at a minimum [1] [2] [8]. Thermoplastic polymers,
which cannot be cross-linked, are said to have a high degree of crystallinity (semi-crystalline)
[1]. Polymers with minimal side-chains (branching) will also be more likely to form crystalline

regions [5].



Polymer Chain
Molecules

Cross-link

Figure 1 Cross-links between chain molecules (adapted from /2])

At elevated temperatures, and owing to the increased energy, the inter-chain bonding
becomes weakened and chain mobility is increased. This is known as relaxation [5] [4].
Depending on the chemical structure of the material, a number of relaxation mechanisms may
come into play at varying temperatures [5] [4]. In amorphous regions, at a sufficiently high
temperature, marked by a significant increase in the thermal expansion of a polymer (i. e. the rate
of increase in volume per unit °Kelvin) as shown in Fig. 2, it becomes possible for the molecules
to rearrange themselves in the absence of an external stress. This is known as the glass transition
temperature (typically approximately 60% of the melting temperature and measured in °Kelvin)
[5] [8] [4]. This results in a ductile, but solid material [5] [8] [4]. Elastomers are used above the
glass transition temperature as they are highly elastic in this range [5] [2] [4].
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Figure 2 Glass transition, characterised by rapid increase in thermal expansion (adapted from /&/)

Crystalline regions, in semi-crystalline polymers, will become liquid at the melting
temperature [5] [9] [4]. In thermoplastics, this melting is reversible and the material will stiffen
upon cooling [2] [3] [9]. However, melting does not occur in cross-linked polymers due to the
nature of the covalent bonds present in the chain molecules, which prevent the molecules from
disengaging entirely with the network. At a sufficiently high temperature, irreversible
decomposition will instead occur [5] [2] [3] [9]. Materials with a lower degree of polymerization
(molecular weight) will have lower melting and glass transition temperatures [5]. A polymer's

degree of polymerization also influences its strength, plasticity, elasticity, and viscosity [5] [2]

[4][10] [11].

Owing to the large spectrum of properties that can be achieved, polymer materials have a
number of varied applications including furniture, packaging, construction, aerospace, chemical,
and transportation [5] [2]. Specialty polymers such as polysulfone and PTFE may be used in high
temperature and fire-resistance applications, respectively [12] [13]. In medicine, biocompatible
polymers have been developed for use in applications such as pacemakers, blood bags, and
replacement joints [2] [14] [15]. Liquid crystalline polymers may be used in electrical

components, fiber optics, surgical instruments, and chemical equipment by virtue of their



superior mechanical and barrier properties [12]. Although polymers have typically been used as
electrical insulators, due to their low conductivity, developments in polymer synthesis have
allowed the introduction of materials (such as doped poly(acetylene) and Poly(pyrrole))
possessing electrical conductivity values comparable to those of metals [14] [12]. Shape memory
polymers, such as segmented polyurethanes, possess the ability to return to their original shape

after deformation, due to temperature changes [12].



1.2 COMPOSITE MATERIALS

Composite (or macrocomposite) materials, such as metal matrix or ceramic matrix
composites, consist of two distinct non-dissolving phases (Fig. 3), combined with one another to
achieve superior properties over the individual constituent phases (e. g. wood, concrete, and
fibreglass) [16] [17] [18] [19]. Fiber reinforced polymer composites (FRPC) or polymer matrix
composites (PMC) consist of a polymer (matrix or continuous) phase and a reinforcing
(dispersed) phase of highly engineered low defect, high aspect ratio fibers, flakes, or laminates
[20] [18] [21] [22] [19] [2]. These materials offer substantial advantages in specific properties
such as strength and stiffness. This has resulted in their competitive use in lightweight
applications for over seventy years [23] [24] [25] [26] [27] [2] [28]. High resistance to abrasion,
corrosion, and fracture are also found in polymer composites [24] [25] [29] [2]. PMCs offer

economic advantages due to their ease of fabrication and low material costs [16] [25].

PMCs are used extensively in aerospace applications, due to their high specific properties
which result in lower weights and fuel costs, as well as the marine, civil, mining, construction,
electrical, energy, and automotive industries [17] [24] [29] [18] [30] [28]. Some of the more
novel applications for PMCs include bulletproof vests, medical implants and prosthetics, and
structural repair [31] [32] [33] [34]. Polymers that may be utilised as PMC matrix materials
include epoxy, polyamide, and polyester [29] [27] [22] [19]. Polymer matrices are low weight,
low cost, easy to process, and resistant to chemical damage. However, they are also limited by
inferior mechanical and thermal properties [19] [2] [12] [35]. Carbon (or graphite), glass, and
Kevlar fibers are the most common reinforcing materials [20] [29] [27] [22] [19].
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Figure 3 Polymer matrix reinforced by highly engineered fibers (exaggerated scale)

Multiple (or hybrid) reinforcing fibers may be added to polymers in certain applications
(e. g. glass and carbon fibers) to create novel macrocomposite materials [31] [32] [36].
Microcomposites involve the use of micro-scale particulate fillers such as carbon black, which
may be used as reinforcements in applications such as natural rubber in tyres [17] [34] [37].
Additionally, nanofillers may be added to polymers to develop novel, multifunctional materials
(Fig. 4) possessing a number of unique properties, such as impermeability, improved fracture
toughness, temperature stability, and emission control. Fillers such as clay, mica, and graphene
may be used in polymer nanocomposites [23] [17] [18] [2]. Such nanofillers may also be used in
addition to reinforcing particles or fibers to create materials with superior mechanical and
multifunctional properties, e. g. structural materials capable of conducting electricity [18] [38]

[39] [37].
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Figure 4 Polymer matrix reinforced by highly engineered nano-scale filler modifiers (exaggerated scale)

The development of novel polymers, reinforcing materials, and fabrication techniques for
superior performance and longevity of composite parts continues [16] [2]. Recyclability and
biodegradability are also being researched to develop sustainable, green composites [16] [27]
[21] [40] [41]. Studies on composite interfacial interaction are expected to yield new

characterization techniques and superior materials for long-term use [16] [42].



1.3 POLYURETHANE

Polyurethanes (PU) are an organic group of thermoset and thermoplastic polymer
materials used in a number of industries including the electrical, chemical, biomedical,
automotive, and mining [43] [44] [45]. Initially developed during the 1930s by Otto Bayer and
his team at I. G. Farben in Leverkusen, Germany, as rubber substitutes, the materials found
major use as foams and coatings during World War II [46] [47] [48] [49] [9] [7]. The first set of
commercial PUs were produced in the 1950s and development has continued since to produce
materials with superior properties in load-bearing, toughness, adhesion, and chemical, ozone,
cut, and tear resistance, as well as advantages in cost, and energy savings [46] [50] [S1] [52] [53]
[9] [7]. Through variations in chemistry, particularly in the type and degree of cross-linking or
branching, several families of PU materials have been developed. This has allowed for their use
in a wide variety of applications [54] [47] [45] [55]. The advancement and increasing use of
naturally occurring renewable monomers has reduced the environmental impact and the
dependence on fossil fuels involved in the production and use of PU materials [56] [55] [57]
[58]. PU may also be used as a matrix material in a number of composite applications due to its

high toughness, quick fabrication process, and superior durability [25] [7] [58].

Polyethylene (PE) Others

Polyurethane (PU)

Polyvinyl

i Polyst PS
Chloride (PVC) Polypropylene (PP) olystyrene (PS)

Figure 5 Polymer market (1990) (adapted from /47])



Polyurethane materials, named for the urethane group illustrated in Fig. 6, consist of three
main building blocks: the polyol, the isocyanate, and the curative/chain extender [59] [60] [61]
[62] [56] [55] [57] [3] [7]- Polyols, which form the backbone of the PU, introduce flexibility —
the two main types of polyols are polyethers and polyesters [47] [63] [60] [61] [62] [3] [7].
Polyether-based polyurethanes have lower strength and toughness, but are more hydrolytically
stable [54] [62]. The hard phase of the PU consists of the isocyanate [54] [47] [64]. There are
three main isocyanate materials used to synthesize castable PUs: 2,4-Toluene diisocyanate
(TDI), Diphenylmethane-4,4’-diisocyanate (MDI), and Naphthalene diisocyanate (NDI) [47] [63]
[60] [61] [62] [7]. Chain extenders are mainly hydroxyls and diamines [54] [63] [60] [61]. The
final properties of the polymer will depend on these constituent elements and its processing

conditions [65] [45] [66].

As engineering materials, PUs offer competitive performance in applications
conventionally fulfilled by metals, rubbers, and other plastics. In comparison to metals, the
primary benefits of PUs include their lower density, easier fabrication of complex shapes, lower
energy and labor input, superior chemical resistance and wear resistance, and the ability to
elastically deform to allow movement of parts [67] [45] [66] [53]. The resilience of PU can also
offer energy-absorption and noise-reduction but heat buildup can lead to issues [67]. PU property
emulation may be achieved through extensive rubber modification. However, rubber processing
is costlier and yields inferior load-bearing properties [67] [51] [66]. In comparison to other
polymers, the production of thicker cross-sections with minimal machining and lower tooling
costs, are the main benefits of PU. Higher resilience, wear resistance, and radiation resistance,

also improve their competitiveness in certain applications [67] [45] [66].

—H.N-C-O-R-

Figure 6 Basic urethane (adapted from /47])
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The application of PU, however, is limited by a number of factors such as exposure to
high temperatures, which can lead to thermal-oxidation aging [44] [50] [68] [69] [45] [64] [55]
[53]. Depending on the makeup of the material the normal temperature range may span between
ambient conditions to 120°C [65] [67] [45] [53]. At lower temperatures, the material will become
hard and glassy while at higher temperatures, softening and eventually, irreversible breakdown
of properties, will occur beginning with the melting of the internal section of the part [65].
Thermal aging also becomes an issue at temperatures higher than 80°C [65] [68]. Additionally,
the mechanical properties and performance of PU are highly temperature dependant [70] [71].
While a major material benefit in dynamic and wear-resisting applications, PU resilience results
in the build-up of heat due to energy absorption [65] [67]. Failure to efficiently remove this heat

can result in overheating and eventual part failure [67].

