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Abstract

Polyurethane is used in various applications, for example as liner for piping systems, pipelines, pressure
vessels and valve trims, where it may be subjected to elevated temperature as well as high rate of erosion.
At elevated temperatures, polyurethane erodes at a faster rate. In this research, the aim was to investigate
the erosive wear and improve the thermal conductivity of polyurethane and find a correlation between the
thermal and wear properties of polyurethane that is reinforced by graphene. Two different dispersion
methods (Three Roll Milling and Sonication Dispersion) were explored to find their effect on the overall
thermal and wear performance of polyurethane, as well as the quality of distribution and exfoliation of the
graphene filler nanoparticles. Thermal conductivity and wear performance of polyurethane at elevated
temperatures were evaluated and compared for both three roll milling and sonication dispersion process
separately. Experiments were performed with a filler loading ranging from 0% to 4% by weight and at
temperatures of 22°C, 60°C and 100°C. Dispersion by three roll milling method provided a higher degree
of alignment, as determined by characterizing the samples using XRD analysis and SEM imaging,
compared to that under sonication method. The alignment of graphene particles affected the thermal
conductivity of polyurethane, which resulted in an anisotropic higher thermal conductivity in the axial
direction. Overall, a higher thermal conductivity was achieved with an increase in graphene filler content.
The bulk isotropic thermal conductivity of the samples prepared by three roll milling method also increased
for all the three tested temperatures with increase in filler loading. However, with an increase in
temperature, there was no noticeable change in the thermal conductivity. With temperature rising from 22°C
to 100°C, the erosion rate of pure polyurethane increased by nearly 30-fold. By embedding graphene as a
reinforcement, the final erosion rate, when compared to that of pure polyurethane at 100°C, was reduced
by 76.14% when using three roll milling method for dispersion, and by 71.3% when using sonication
process for dispersion. This suggests that samples prepared by three roll milling method demonstrated better
performance with respect to wear due to reinforcing particles being aligned in the through thickness
direction in the samples. Evaluation of the surface morphology indicated that the pure polyurethane samples
underwent ductile erosion with plastic deformation. By dispersing graphene, the mode of erosion had a
ductile to brittle transition. Thus, it was found that graphene can be used as a reinforcement to increase the
wear performance of polyurethane at elevated temperatures. Thus, this finding also opens new possibilities

for use of polyurethane in other applications.
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1. Introduction:

In the petrochemical, mining, agricultural and manufacturing industries, handling of two-phase fluids with
solid particles causes accelerated degradation of the surfaces of various structures and equipment due to
corrosion and abrasion/erosion-induced wear. These include piping, drill strings, valve trims, pumps, heat
exchangers, hoppers, chutes, and other structures. Over time, this wear process greatly depreciates the life
and efficiency of the equipment and structures, and increases operation costs [1]. The life of these structures
can sometimes be prolonged in various ways, at the cost of shutting down the operation to perform
preventive maintenance, such as by rotating sections of pipelines on a regular basis, replacing with more
resilient materials, or implementing piping layout design changes to improve flow geometries [2]. These
damage processes can be mitigated by using polymer liners such as those made from polyurethane [3].
Plastic and rubber piping systems also experience similar wear in high temperature environments [4][5].
However, as shown by previous research by Ashrafizadeh et al, the properties of polyurethanes are strongly
affected by temperature, and the desirable wear characteristics diminish in elevated temperature
environments [6]. Hot fluids, heat input from pumps and motors attached to piping, and even heat generated
within liners from friction of viscous fluids flowing at high velocity, may cause the temperature of a
polymer pipe liner to increase. Since polyurethanes are poor heat conductors as compared to metallic
components, its applications are limited to low temperature environments. Therefore, this research project
explores the usage of highly thermally conductive graphene nanoplatelets to reinforce and increase the
thermal conductivity and erosive wear resistance of polyurethane for the use as materiel for liners. Previous
research by Akram et al [7] has already that polyurethane’s thermal conductivity can be enhanced by using
infused graphene by sonication method. Hence, this research will further investigate how dispersion by
three-roll milling will influence the thermal conductivity and wear rate, and how that compares to the

erosion and wear performance of nanocomposites prepared by sonication method.

2. Objectives:

This study has the following three objectives:

e To enhance the thermal conductivity of polyurethane by embedding nano-graphene platelets;

e To enhance the erosive wear characteristics of polyurethane at elevated temperatures by embedding
nano-graphene platelets for use as liners for piping systems;

o Toinvestigate the effect of different dispersion techniques, such as sonication and three roll milling
on alignment, settling, thermal conductivity and erosive wear of graphene nano platelet

nanocomposite polyurethane materials.



3. Literature Review:

3.1. Polymer Materials:

Polymers, or plastics, are a complex form of engineering materials. Examples of naturally occurring
polymers include silk, wool, DNA, cellulose and proteins. Examples of synthetic polymers are
polyurethane, nylon, polyethylene, polyester, Teflon (polytetrafluoroethylene) and epoxy. Polymers get
their broad range of properties from their chemical structure, which is composed of macromolecular chains
[[8]-[11]]. The atoms are fixed in place by covalent bonds (sharing of electron pairs between atoms) within
the macromolecules. The chain links are connected through temperature dependent dipoles (attraction due
to difference in electronegativity), hydrogen bonds (weak bond between proton of one molecule to an
electronegative atom of another) and Van Der Waals bonds (weak distant dependent interaction between
atoms or molecules). The macromolecules are formed by the polymerization (linking) process of organic
units known as monomers. The polymerization process can take place by either addition of monomers
through double or triple carbon bonds, which is known as chain growth, or through condensation of
monomers, which is known as step growth. Step growth is the stepwise reaction between functional groups
of monomers [[9], [10], [12]]. The polymerization process goes through the free radical formation step first,
also known as the initiation step, followed by the propagation step, where there is no change in free radical,
and finally the termination step where there is a decrease in the number of free radicals. The polymers’
physical properties are dependent on how the chains are linked, whether they are linear with end to end
links, or branched with side chains. This affects the molecules’ degree of freedom [[9], [12], [13]].
Properties such as mechanical strengths and melting temperatures are elevated by an increase in degree of
polymerization, which is the average number of monomer units in a chain molecule [14]. Polymers can be

classified into different categories.

Thermosetting polymers are composed of crosslinked chains that are bonded by covalent bonds. Once cured
(polymerized), they harden and take a permanent molded shape. Curing is initiated by application of heat
or catalysts. Once a thermoset polymer is cured, further elevation of temperature can cause thermal
degradation or decomposition, instead of re-melting, which can deteriorate the material properties.
However, due to the cross linking of the molecules in a thermoset, they are typically more brittle. With less
crosslinking, they become more elastic [15]. Thermoplastic polymers are composed of linear chain links.
Compared to thermosets, thermoplastics generally have a higher form of crystallinity (regularity), with

slightly varying lengths of chains. With elevated temperatures, thermoplastics can be repeatedly melted and



solidified by cooling. Elastomers, such as rubber, are a form of thermoset polymers that have pronounced
viscoelastic properties, but very weak intermolecular forces, leading to typically lower strength. Synthetic
fibers are a form of long chain polymers that are made through chemical synthesis by extruding process.

Examples of synthetic fibers are Kevlar and Nylon.

The intermolecular forces of the polymer chains weaken with increase in temperature. This increases the
chain mobility and is known as relaxation. The relaxation mechanisms vary depending on the temperature
as well as the chemical structure. With elevated temperatures, thermoplastics can be repeatedly melted and
solidified by cooling [[11], [12]]. During heating, at a certain temperature point, the rate of thermal
expansion of amorphous polymer can be seen to change at a different rate. This temperature is known as
the glass transition temperature, at which the molecules in the amorphous region in the polymer can
rearrange itself without any external forces. The glass transition temperature, if measured in Kelvin, is
generally at 60% of the melting temperature of the polymer. Above the glass transition temperature, the

polymer is ductile solid, and elastomers are more elastic [9], [11], [12], [16].

Due to the varying degree of physical properties attainable with synthetic polymers, they are now widely
used in a broad range of applications ranging from commercial usage for consumer items such as plastic
bottles, tires, food packaging, clothing, sporting equipment etc. to industrial usage such as optical fibres,

electrical and heat insulators, valves, seals, gaskets, piping system and corrosive resistant coating.