The rate of heat flow in a body depends on its geometry, the temperature gradient
present, and a temperature-dependant material property known as its thermal conductivity [72].
As polyurethane has a comparatively low thermal conductivity — typically in the order of 0.1-0.3
W/m-K — the dissipation of heat caused by energy absorption can be a significant issue in
application [44] [65] [67]. Reducing the cross-section of the part as well as providing a heat-sink,
such as a metallic contact surface, can help minimize the potential risk of failure due to heat
build-up [65] [67]. An appropriate lubricant may also be applied to reduce the build-up of heat
due to friction [65].

1.3.1 POLYURETHANE APPLICATIONS

Under the CASE (Coatings, Adhesives, Sealants, and Elastomers) designation used to
classify polymers, PU has applications in all four categories, as well as flexible and rigid foams
[66] [55] [57] [9] [7]. Flexible foams may be used as cushioning in furniture, automotive seating,
and beddings, while rigid foams are used as insulation in buildings and appliances [66] [56] [9]
[7]. PU coatings are used primarily for their properties in chemical and abrasion resistance [73]
[62] [7]. Their applications include the automotive, textile, and construction industries [46] [51]
[66]. The toughness, strength, lower processing costs, flexibility, and low temperature
performance of PUs also makes them superior adhesives [73] [52] [62]. Applications can include

textiles, footwear, construction, transportation, and furniture [52] [66] [7]. PU sealants offer

10



excellent long-term moisture barrier properties and may be used in elevator wells, patios, and

planter boxes [73].

PU elastomers include a number of groups such as millable polyurethanes, foams,
thermoplastic polyurethanes, and castable polyurethane elastomers [73]. These materials are
among the largest applications of polyurethane in domestic and industrial environments, being
used as footwear, engine mounts, wheels, pump and pipe liners (Fig. 8) and seals, rocket
coatings, sonar windows, etc. [73] [66] [74] [75] [7]. Their benefits include high modulus,
elasticity, resistance to chemical and abrasion damage, low temperature performance,
biocompatibility, and tailorability [76] [74] [75]. PU elastomers also allow for easy prototyping

and short production runs [73].

Figure 7 US Polyurethane consumption (1993) (adapted from /66])

Steel Pipe
= ..
/ Flow

I .o cison
D e

Pipe Liner
Figure 8 Polyurethane pipe liner applied to steel pipe under erosive wear
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14 POLYMER NANOCOMPOSITES

As in the case of macrocomposites, surface interaction between the reinforcement and
matrix phases determines the extent of property transfer and enhancement in polymer
nanocomposites [77] [78] [79] [80] [81]. These filler modifiers may be characterized as having at
least one dimension in the nano-scale, and thus as illustrated in Fig. 9, high surface areas per unit
volume as compared to macro- or micro-scale reinforcing materials [82] [83] [84] [85] [86] [41]
[87] [88]. As a result, the area of interaction between the phases is significantly increased, which
allows high property enhancement at very low filler volume fractions [82] [89] [90] [91] [92]
[15] [93] [85] [87] [37]. Polymers may therefore be improved substantially without a significant
change in density or appearance [94] [77] [85]. In addition to the improvement of mechanical
properties such as tensile strength, toughness, modulus, and abrasion resistance, these nano-scale
filler modifiers also provide access to novel properties such as enhanced gas permeability,
electrical conductivity, thermal stability, bacterial-resistance, dielectric permittivity, self-repair,

and flame retardation [82] [89] [39] [90] [84] [92] [15] [41] [93] [79] [28] [81].

Other factors that may influence phase interaction, and hence property improvement,
include filler dispersion and distribution, degree of agglomeration, filler volume fraction, particle
shape, particle size, particle orientation, and surface adhesion [82] [89] [91] [84] [95] [85] [86].
As shown in Fig. 10, fillers are said to be fully distributed if the reinforcing particles are divided
evenly in the matrix phase. Fully dispersed fillers are fully de-agglomerated (or exfoliated)
particles in the matrix phase [90] [95] [79]. Perfect filler distribution ensures homogenous
property enhancement throughout the matrix phase, while perfect exfoliation or dispersion of
fillers ensures maximum surface interaction and property enhancement [35] [96] [91] [92] [15]
[97] [98] [99] [100] [80] [101]. Due to the presence of intermolecular van der Waals forces, filler
particles have a tendency to aggregate into bundles or clumps within the polymer phase [96] [90]
[91] [78] [95] [97] [99] [93] [80] [101]. These particle agglomerates are typically considered
problematic as they can reduce the surface interaction between the phases and also cause
macrophase separation, resulting in reduced enhancement or even property degradation of the

continuous phase [96] [90] [97] [93] [100] [101].
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As expected, higher filler concentrations typically lead to higher values of property
transfer [39] [95] [85] [102] [103]. However, in addition to processing difficulties due to
increasing polymer viscosities, filler volume fractions in multifunctional nanocomposites may be
limited by the increasing occurrence of agglomeration zones at higher filler concentrations [39]
[102] [98] [99] [100]. Filler addition may also result in the reduction of an inherent polymer

property, such as toughness, while adding or enhancing a different property, such as stiffness
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[94] [89] [15] [85]. However, both the issues of aggregate-induced macrophase separation and
property trade-offs in nanocomposites are a significantly lower risk than in the case of
macrocomposites and microcomposites, due to the reduced size of the nanofiller modifiers [77]
[37] [80]. Property trade-offs may also be mitigated through the use of multiple filler modifier
materials in a single nanocomposite. Thus, for example, organoclay fillers can be used to oppose

the lower strength and modulus of rubber-modified polyamide [94] [15] [104] [30].

The three major categories of filler modifiers based on particle shape are particulate,
tubular, and layered (platelet-like) materials [94] [87] [105]. Figure 11 shows fibrous and layered
materials, by virtue of their shape, possess higher aspect ratios and hence higher surface
interaction, whereas particulate fillers provide a lower geometric advantage [94] [86]. Filler
enhancement is known to typically be maximized by the smallest nanofillers [83] [91] [40].
Filler materials may be metallic (e. g. aluminium, silver, and copper), ceramic (e. g. boron nitride
and silicon carbide), or carbon-based (e. g. carbon nanotubes, graphene, and carbon black) [17]

[104] [87] [105].

(a) Particulate (b) Fibrous (c) Layered

'.L,‘
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SA/NV=3/a SA/NV=2/b+2/c SA/N=2/d+2/e

Figure 11 Surface area per unit volume ratios of common (idealized) filler shapes (adapted from [94])

14



Nanofiller modifiers, like reinforcing fibers for macrocomposites, are used as
enhancement materials due to their highly engineered nature, which yields unique and
substantially increased properties, e. g. Carbon nanotubes (CNTs) may have Young's Moduli,
strengths, and thermal conductivity values as high as 1.4 TPa, 100 GPa, and 6000 W/m-K,
respectively [89] [90] [39] [97] [85] [100]. The synthesis of these novel reinforcing
nanomaterials may be a gas-phase process (such as plasma heating, laser heating, laser-induced
chemical vapor reaction), a liquid-phase process (such as hydrolysis and solvent evaporation), or
a solid-phase process (such as thermal decomposition and spark discharge) [38] [77]. By using
carbon as a precipitating agent, for instance, in pressured carbonation, nano-scale silica powders
may be synthesized for use as multifunctional nanocomposite filler modifiers [38]. These
synthesized nanofillers may be further modified to yield additional properties, improve surface
adhesion or compatibility between the reinforcing and matrix phases, and to reduce nanoparticle
agglomeration and thereby produce a superior nanocomposite [82] [83] [90] [91] [78] [40] [86].
This may involve surface modification, partial chemical modification, external membrane
modification, and mechanical and chemical modification [38] [78]. The surface modification of
silica nanoparticles, for instance, may be conducted through the use of a chemical coupling agent

to reduce agglomeration and increase surface adhesion [91].

In addition to the techniques used for bulk property testing, the nanostructure of
nanocomposites is of great interest to research because of the role it plays in property
enhancement [38] [97] [93] [37]. Some of the more common techniques in use include Wide
Angle X-Ray Diffraction (WAXD), Small Angle X-Ray Scattering, Atomic Force Microscopy,
IR Spectroscopy, Scanning Electron Microscopy, and Transmission Electron Microscopy [94]
[38] [92] [95] [93] [37]. WAXD may be used to investigate the intercalation or exfoliation of the
filler in the nanocomposite by examining the basal reflections of the X-Rays [94] [92] [37].
Transmission electron microscopy provides direct visualisation, using thin films of the
nanocomposite material, of the internal structure and spatial distribution of phases [94] [92] [95]
[37]. Scanning electron microscopy employs a focused beam of electrons to study surface
features on a specimen. This is particularly useful in the examination of fractured surfaces [94]

[92] [95].
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Unlike macrocomposites, however, the prediction of nanocomposite properties using
simple analytical methods, such as the rule of mixtures method, is not always feasible [78] [86]
[106] [87]. This is due to the prevalence of complex atomic- and quantum-level phenomena at
the phase interface [90] [78] [86] [106] [41]. The percolation threshold, shown in Fig. 12 for
instance, in the enhancement of electrical conductivity in nanocomposites, refers to the filler
concentration necessary to construct a conductive network in which it is possible for electron
tunneling to induce high conductivity due to low distances between highly conductive filler
modifiers within the polymer matrix [38] [95] [97] [98] [86] [80]. Many analytical and numerical
methods have been proposed for nanocomposite property prediction, but due to the great
variation in materials, enhancement properties, and fabrication procedures, as well as the
complexities involved in accounting for atomic-scale interactions, there is often disagreement

between predicted and experimental values [78] [86] [41] [87].

Although the first nanoclay-polyamide nanocomposite was developed in 1988 by Toyota,
their potential for nanocomposite commercialization has not yet been realized [35] [90]. This is
due to a number of issues including the high synthesis costs of filler materials, the high costs
involved in fabricating superior nanocomposite parts at an industrial scale, and the potential
health and safety impact of these materials [35] [90] [98]. Some of the nanocomposite products
in use today include batteries, electronic packaging, beverage and food packaging, and tyres [35]
[90] [99] [79]. Continuing developments to produce low cost, high efficiency nanofillers and
new fabrication processes, as well as new modelling techniques, have helped increase
nanocomposite application in recent years [35] [90] [78]. There is also a great deal of interest, as
with polymers and polymer macrocomposites, in the development and use of biodegradable and

recyclable nanocomposite systems [17] [94] [41].
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1.5 POLYMER, COMPOSITE, AND NANOCOMPOSITE FABRICATION
METHODS

Although there are a number of methods of polymer fabrication in lab and industrial
conditions, the curing (or chain extension) process typically involves the use of heat and in some
cases, a hardener, to convert a liquid or semisolid prepolymer or quasiprepolymer into a solid
polymer part for use [107] [25]. This chain extension causes an increase in viscosity until a solid
material is obtained. Further heat causes hydrogen bonds to form, providing additional strength
[107]. In order to ensure the most efficient and optimized cure, the material viscosity must be
lowered through pre-heating prior to pouring to minimize entrapped air and ensure uniform
filling of the mold [107]. Heat must then be applied at a prescribed temperature for a prescribed

period of time to complete the curing process [107].

Macrocomposites may be fabricated using a number of continually developing methods,
depending on the shape and application of the part as well as the properties of the constituent
phases. These can include hand lay-up, filament winding (Fig. 13), vacuum-assisted resin

transfer molding, and injection molding [25] [26] [18] [22].

Continuous

/
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Figure 13 Filament winding procedure (adapted from /22])
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In order to achieve a superior part, nanocomposite fabrication typically requires highly
exfoliated and distributed nanofillers within the continuous phase [82] [83] [92] [78] [40] [86]
[100]. Particle orientation, particularly in the case of fibrous nanofillers, may be manipulated
during the fabrication process to provide directional enhancement. Randomly oriented filler
modifiers result in isotropic enhancement [82] [39] [84] [95] [98] [86]. In situ methods, such as
the sol-gel process, involve the simultaneous synthesis of one or both the reinforcing and
continues phase materials [38] [90] [77] [108] [101]. Ex situ methods, in which pre-formed filler
modifiers are dispersed in polymers prior to cure include melt mixing, ball milling, and solution
blending [82] [108] [97] [98] [93] [101]. The process of solution blending involves the use of a
solvent compatible with both the filler and matrix materials to reduce the viscosity of the
polymer as well as the agglomeration of the filler material [91] [108] [92] [99] [101]. Upon
completion of the mixing stage, which may involve processes such as sonication and automated
stirring, the solvent is vaporized prior to polymer curing [94] [38] [83] [91] [92] [37] [101].
Despite the importance of achieving high exfoliation and distribution, care must be taken in
fabrication to minimise filler breakage, caused by excessive mixing and sonication, which can

result in aspect ratio reduction [105].
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1.6 THERMALLY CONDUCTIVE NANOFILLER COMPOSITES

In applications such as electronic packaging, heat exchangers, and thermal pastes,
polymer materials offer a great deal of potential, by virtue of their advantages in cost, ease of
fabrication, corrosion resistance, and density, but are limited by minimal thermal conductivity
values that are typically no more than 0.3 W/m-K at ambient conditions [35] [89] [109] [93] [80]
[101] [88] [110] [111] [103] [112]. The inability of polymers in wear and other energy-
absorption applications, such as rubber tyres, to efficiently dissipate stored heat can also result in
rapid property degradation through oxidation and early failure [67] [79] [80]. To cater to such
applications, there has been substantial interest in recent years in the use of highly engineered
nano-scale filler modifiers to enhance the thermal transport properties of polymer materials [109]

[80] [101] [88] [110] [81] [111][112].

Although a number of materials (such as metallic or ceramic fillers) may be used to
enhance the thermal conductivity of polymer materials, significant research has been invested
into the production and application of carbon nanotubes (CNTs) in the development of
multifunctional nanocomposites as a result of their superior properties, including high thermal
conductivities and aspect ratios [35] [87] [101] [105] [112]. Three weight percent CNT loading,
for instance, may be capable of increasing the thermal conductivity of epoxy polymer by 300%
[101]. However, due to the high costs associated with their synthesis, as well as the difficulties of
minimising structural defects, their application has so far been limited, especially in the

enhancement of thermal transport properties [79].

Graphene, which consists of densely packed sp?>-bonded carbon atoms in a single-plane
honeycomb lattice, may be wrapped into a tubular shape to produce single-wall CNTs [89] [86]
[87][80] [101] [28] [88]. Graphite nanoplatelets (GNP) are layered or stacked sheets of graphene
of varying nano-scale thickness [87] [113] [101] [88]. GNP are considered to be a naturally
abundant, lower cost alternative to CNTs for thermal enhancement [87] [80] [101] [88]. As a
result of their superior thermal conductivity (ambient in-plane values may be as high as 3000
W/m-K, which are on the same order of magnitude as CNTs), these platelet nanofillers have
been successfully utilised, at comparatively low filler loadings, in thermally conductive

nanocomposites [100] [113] [80] [28] [88] [110] [103]. By virtue of their geometry, CNTs
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possess superior properties in a singular direction whereas GNPs are bi-directionally (or in-
plane) conductive [79] [101]. GNPs also offer cost advantages over ceramic fillers and weight
advantages over metallic fillers, as well as superior intrinsic conductivity [87] [79] [114].
Furthermore, the use of two-dimensional platelet-like filler modifiers has also been suggested as
being more conducive to the enhancement of thermal transport properties as the interface

resistance may be reduced by virtue of their geometry [35] [79].

However, the experimental values found (typically under 1 W/m-K enhancement) for
thermally enhanced nanocomposites are in the range of those expected from microcomposites
(despite the use of nano-scale filler modifiers with high aspect ratios and surface areas). This is
significantly lower than the values estimated by models such as the rule of mixtures [87] [110]
[115] [116] [103]. Studies have also shown the reduction of neat polymer conductivity upon
introduction of highly conductive filler modifiers [87] [80]. This limited or potentially
detrimental property transfer has been attributed to the presence of an interfacial thermal
resistance between the highly conductive filler modifiers and the polymer matrix [109] [93] [80]
[101] [81][115].

Due to limits on electron motion, quantized vibrational modes within a rigid lattice of
molecules, known as phonons, are responsible for heat conduction in polymer materials [87] [79]
[103] [112]. A phonon may alternatively be defined as an elementary excitation caused by
relative motion of atoms in a lattice [117]. The Debye equation, which relates the specific heat
capacity, phonon velocity, and phonon mean free path, may be used to determine the thermal
conductivity of polymers [87]. Owing to defect-induced phonon scattering, polymers typically
have very small phonon mean free paths of a few angstroms [87] [79]. The length of a phonon
mean free path is closely related to the crystallinity of a polymer. Therefore, cross-linked
polymers, such as elastomers, have lower thermal conductivities than semi-crystalline
thermoplastics [1] [2] [87] [79]. Phonon scattering has also been observed between amorphous
and crystal zones in polymers, thus lowering bulk conductivity [87] [79]. Other factors affecting
thermal transport properties in polymers include chemical structure, degree of polymerization,

structural defects, and processing conditions [87] [79].
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Figure 14 Graphene nanosheet structure (adapted from /807)

By contrast, phonon mean free paths in the highly organized, crystalline, high
conductivity nanofillers, tend to be substantially larger, with an estimated value of 500 nm for
multi-walled CNTs [87]. This acoustic mismatch (or miscommunication) of vibrational modes
due to poor coupling between the highly organized and efficient filler lattice and the
disorganized amorphous polymer structure (Fig. 15), resulting in phonon scattering at the phase
interface, is known as the Kapitza or interfacial thermal resistance. This is identified as the
primary cause of limited thermal property transfer in filler-modified nanocomposites [118] [87]
[93] [80] [101] [103] [112]. In addition to phonon mismatch, imperfect contact between the
reinforcing and continuous phases, which i1s highly dependent on surface wettability, also
contributes to the interfacial thermal resistance [87] [93] [101] [105]. The Kapitza resistance has
been quantified as being on the order of 10 m?K/W for CNT-polymer composites [87] [105].
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Figure 15 Kapitza resistance caused due to inefficient interfacial phonon transfer resulting from poor phase coupling

Experimental studies have found that the percolating threshold observed in sufficiently
loaded electrically enhanced nanocomposites requires substantially higher filler loadings for
thermal transport nanocomposites, if at all present [35] [87] [81] [116]. Thermal conductivity
enhancement typically follows a linear trend instead [93] [37] [110]. Researchers have proposed
that the difference in the thermal and electrical conductivity ratios between phases may be
responsible for the inclusion of the matrix phase in thermal transport of nanocomposites, i. e.
lack of percolating behavior [87]. The differences in electron and phonon energy transfers
mechanisms have also been cited as a potential cause [81]. In the measurement of CNT intrinsic
conductivity, results of bundled or agglomerated mats have been found to be multiple orders of
magnitude below theoretical estimated values of singular nanotubes due to high thermal contact
resistance. However, this contact resistance is significantly lower than the interfacial thermal

resistance found in nanocomposites [78] [87] [93] [101] [115] [116] [105].
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The primary method of interfacial phonon scatter reduction is to introduce covalent
bonding between phases — such filler functionalization may also result in the degradation of
intrinsic filler thermal conductivity. This improves the coupling between the filler and matrix
particles [87] [105] [103] [112]. Alternatively, controlled filler agglomeration to exploit the
comparatively lower contact resistance between filler particles may be a simpler strategy for
enhancement. However, there is disagreement on the degree of agglomeration desired due to
concerns of uneven distribution, macrophase separation and defects, and increasing agglomerate
distances [87] [93] [81]. Likewise, larger filler modifiers within the nano-scale have been shown
to increase thermal transport enhancement while reducing the size of particles beyond a critical
range begins to yield diminishing returns [109] [105]. Filler alignment, through processing or the
use of external force during processing, has also been applied to minimise tube overlap and
hence create a directional quasi-percolated conductive network of connected CNT filler
modifiers [35] [87] [109] [93] [101] [105]. In addition to the reduction of filler defects,
improvement of intrinsic conductivity, and improvement of matrix-reinforcement compatibility,
filler functionalization may also be employed to increase molecular attraction between filler
modifiers to reduce phonon scatter and hence minimise contact resistance [87] [93] [80] [101]
[105] [112]. Synergistic results have been found in the experimental use of multiple or hybrid
filler systems, such as CNT/GNP or GNP/Carbon black nanocomposites, due to reduced contact
resistance [87] [79] [80] [101].

Due to the complexities of thermal transport and its enhancement discussed above, the
property prediction of thermally conductive nanocomposites is challenging [105]. This is further
complicated by the large scatter found in experimental results for these nanocomposites [87].
The upper-bound analytical rule of mixtures (parallel) model, which assumes ideal dispersion
and percolation substantially overestimates the property of these nanocomposites while the
lower-bound series model, which does not assume any network formation, underestimates
enhancement [87] [105] [114]. A number of second-order micromechanics models have been
proposed, based on the series model, such as Nielsen or Hashin and Shtrikman, have been found
to reasonably predict the properties of nanocomposites based on isotropic and low aspect ratio
nanofillers [87] [105] [114]. However, these models do not reflect or explain the nature of the

micro- and nano-structure of the nanocomposite [87]. Attempts to account for factors such as the
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interfacial thermal resistance, anisotropic fillers, and high aspect ratio fillers have also yielded
some positive results for selected filler materials [78] [87] [100] [28] [114]. Molecular dynamics
simulations may also be performed to find critical variables, such as Kapitza resistance, for use
in analytical models [78] [109] [28] [103]. Disagreements continue to appear, however, between
predicted and observed values due to the complexities of the nano-scale interactions, variations

in materials and fabrication methods, and insufficient nano-structure information [87].

Therefore, in addition to developing superior, lower cost fillers and functionalization
methods as well as nanocomposite fabrication techniques for superior thermal transport
enhancement, there is also a great deal of focus on the research of developing reliable modelling
strategies to accurately understand the mechanics of thermal transport enhancement and hence
successfully estimate the thermal conductivity of filler-modified nanocomposite materials [87]

[28] [78].

25



1.7 OBJECTIVES

The objectives of this study were to:

1. Manufacture GNP-modified PU nanocomposite specimens at various filler loadings.

2. Investigate the filler dispersion of the nanocomposite specimens.

3. Experimentally measure the bulk (isotropic) and anisotropic thermal conductivity of the
nanocomposite specimens.

4. Using existing analytical models, predict the thermal conductivity of the PU-GNP
nanocomposite system and compare to experimental results.

5. Experimentally investigate filler alignment and settling in the nanocomposite.

1.8  THESIS ORGANIZATION

This thesis is organized into a number of chapters. Chapter 2 discusses the experimental
work involving the nanocomposite fabrication, analytical models for thermal transport
modelling, and experimental test methods to examine the thermal transport enhancement and
nanocomposite structure. Chapter 3 includes the descriptions of the second-order analytical
models applied in this study for comparison to experimental bulk thermal conductivity results.
Chapter 4 discusses the results and analysis of the experimental and analytical work described
above. Chapter 5 presents the conclusions of the study and Chapter 6 presents some

recommendations for future work based on this thesis study.
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2. PROCEDURE

2.1  CURING CHAMBER

Polymer curing typically involves heating the pre-cure material at a prescribed
temperature for a prescribed period of time. Fabrication of superior polymer parts also requires
that entrapped void zones be minimized. A simple curing chamber apparatus was used to meet

these criteria.

The body of the curing chamber, as shown in Fig. 16 and Fig. 17, consisted of a re-
purposed 8-inch diameter, 1/4 inch thickness mild steel pipe with a mild steel (1018), 1/4 inch,
plate welded to the back. Two holes were made in this back plate — each fitted with a 1/2 inch
female NPT (National Pipe Thread) pipe boss. The top pipe was connected via 1/2 inch male
pipe connector to a 1/2 inch tube in order to connect the chamber to the vacuum pump. The
lower pipe was similarly connected to a modified 1/2 inch male adapter, through which a type T
thermocouple, and two copper wires were fed into the body. A mild steel (1018), 3/8 inch, flange
was machined flat, fitted with an O-ring groove, and welded to the front of the chamber. A Buna-
N O-ring was used in the chamber along with Dow Corning, silicon-based, high vacuum grease
(Dow Corning Corporation, Auburn, M1, US) to create a vacuum seal. The front of the chamber,

during use, is covered with a 3/4 inch transparent acrylic plate.

Within the chamber body, a 3/4 inch machined flat mild steel (1018) plate was added to
house the thermocouple and three 300 Watt OMEGA HDC00101 (OMEGA Engineering, Inc.,
Norwalk, CT, US) resistance heaters within four drilled cavities. An OMEGA CNi 16D24-C4E
(OMEGA Engineering, INC., Norwalk, CT, US) controller was used in conjunction with an
OPTEK OSSRDO0003A (Optek Technology, INC., Carrollton, TX, US) solid state relay with a
maximum output current of 25 amps to control the heaters. To automate the curing process,
power was given to these heaters by a GralLab Model 173 15-hour industrial timer (GralLab
Corporation, Centerville, OH, US). A 1 inch spherical level was used to balance the plate to
ensure uniform thickness in the polymer part. While in use, a pressure of -85 kPa was achieved

in the curing chamber using a Precision Scientific Company PS500 double stage vacuum pump.
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Figure 17 Curing chamber (internal)
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2.2 SPECIMEN FABRICATION

With a Shore A hardness of 65-70, NR 606 two-part castable urethane PU polymer
(Normac Adhesive Products Inc., Burlington, ON, Canada) is primarily used in high wear
applications [119]. The PU polymer consists of a Toluene diisocyanate (TDI) isocyanate and a
polyether polyol [119]. Prior to fabrication, NR 606 part A was pre-heated to 30°C in order to
improve processability. Using M209-4 methyl ethyl ketone (MEK) solvent (Fisher Scientific
Company, Ottawa, ON, Canada), PU viscosity was reduced to allow solution blending of Grade
M 5-micron bulk dry powder GNP nanofillers (XG Sciences, Inc., Lansing, MI, USA) [119]
[113]. Both neat and GNP-modified PU were fabricated using the following method.

Frekote 700 NC release agent (Henkel Corporation, Diisseldorf, Germany) was added to
a 1/2 inch base, 1/4 inch side, open-style, machined flat, disassesambleable mild steel (1018)
mold to allow easy post-cure removal of the part. A prescribed mass of GNP nanoparticles was
added to MEK solvent and stirred manually. NR 606 part A prepolymer was then added to the
solution and mixed manually, prior to ultrasonication using a Q500 sonicator (Qsonica,
Newtown, CT, USA) set to a power, amplitude, and frequency of 500 Watts, 100%, and 1 Hz,
respectively, for one hour, to disintegrate graphite aggregates in the bulk dry powder and thus
reduce filler aggregation. The solution was then magnetically stirred at a temperature of 35°C for
one hour to encourage high filler distribution in the polymer. Using a vacuum pump, the MEK
solvent was vaporized at a pressure of -85 kPa prior to addition of NR 606 part B. The mixture
was carefully de-gassed beyond the point of foaming, which is known to occur in PU due to
absorbed moisture, to minimize void zones [107]. Finally, the solution was transferred to the

curing chamber, in the open mold, and heated at 80°C and a pressure of -85 kPa for four hours.

PU was retrieved from the mold post-cure and nine square specimens of approximately
35 mm side were removed from the plaques using a Delta 52-965, 14 inch, 4 teeth per inch band
saw (Delta Power Equipment Corp., Anderson County, SC, US). The specimens were finally
cleaned with A18-4 acetone to prepare for testing (Fisher Scientific Company, Ottawa, ON,
Canada).
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2.3  X-RAY DIFFRACTION

The primary benefit of scattering methods, such as X-Ray Diffraction (XRD), over
microscopy techniques is the ability to perform bulk analysis on test specimens [120]. However,
while scattering techniques produce results only in reciprocal space, microscopy results are taken
in real space [120]. In XRD analysis, when X-Rays make contact with a test specimen, electrons
within become excited, causing periodic vibrations, and thus electromagnetic waves of a
particular frequency and wavelength [120]. The original X-Rays are scattered by these waves
and the resulting scatter yields information about the test specimen [120]. Amorphous materials,
for instance, provide diffused patterns, whereas crystalline materials cause sharp diffraction
peaks to appear [120]. The Bragg Law, Equation 1 below, defines the relationship between the
wavelength of the original beam, the diffraction intensity and angle, and the d-spacing between

crystal lattice planes [120].
nA=2d,, sin0 (1)

Wide-angle X-Ray Diffraction (WAXD) may be used to analyze features smaller than
30-40 Angstroms (3-4 nanometers), as diffraction peaks occurring at angles larger than 2° are
detected through this technique [120]. Thus, it is possible to analyze the nanostructure of a
polymer nanocomposite using WAXD [120]. In the fabrication of multifunctional
nanocomposite materials, filler aggregation is typically discouraged with the aim of achieving
perfect exfoliation in order to increase the interfacial surface area and hence, property
enhancement [120]. Highly dispersed or exfoliated filler modifiers in a nanocomposite system
may result in the disappearance of diffraction peaks — however, TEM analysis has shown
aggregate presence in certain cases despite the disappearance of basal peak [120]. Although peak
width and intensity can be influenced by filler dispersion and orientation, this does not serve as a
reliable metric for such characterization due to the fact that width and intensity may also be
altered by factors such as interference effects, polarization, and issues in fabrication [120]. The
shift of basal (symmetrical) peaks towards smaller angles, in the case of materials such as
layered silica filler modifiers, is considered to be a stronger indication of superior dispersion and
exfoliation [120]. In such cases, an increase in d-spacing comparable to the height of a polymer

chain proves matrix intercalation within silica layers [120].
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WAXD was performed on the mold side of test specimens on a Rigaku Ultima IV
Multipurpose X-ray diffraction system (Rigaku Corporation, Tokyo, Japan) using a Cobalt tube
and a wavelength of 1.78899A under a voltage of 38 kV and a current of 38 mA. Two test

specimens were selected from each specimen set for XRD characterization.
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2.4  TRANSIENT PLANE SOURCE THERMAL CHARACTERIZATION

The Thermtest Transient Plane Source (TPS) 2500S Hot Disk thermal constants analyzer
(TCA) (Thermtest Inc., Fredericton, NB, Canada) was used to determine the thermal

conductivity of the PU specimens with the CS5501 sensor at 21°C.

The Hot Disk analyzer utilizes the TPS method, described in ISO 22007-2 to determine
the thermal transport properties of a given specimen, with the aid of a disk-shaped, double spiral
sensor [121] [115]. As opposed to the hot strip and wire sensors, by virtue of its geometry, the
hot disk sensor possesses higher initial resistance and also allows the use of smaller specimens
[121]. Transient measurement techniques such as the laser flash or step method may only be used
to determine the thermal diffusivity of a specimen and not its thermal conductivity, since the heat
applied to the specimen cannot be determined, while the TPS hot disk method may be used to
find both [121] [115] [105]. The TPS method also offers advantages over steady state thermal
transport analysis methods, such as the guarded hot plate technique, in specimen size and
preparation [121]. The hot disk sensor serves the dual role of heater and resistance thermometer
— through the introduction of an electrical current, the sensor's temperature is increased while
simultaneously recording its change in resistance as a function of time [121] [115] [105].
Typically consisting of 10 um spirally-wound Nickel-metal, the sensor is encased in a protective

layer of polyimide film to ensure electrical insulation [121] [115] [105].

The sensor is placed between two test specimens and heated at a prescribed setting
(heating rate) for a prescribed duration (measurement time) as 200 resistance readings are taken
to develop a time-temperature relationship [121] [115] [105]. The basic inputs available through
the hot disk sensor include the heat added to the specimens and the resistance of the sensor [122]
[121]. The principal of the hot disk method involves, under the application of this sensor heat to
a theoretically infinite specimen (i. e. no detection of external media), finding the time-dependent
increase in average temperature at the sensor surface [122] [121]. The increase in temperature at
the sensor surface allows the calculation of specimen thermal diffusivity and thermal
conductivity [121] [122]. In order to ensure that the bounds of the test media are not violated, the

measurement time is carefully calibrated [122] [121] [115].
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The basic heat conduction is solved for three dimensions and time including a heat source
consisting of multiple equidistant concentric ring heat sources to relate the known heat flux
added by the sensor to the time-dependent average temperature increase for the sensor surface

[121] [122]. This results in the following expression.

PD
AT ,5(7) = (Z;) (2)
rkm?
t
r= \/: 3)
®
2
r
®=—
o “)

The resistance of the sensor is used to find the time-dependent temperature increase

through the following resistance-temperature relation [122] [121].
R(#) = R,(1+ A(AT; + AT ,,5(7))) (5)

Through algebraic manipulation, the temperature change recorded may be determined as

shown below [122] [121].
1 R@)

AT,y(0)+AT; = —(— - (6)
A\ R,

AT;, the thermal contact or temperature difference between the sensor and the specimen
surface becomes constant after a very short period of time, which depends on the properties of
the insulating polyamide layers and may be defined as [122] [121]:

At =2 (7
A linear computational plot of the D(z) function against the recorded temperature change

will be found to have an intercept at A7; and a slope of P/kr>?, under experimental conditions in

which the measurement time is significantly longer than A [122] [121] [105]. The calculation
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involved in the plotting of the final straight line used here is an iterative process, due to the fact

that the thermal diffusivity is not known prior to experimentation [121] [122].

The apparatus may also be used to determine the thermal transport properties of
anisotropic materials possessing differing properties in the in-plane and through-thickness
directions [121]. With known values of X (V(kukr)), Y (@), and Z (pCp), the following relations
are used to determine the directional conductivities and diffusivities. While the test apparatus

provides values X and Y, Z must be independently determined [123]:

PD
AT,5(7) = (Tg) (8)
rXz?
t
= ©)
®a
2
4
®=—
» (10)

a

Therefore, using the following equations, the final directional properties can be

determined for the specimens [123]:

o,=Y (11)
k,=Za, (12)
X X
k,=—= (13)
k, pCY
k X?

7

o = =
r 2 (14)
pC, Y(pC,)
After measuring their smallest dimension (thickness), specimens with similar values were
paired for testing. Two-sided bulk and anisotropic testing were performed using four specimen
sets from each filler-modified weight group, as shown in Fig. 18 below. Two readings were

taken for each set adjusting the heating power and measurement time in each case to ensure
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maximum penetration depth of the specimens without exceeding the material boundaries. The
drift period was set to 40 seconds for all tests. A fifteen minute wait period between tests allowed
the specimens to cool to prevent test-induced temperature increases to influence results. Data
found not to fall within the recommended mean deviation parameter of 10 or lower were
rejected as higher values are considered indicative of errors [115]. Obtained values were then

averaged to produce thermal conductivity values for each specimen group.

In order to test the specimens for settling effects, anisotropic testing was performed on
the single largest specimen pair from each filler weight group at varying heating rates and test
durations to penetrate to prescribed sections (axial probing depth) of the test specimens. In some
cases, data points were removed from the latter sections of the recorded data until the prescribed

probing depth was achieved. These thermal conductivity values were then compared to

investigate settling and alignment of filler modifiers in the PU nanocomposites.

Figure 18 Thermtest sensor prior to and during testing sandwiched between test specimens fixed in test rig
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2.5 DIFFERENTIAL SCANNING CALORIMETRY

The directional (in-plane vs through-thickness) thermal conductivity of a test specimen
may be found using the Thermtest TPS 2500 S TCA given the volumetric heat capacity of the
specimen [123]. Dimensional measurements were taken of a number of four specimens (at
various points to minimize effects of varying height) from each group, along with their mass, to

find the densities of the specimens.

In accordance with ASTM standard E1269, DSC testing was performed to find the
specific heat capacity of the specimens per unit mass using a Mettler Toledo DSC 2 Instrument
with 40 uL Mettler Toledo standard Aluminum crucibles (Mettler-Toledo, LLC , Columbus, OH,
US) [124]. The test was run on an empty pan (baseline), a sapphire standard (used due to its
well-documented specific heat capacity over a wide range of temperatures), and the specimen

itself. Specimens used were of similar mass to the sapphire standard.

Under the E1269 test method, the baseline run is used to remove the effects of the
crucible from the sapphire and test specimen results. The heat flow offset between these runs is

then compared to determine the specific heat capacity per unit mass of the test specimen.

In order to find the optimal heating rate, multiple runs were performed until the standard
20°C/min test rate was selected. Testing was performed under a three-segment program
consisting of isothermal (0 °C), dynamic (0 to 40 °C), and isothermal (40 °C) with the isothermal
segments lasting five minutes each time. Weighing the pans after each test indicated that no mass
loss occurred during testing. Two tests were performed on each specimen and an average of the

results was taken.

The volumetric specific heat capacity values for each specimen set were then found using

the average specific heat capacities and the average densities.
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2.6 COMPRESSION TESTING

In order to assess the state of filler alignment within the test specimens, compression
testing was performed on each of the principle axes, for small cube-like specimens. These
specimens were cut with a razor blade. Compression testing was performed on an MTS
Synergie/Bionix 400 frame (MTS Systems Corporation, Eden Prairie, MN, USA) equipped with
500 N load cell using custom-made mild steel (1018) compression plattens, as shown in Fig. 19
below. With a maximum load limit of 350 N and a maximum displacement limit of 2.5 mm, data
was acquired at a rate of 10 Hz with a test speed of 5 mm/min (with a pre-load 0.1 N

displacement of 40 mm/min) in a displacement control test.

Three specimens were tested from each specimen set in each of the three directions such
that the first specimen was tested in the thickness or A-direction, then in the width or B-
direction, and finally in the length or C-direction as indicated by Fig. 20 below. The procedure
was then repeated in a BCA order for the second specimen and a CAB order for the third and
final specimen in the set. This was done to eliminate the effect of plastic deformation during the
first test for comparison. The linear sections of the stress-strain curves were than examined to
find the compressive modulus values for the specimens. Filler alignment was investigated by
comparing the modulus values of directions B and C (radial or in-plane) to direction A (axial or

through-thickness) within test sets.

Figure 19 MTS Synergie/Bionix 400 frame with custom compression plattens
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Figure 20 Cube-like ompression specimen under testing in directions A, B, and C, for modulus comparison
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3. ANALYTICAL MODELLING

As discussed in section 1.6, there have been several attempts to model the thermal
conductivity of two-phase nanocomposite systems. Some of these analytical models were applied
to the PU-GNP nanocomposite and compared to the experimental results for thermal

conductivity.

The simplest approaches for two-phase thermal conductivity modelling, the upper-bound
(parallel, rule of mixtures) and lower-bound (series) models may be derived by comparison to
electrical conductivity as follows [125]. The thermal resistance to heat flow at steady state may
be defined under equations 15 and 16 for thermal measurement and material property and
dimensions, respectively [125].

AT
R=— 15
0 15)

X
R=Z
p (16)

Through the use of Fig. 21 below, the total thermal resistance of the one-dimensional
multi-phase material can be defined using equations 17 and 18 below, for the series model (a), as
the thermal resistance is additive and using equation 19, for the parallel model (b), as the inverse

thermal resistance is additive [125].

(a) (b)

Figure 21 (a) Series model and (b) Parallel model for thermal conductivity (adapted from /725])
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While the parallel model assumes a perfect network of filler modifiers contributing to
property transfer depending on the filler volume fraction (FVF), the series model considers each
particle to be operating independently of all others (i.e. non-interacting dispersed phase) [87]
[125]. Experimental results are typically found to fall within the upper- and lower-bound models,
Equations 20 and 21 below simplified for application to two-phase systems, in much closer

agreement to the lower-bound model [87] [125].

k. =kFVF +k_(1—FVF) (20)
1
k.= Q1)
(1-FVF)/k_+FVF |k,

Based on the lower-bound series model, a number of second-order models, such as the
Maxwell model, were developed [125]. Maxwell’s approach, based on interfacial potential and
electrical continuity, resulted in Equation 22 [126] [125]. The model describes the effective
specific resistance of a two-phase material consisting of a low conductivity continuum into
which are dispersed high conductivity non-interacting spheres [125]. The Maxwell model
performs best for highly dispersed spherical filler particles at low filler volumes with no

interfacial resistance [125].

k. =k

c  ™m

{ka +ky +2FVF (k, — km)}
(22)

2k_+k.—FVF(k, —k_)
The Bruggeman model, developed from the Maxwell model, is reduced to Equation 23

under the assumption of negligible interfacial thermal (Kapitza) resistance between the

nanocomposite filler and matrix phases [126] [125]. Through Bruggeman’s embedding
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integration methodology, this model accounts for some level of particle interaction [125].
Although the Bruggeman model performs well at higher filler loadings, it also predicts

percolation at 33% volume fraction, which has not been observed in practice [127] [126] [125].

1/3
k. —k k
1~ FVF =| - }( m] 2
|:kf_km knc ( )

Based on the Halpin-Tsai micromechanics equations, the Nielsen model, as shown in

Equations 24-26 below, was developed to predict thermal conductivity in nanocomposites [126]
[87] [127] [125] [128]. In this case, the conductivity may be compared to stiffness or elastic
shear modulus and the flux disturbance may be compared to the stress field disturbance [125].
The Nielsen model introduces the shape factor M, based on the generalized Einstein coefficient
determined by the filler shape and orientation in relation to the direction of heat flux, and the
maximum packing fraction, determined by the filler shape and arrangement [126] [87] [127]
[125] [128]. The introduction of maximum packing fraction provides a reduced filler loading
value, thus amplifying the effect of increased filler inclusion at higher volume fractions [127]
[87] [125]. This means that the highest possible filler loading is no longer 100%. Allowing for
full filler loading is an unrealistic assumption since this condition cannot he realized in reality
[125]. Hence, the Nielsen model has superior performance at higher loading [87] [125].

However, the model does not account for interfacial resistance [125].

%k LS
knc=km{l+M L FVF}

1—@*L*FVF (24)

1 U= FVRFVF o
FVE,,\

L ki, §

kelk +M (26)

The equivalent inclusion method for micromechanics was adapted for heat conduction by
Hatta and Taya [125]. This method involves the replacement of a filler of conductivity kr with an
inclusion of conductivity km with a volume distribution of dipoles allowing the same thermal

intensity field as the particle for the equivalent inclusion [125]. The Hatta and Taya method can
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account for some level of filler interaction [125]. It may also be applied, as shown below in
Equations 27-29, in contrast to the above, to disc or platelet-like particles due to the

dimensionless shape factor N [127] [125].

k FVF
e = K (27)
N(A-FVF)+k_ / (k- —k,)
Niypiang =711 2s (28)
Noncxness =1—7r /s (29)
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4. RESULTS AND DISCUSSION

4.1 MATERIAL CHARACTERISATION

Using the curing chamber, ten usable polymer nanocomposite plaques were fabricated
from a range of 0% to 4% filler weight content. Due to the difficulties found in material
processing and fabrication, particularly in mixing and pouring, due to the highly viscous nature
of the PU polymer, 4% was the highest filler weight content plaque successfully fabricated [119].
Plaques found to have visible air pockets or other unusual characteristics in either plaque surface
were rejected. Plaques were also rejected if found to have visible air voids when cut for testing or
highly uneven thickness across the plaque. However, some void presence is still to be expected

in the plaques.

Each of the ten plaques was cut into nine specimens thus producing specimen sets
containing 0%, 1%, 2%, 3%, and 4% filler modifiers. The specimen cut from the center of the
plaque in each case was selected for XRD and compression testing while the thickest remaining
specimens were selected for Thermtest analysis. Some of the other specimens were used for DSC

analysis.

XRD analysis of filler-modified specimens showed four major peaks at 23.3°, 31°, 52°,
and 64.4°. These were identified, through results of XRD analysis on neat PU polymer and
graphite powder, to be induced by polyurethane, graphite, polyurethane, and graphite,
respectively. WAXD plots are included in the appendix.

The second sharp diffraction peak was identified as the symmetrical crystalline graphite
peak and used to find the d-spacing between neighboring nanoplatelets. Although the height of
the peak varied among the tests, comparisons between the dry powder and various modified
nanocomposite specimens showed a uniform d-spacing of 3.35 angstroms thus confirming that
despite the use of ultrasonication, intercalation had not occurred in the nanocomposite and that
the filler modifier had aggregated into tactoids throughout the specimen, i. e. poor filler
dispersion. The fillers may be considered to be phase-separated agglomerates in the continuous
phase. Additionally, since the filler weight introduced to the nanocomposite was measured as

bulk dry powder, the density of the filler modifier within the nanocomposite may be taken as that
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of the bulk dry powder, as opposed to the density of the nanoplatelet, given by the supplier as 30-
100 kg/m?, for calculation [113].
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4.2  ISOTROPIC ANALYSIS

Taking the polyurethane matrix density, provided by the supplier as 1040 kg/m?, and
arbitrarily selecting a filler density of 65 kg/m® based on the data discussed in section 4.1, the
filler volume fraction was found using Equation 37, as derived from Equation 30, below [119]
[113]. However, it must be noted that due to the presence of entrapped air voids, as discussed in
section 4.1 above, the theoretical filler volume fraction found using Equation 37 will not be fully

representative of the experimental specimens.

Equations 20-29 were then applied to the nanocomposite material to determine its
thermal conductivity according to each of the analytical models and compared with the
experimental results, as shown in Table 1 and Fig. 22 below. With the exception of the Hatta and
Taya model, the filler modifiers were assumed to be isotropic randomly dispersed spherical
fillers, due to the limitations of the models [87] [127] [126] [125] [128]. The graphite
nanoplatelets’ thermal conductivity was taken as 3000 W/m-K while the average radius and
thickness were taken as 2.5 pm and 7 nm as provided by the supplier [113]. PU conductivity,
typically given as 0.2 W/m-K, was also found experimentally in the neat polymer specimens and
therefore used for calculation [71]. In the application of the Nielsen model, the shape factor M
and the maximum packing fraction (or maximum filler volume fraction) are taken as 1.5 and

63.7% respectively [125] [128].

FVF = di
V4V, (30)
FVF_VerV’” =1
v e
FVF Q-i—l =1 (32)
LS
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Table 1 Theoretical and experimental data at various filler loadings for PU-GNP nanocomposite
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Figure 22 Theoretical (selected) and experimental data for PU-GNP nanocomposite at various filler loadings

While Table 1 includes all experimental and theoretical data, results found for the rule of
mixtures and Hatta and Taya models were too high and too low respectively to be compared to
the experimental values in Fig. 22. This is expected, in the case of the rule of mixtures, as it is
known to highly overestimate the nanocomposite thermal conductivity [87]. The Hatta and Taya
model likely breaks down as a result of the extreme aspect ratio of 700 (using the values

assumed above) [113].

As expected from literature, the lower-bound series model falls slightly below the
experimental results, while mostly observing a similar linear trend, with the disagreement
increasing as filler loading is increased [87] [125]. By comparison, each of the remaining

models, while again adhering to a similar trend, show a greater disparity with the experimental
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values observed, becoming further diverged with increasing filler loading. Bruggeman’s model,
developed from the Maxwell model, provides the highest set of values among the set [126]
[125]. This is expected as the Bruggeman model predicts percolation to occur at 33% filler
volume fraction, which may be verified by the rapid change in slope between 3% and 4% filler
weight fraction [127]. The disparity between the experimental values and the Bruggeman result

may also be due to the assumption of negligible interfacial resistance between the phases [125].

As the selected filler density value of 65 kg/m® was arbitrarily chosen, a number of
alternative filler densities were also examined for modelling purposes. The maximum bulk
powder density provided by the supplier, of 100 kg/m?, illustrated in Fig. 23 below, was of
particular interest as it results in a high agreement between the Nielsen and Maxwell models and
the experimental thermal conductivity values of the nanocomposite [113]. This may be due to the
fact that the phase-separated agglomerates can be considered comparable to the spherical
inclusions assumed under the Maxwell and Nielsen models here. However, there is some
disagreement between the experimental and theoretical results at the latter points due to the fact
that the models overestimate filler enhancement effect after 30% filler volume. Overall, this
suggests that the Nielsen and Maxwell models may be used, under the assumed density value of
100 kg/m®, to predict the behavior of this nanocomposite system. In the examination of the
nanoplatelet density of 2,200 kg/m?, modelling results were found to be universally lower than
the experimental values [113]. Despite the fact that these second-order models are often, as in
this case, found to mostly agree with experimental results, it must be noted that they are not

reflective of the internal structure of the polymer nanocomposite [87] [105] [114].
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Figure 23 Theoretical (selected) and experimental data for PU-GNP nanocomposite at various filler loadings under 100 kg/m3

assumed filler density

As discussed above, the majority of the models applied in this study assume spherical
isotropic fillers, while in reality the filler modifiers in this case are highly anisotropic platelet or
disc-like flakes. These analytical models also assume a fully two-phase system without any air
voids present [127]. Through the use of the curing chamber and careful fabrication and quality
control methods, void content was minimised in this study; however, it is unlikely to have been
fully eliminated. This is because the PU polymer is highly viscous even at high temperatures and
requires a substantial vacuum pressure as well as time to be thoroughly degassed. Since the
curing process must be induced shortly after the introduction of part B, this results in a limited
time window for degassing. For these reasons, voids are expected to have been present, albeit in

a limited quantity, in the test specimens. Despite the thorough vaporization procedure involved
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in removing the MEK solvent prior to cure, trace amount of solvent or additional impurity
present in the final test specimen further removes the experimental conditions from an idealized

analytical model.

As discussed in section 4.1, processing difficulties limited the filler content in the
nanocomposite to 4% weight (or 40% volume assuming filler density of 65 kg/m?). As seen in
other studies, despite this high filler content, percolation behavior does not appear at any point
for this nanocomposite material system [35] [87] [81] [116]. A practically linear curve was
instead observed which is typical for nanocomposites enhanced for thermal conductivity [93]
[37] [110]. With an intercept value of 0.2 W/m-K (experimental value found for the thermal
conductivity of neat PU polymer), the linear best-fit slope for the filler weight fraction thermal
conductivity curve was 5.7 W/m-K. Considering the high intrinsic conductivity of the graphite
nanoplatelets filler modifiers, this is a very low enhancement effect. Using the lower through-
thickness conductivity of 6 W/m-K for the material, the rule of mixtures value at the 40% filler
volume fraction for nanocomposite thermal conductivity is 2.4 W/m-K, over 400% higher than
the 0.43 W/m-K value observed in this study. This is due to a number of limiting factors unique

to thermal conductivity enhancement.

As discussed in section 2.5, the presence of a Kapitza resistance is the primary limiting
factor in the property enhancement of thermal transport in nanocomposites [87] [93] [80] [101]
[103] [112]. Imperfect filler-polymer contact is also cited as a deterrent to full exploitation of the
filler modifier in conductivity enhancement [87] [93] [101] [105]. The fillers used in this study
were not functionalized and, as observed through XRD testing discussed in section 4.1, no
significant filler intercalation or exfoliation was achieved [113]. However, as complete filler
exfoliation is not necessarily considered to be the ideal in thermal conductivity enhancement due
to the reduced phonon scattering effect of filler-filler interfaces as compared to filler-matrix
interfaces, the role of the imperfect or reduced filler-matrix contact in limiting thermal

conductivity cannot be explored in this case [87] [93] [81].

The linear slope value of 5.7 W/m-K may be considered a net enhancement factor for the
nanocomposite in this study after the effects of Kapitza and other limiting forces. By comparison
to the thermal conductivity of the graphite nanofillers, it may also be possible to make an

estimate of the interfacial thermal resistance. The idealized lowest possible thermal conductivity
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case assumes unidirectional heat flow in the through-thickness filler direction of a fully aligned
polymer nanocomposite as in Fig. 24 (a). In this case, of a maximum filler transport contribution
of 6 W/m-K, the reduction factor may be quantified as 0.95 mK/W. In the idealized case of
highest possible thermal conductivity, the uniaxial heat flow is in the in-plane direction of the
filler modifiers such that 3,000 W/m-K is the filler transport contribution as in Fig. 24 (b). This
leads to a reduction factor value of 1.9 x 10 mK/W. The filler contribution resulting in a 5.7
W/m-K being lower than the through-thickness intrinsic thermal conductivity of the filler
modifier and several orders of magnitude lower than the in-plane filler conductivity illustrates

the loss in thermal enhancement as a result of Kapitza resistance.

(a) (b)
— —

—_;Q I/‘

Fillers ;f&ligned \ Fillersz]igned
Perpendicular To Polymer Parallel To
Heat Flux Matrix Heat Flux

Figure 24 Idealized rule of mixtures comparison to experimental results
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4.3  ANISOTROPIC ANALYSIS

The average volumetric heat capacities found for each of the specimen sets are presented
in Table 2 below. Despite an overall increase in volumetric heat capacity due to the introduction
of graphite filler modifiers, no significant trend was observed by increasing the amount of

graphite nanoplatelets in the polymer nanocomposite.

Table 2 Average volumetric heat capacity values for PU-GNP nanocomposite at various filler loadings

Filler weight fraction (%owt) Filler volume fraction (%vol) | Vol heat capacity (MJ/m*K)
0% 0% 1.81
1% 14% 1.96
2% 25% 2.01
3% 33% 1.90
4% 40% 1.95

Strategic alignment of anisotropic filler modifiers, such as carbon nanotubes, as discussed
in section 2.5, can lead to highly thermally conductive polymer nanocomposites due to the
creation of quasi-percolating directional conductive networks [35] [87] [109] [93] [101] [105].
Although no alignment through processing or external force was intended in the fabrication of
these polymer nanocomposites, anisotropic testing was performed, using the above values for
average volumetric heat capacity, to quantify directional thermal conductivity due to the known
highly anisotropic thermal transport properties of the graphite nanofiller [113]. The results of this

analysis are shown in Fig. 25 below.
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Figure 25 Directional thermal conductivity experimental data for PU-GNP nanocomposite at various filler loadings

Although the through-thickness thermal conductivity of the neat PU test specimens was
found to be slightly higher than the in-plane conductivity, the material may be considered near
isotropic. However, as filler content is introduced to the polymer, the in-plane thermal
conductivity increases significantly above the through-thickness conductivity. Data from 1-3%
filler weight fraction indicate a rapidly growing disparity between the directional conductivities.
The through-thickness conductivity values, in fact, decrease below those recorded for the neat
polymer, albeit not significantly. Previous studies have shown that nanocomposite thermal
transport properties can degrade beyond the initial neat polymer values due to the introduction of
the Kapitza resistance which may, in cases of low filler conductivity or content, have a net
reducing effect on thermal conductivity [87] [80]. This is because the higher conductivity of the

filler is unable to mitigate the effect of the low-efficiency interphase thermal transport thereby

53



causing the nanocomposite to behave as a hollow material in comparison to the neat single-phase

polymer [87].

In this case, assuming a degree of in-plane alignment of the filler modifier, the lower
through-thickness filler dimension of 6-8 nm and filler conductivity of 6 W/m-K, as compared to
the in-plane diameter of 5 um and conductivity of 3000 W/m-K, may explain the reduced value
of through-thickness thermal conductivity observed for 2% filler weight fraction PU-GNP
nanocomposite. This alignment condition may also result in the high conductivity observed in
the in-plane direction, due to the higher efficiency afforded by the increased in-plane filler
dimension and conductivity. The highest in-plane conductivity, recorded at 3% filler weight, of
0.58 W/m-K is significantly higher than its bulk counterpart of 0.36 W/m-K, as well as the 0.43
W/m-K bulk conductivity recorded for 4% filler weight fraction. As well, it is noted that, as
shown in table 1 and Fig. 22, while thermal conductivity increases in a quasi-linear curve, the
bulk conductivity improvement is slightly decreased from 2% to 3% filler volume. This is likely
caused by the lack of improvement, or in some cases slight reduction, in the through-thickness
conductivity which results in overall reduced transport through the test specimen, thus limiting

the bulk conductivity of the nanocomposite.

At the highest 4% filler weight, the through-thickness conductivity increased while the
in-plane conductivity sharply decreases reversing the previous trend. The bulk conductivity,
shown in Table 1 and Fig. 22, is also increased at the highest rate between 3% and 4% filler
weight fraction. Under the alignment assumption outlined above, this reversal in both bulk and
anisotropic data would suggest that filler alignment is reduced in the 4% filler weight fraction
nanocomposite. As the fabrication procedure was not altered in any way, this may be caused by
increased filler content resulting in a more crowded internal filler-polymer arrangement as a
maximum packing or saturation point is approached. At lower filler volume fractions, the
graphite nanofillers may be permitted, by virtue of lower crowding, to settle in neat, arranged
configurations at the base of the specimen prior to curing. This may be, in addition, to gravity,
the result of solvent vaporization from the prepolymer-GNP-solvent mixture to cause the
compatible prepolymer phase, to aggregate at the top of the plaque while the filler modifiers are
aggregated to the bottom. This settlement-alignment hypothesis, shown below in Fig. 26 could
explain the above results. To investigate the settlement and alignment of the specimens, further

hot disk analysis and compression testing were performed.
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Figure 26 Hypothesized Internal Nanocomposite Structure
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4.3.1 COMPRESSION TESTING

Figure 27 illustrates a single, representative linear compressive curve for a
nanocomposite specimen in compression. The linear compressive modulus values obtained for
axes A (through-thickness or axial), B, and C (in-plane or radial) through compressive testing to

investigate filler alignment are shown below in Fig. 28.
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Figure 27 Stress (Pa)-Strain curve for 3% filler-modified PU nanocomposite under compression in the A (through-thickness)

direction in its first test
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Figure 28 Compression testing results for PU-GNP nanocomposite at various filler loadings tested in multiple directions

The neat polymer values for each test, regardless of direction, are mostly uniform, in all
three tests (1-3). Specimens 4-15, of modified nanocomposite specimens, are seen to possess a
much higher compressive modulus in the first test, irrespective of direction. As in the case of
volumetric heat capacity above, there is no discernable change caused by increasing filler
modifier content, i. e. compressive modulus value of tests 4-7 with 1% filler weight fraction are
comparable to modulus values of test 13-15 of 4% filler weight fraction nanocomposite. During
the second and third tests, the modified nanocomposite compressive moduli are reduced to
values very close to those observed in the neat polymer. To compare the compressive module in
each of the three axes, therefore, directional values were plotted within test sets as shown in Fig.

29-31 below.
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Figure 29 Test 1 compression results for PU-GNP nanocomposite at various filler loadings tested in multiple directions
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Figure 30 Test 2 compression results for PU-GNP nanocomposite at various filler loadings tested in multiple directions
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Figure 31 Test 3 compression results for PU-GNP nanocomposite at various filler loadings tested in multiple directions

Test 1 results, shown in Fig. 29, show no directional preference in any case. By
comparison, results of tests two and three (Fig. 30 and Fig. 31, respectively) show lower A
(through-thickness, axial) compressive moduli in all modified nanocomposites. As in Fig. 25
above, highest disparity is observed in 2% and 3% weight modified nanocomposite, while 4%
weight filler weight fraction modified nanocomposite values are roughly equivalent in all three
directions. However, it is also noted that the modified directional anisotropy does not often
exceed the directional disparity observed in the presumably isotropic neat polymer in any of the
tests and that the through-thickness compressive modulus is typically not the lowest value of the
three directions in test 1. The change in compressive modulus, as well, due to filler addition is
not as substantial as what is observed for thermal conductivity enhancement and therefore, the

effect of alignment is not substantiated based on these compression testing results.
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4.3.2 SETTLING

The ratios of in-plane to through-thickness thermal conductivity at various test settings,
and hence probing depth, at various filler modifier concentrations are shown in Fig. 32 below. As
indicated by Fig. 25, with the exception of 0% filler content PU, Fig. 32 shows higher in-plane
conductivity in all cases. As the filler content is increased in-plane conductivity values far in
excess of through-thickness values are observed peaking at 3% filler weight content. At 4% filler
weight fraction, as expected from Fig. 25, the directional disparity of thermal conductivity is
significantly reduced, though not fully eliminated. It may also be noted that in almost every case
the lowest disparity between in-plane and through-thickness thermal conductivity values is
observed at full axial probing depth while the highest is observed at half probing depth. This
disagreement between the three test settings is increased from the 0% neat PU polymer to the 3%
filler content nanocomposite and almost eliminated for the 4% filler-modified PU

nanocomposite.

As previously discussed, these results show that the introduction and addition of filler
modifiers rapidly enhances the in-plane thermal conductivity of the nanocomposite while either
maintaining, or in some cases lowering, the original through-thickness thermal conductivity.
Although this cannot be confirmed with the results of the compression testing, the in-plane bias
observed here, regardless of probing depth, indicates some filler alignment in the in-plane
direction. Additionally, the directional transport performance of the nanocomposite at limited
probing depths heavily favors the in-plane direction until 4% filler weight addition. This added
directional disagreement at lower depths suggests the presence of higher filler content at the base
of the material, i. e. that some level of settling is occurring in the nanocomposite. Since thermal
transport in the in-plane direction is heavily favored at lower probing depths, it may be
concluded that the fillers at the base of the material are aligned in the in-plane direction. This

alignment may have been induced by settling during nanocomposite fabrication.
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Figure 32 Ratio of in-plane to through-thickness thermal conductivity at various probing depths for PU-GNP nanocomposite at

various filler loadings

Directional disparity is reduced at 75% and full probing depths, for 1-3% filler weight
specimens, though it is not eliminated in any case. Filler alignment, therefore, is likely present, to
some degree, throughout the specimens. At 4% filler weight (or 40% filler volume), the
directional disagreement between various depths is virtually eliminated; however, the ratio of in-
plane to through-thickness conductivity remains roughly 1.5 thus suggesting that while the
settling-alignment has been reduced, it has not been fully eliminated and the material remains
anisotropic. Although these results are not fully definitive, the compression and settling tests

discussed above provide some evidence to support the settlement-alignment hypothesis outlined

previously.
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5. CONCLUSIONS

Highly engineered GNP filler modifier was added to PU polymer, using a solution
blending method, at various filler weight fractions up to 4%, for thermal transport enhancement.
GNP filler was found, through XRD analysis, to be poorly dispersed in the nanocomposite
material. Results of bulk nanocomposite thermal conductivity measurement by hot disk analysis
showed a linear thermal conductivity to filler weight fraction enhancement curve with no
percolation, as expected from literature. Owing to the interfacial thermal or Kapitza resistance,
caused by phonon mismatch between the matrix and filler phases, the overall enhancement effect
of filler addition was far lower than what may be expected under the rule of mixtures model.
Bulk data were however found to be in agreement with the series and other derivative analytical
models when compared. Through curve fitting, the Nielsen and Maxwell second-order models
were found to predict the thermal transport enhancement of this material system with good

accuracy.

Specific heat capacity values, found through DSC, were used for anisotropic analysis of
the thermal transport properties of the nanocomposite material. While the neat PU polymer was
found to be mostly isotropic, thermal conductivity in the in-plane direction of the modified
nanocomposite was much higher than in the through-thickness direction. For up to 3% filler
weight fraction, while the in-plane conductivity increased to nearly 300% of the neat polymer
conductivity, the through-thickness conductivity remained stagnant or was reduced slightly
below the original through-thickness conductivity. Although the disparity between directional
conductivities was still present in 4% filler weight fraction nanocomposite, it is sharply reduced

along with the in-plane conductivity, as the through-thickness conductivity is increased.

Assuming the directional disparity to be caused by filler settling and alignment in the
nanocomposite, the reversal at 4% filler weight may be attributed increased filler content
preventing the GNP platelets from neatly settled in-plane aligned configurations. Through
compression testing and further hot disk analysis settlement and alignment of filler modifiers
was investigated. Results showed directional disparity is highest at lower probing depths in the
nanocomposite specimens, which suggests filler settlement at the base of the specimen. Although
the results of compression testing did not verify filler alignment, the in-plane bias in thermal

transport at all probing depths suggests that filler alignment of the highly anisotropic high aspect
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ratio filler modifiers was responsible for the directional disparity of the thermal conductivity in

the nanocomposite material.
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6. FUTURE WORK AND RECOMMENDATIONS

The thermal enhancement of polymer nanocomposites, as discussed in detail in this
study, depends on a number of complex interconnected factors, the manipulation of which can
drastically alter the final properties of the nanocomposite. Some of the options that may be
explored to further investigate conductivity enhancement of PU polymer include the use of
alternative fillers of various sizes and configurations at various degrees of filler addition and
alternative nanocomposite fabrication methods [35] [87] [101] [105] [112] [77] [108] [101] [82]
[108] [97].

Filler modifiers may be functionalized prior to fabrication to improve filler dispersion in
order to examine in detail the effect of filler functionalization and dispersion in the polymer
matrix as this relates to thermal enhancement [82] [83] [90] [91] [78] [40] [86]. Filler dispersion
may also be manipulated during processing through, for instance, extended ultrasonication. Filler
settling may be examined through extended observation of the prepolymer-filler mixture and
controlled by the use of additives [129]. Filler alignment, to enhance the effect observed in this
study, may be induced through processing or the application of external force during processing
[35] [87] [109] [93] [101] [105]. Alignment may be further investigated by testing filler
enhancement of electrical conductivity in multiple directions. Electrical testing may also prove

useful in the comparison to thermal transport as it relates to percolation behavior.

The analysis of the nanocomposite internal structure may be extended through the use of
methods such as Transmission Electron Microscopy [94] [38] [92] [95] [93] [37]. Macroscale
testing of the nanocomposite, such as abrasive or tensile testing, may be attempted to investigate
any positive or negative unforeseen effects of filler addition on material performance and

longevity.
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APPENDIX

Averaged WAXD plots for the neat PU polymer, GNP powder, and PU-GNP

nanocomposite at various filler loadings are presented in the following pages.

50000
:@ 40000
c
3
O 30000 A
Fan
2
Qo 20000
£ « / \

0 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90
Two-theta (degrees)

Figure 33 WAXD plot for the neat PU polymer

82



Intensity (counts)

Intensity (counts)

50000
40000
30000
20000
10000
0 P . ‘} h . an —A . .
0 10 20 30 40 50 60 70 80 90
Two-theta (degrees)
Figure 34 WAXD plot for the GNP bulk dry powder
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Figure 35 WAXD plot for 1% filler weight modified GNP-PU nanocomposite

83




Intensity (counts)

Intensity (counts)

50000

40000

30000

A
AN

10000

0 T T T T T T T T

0 10 20 30 40 50 60 70 80
Two-theta (degrees)

Figure 36 WAXD plot for 2% filler weight modified GNP-PU nanocomposite

90

50000

40000

30000

20000 /\

—/ \l

10000

R_A

0 T T T T T T T T

0 10 20 30 40 50 60 70 80
Two-theta (degrees)

Figure 37 WAXD plot for 3% filler weight modified GNP-PU nanocomposite
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Figure 38 WAXD plot for 4% filler weight modified GNP-PU nanocomposite

85

90