3.2. Polyurethane:

Polyurethanes (PU) can be either a thermoset or a thermoplastic polymer. PU, an organic group of polymer
joined by carbamate (urethane) links, are regularly used in everyday lives. PU were initially developed by
Otto Bayer and his team in [.G. Farben in the 1930s. During that time, it was primarily used as a rubber
substitute for foams and coatings during World War II [[15]-[20]]. Now, applications for PU include, but
are not limited to, apparels, appliances, automotive, mining, structural integrity, building construction,
composite wood, electronics, flooring, furnishing, marine, medical and packaging. PU is proving to be more
and more useful regularly due to its many desirable attributes such as wide range of tailorable hardness,
high load bearing capacity, flexibility, abrasion and impact resistance, tear resistance, resistance to swelling,
strong bonding, low density, ease of manufacturing, cost and energy savings, high elasticity, low thermal
and electrical conductivity, and capability of forming into fine threads [[21]-[26]]. The wide variety of
applications for PU comes from their broad spectrum of properties that can be achieved due to their type

and degree of cross linking.

The name polyurethane comes from the Urethane group (-NH-CO-O-), as shown in Figure 1. Polyols,
isocyanate, and the curative/chain extender are the three main building blocks of PU [[10], [16], [27]-[33]]-
The two main types of polyols are polyethers and polyesters. The polyols are responsible for the flexibility
of PU. PU derived from polyether have lower toughness and strength but have higher stability against
reaction with water [[30], [34]]. Hardness of PU comes from the isocayanates [[18], [30], [34]].
Isocayanates used in castable PU are 2,4-toluene diisocayanate (TDI), diphenylmethane-4,4’-diisocyanate
(MDI), and napthalene diisocyanate (NDI) [[16], [18], [28]-[30], [35]]. TDI has the greatest technical
importance out of the three and is most widely used [36]. Typically, TDI can be obtained as a mixture of

2,4- and 2,6- isomers at a ratio of 80:20.



|
C
\“‘I‘\I’/ S
H

Figure 1: A urethane group

R R

Although in the building construction and petroleum industry, the load bearing and pressure bearing
components are primarily metal, polymers such as PU are starting to gain wider usage. Compared to metals,
PU have lower density, are easier to form into complex shapes, require lower energy and labor input, have
higher chemical and wear resistance, and lower modulus of elasticity [[23], [26], [30], [34]]. PU can also
be used for absorbing shock and reducing noise. But poor thermal conductivity of PU often causes heat
building up that leads to material degradation. Replicating the desirable properties of PU can be achieved
by utilising rubber, but this involves costlier and more complicated processing steps, as well as reduction
in load bearing capacity and wear resistance [[25], [34], [37]]. The capability of producing thicker cross-
sections more effortlessly with PU is their main advantage over other polymers. Their ease of processing,
material properties and wide range of proven usage makes PU highly desirable as matrix for composite

materials [38].



3.3. Nanocomposites:

Composite materials are the combination of distinct materials that are insoluble with each other and
typically have significantly different properties, with the objective of achieving more desirable properties
of the composite over the individual constituents. The main continuous bonding component of composite
materials is classified as the matrix. The reinforcing fillers are dispersed into the matrix, and these are either
particles in particle-reinforced composites, or fibers, in fiber-reinforced composites [[9], [39]-[42]].
Nanocomposites are materials that are made of two or more components where at least one of the
components are in nanometer scale [[43], [44]]. The purpose of the filler materials is to enhance certain
properties of the nanocomposite that is low or non-existent in the matrix. The filler modifiers can be either
particulate in shape, fibrous or layered, as shown in Figure 2 [[45]-{47]]. In addition to mechanical
properties such as fracture toughness, tensile strength, modulus of elasticity and abrasion resistance, other
properties such as electrical and thermal conductivity, permeability, flame retardation, bacterial resistance

can also be enhanced by filler loading [[44], [48]].

SA/V =3/a SA/V =2/b+2/c SA/V =2/d + 2/e

N s

a) Particulate b) Fibrous c) Layered

2b

Figure 2: Filler modifier shapes and their surface area to volume ratio (SA/V), where a, b, ¢, d and e are filler characteristic’s
dimensions (adapted from [45])

Metals, ceramics and polymers are the three main types of nano composite matrix materials. This research
project focuses on the usage of polymer as the matrix due to the above-mentioned advantages of polymers,
mainly polyurethane. Depending on the final desired properties, a suitable material is chosen for usage as
the filler material. Different types of filler materials are metallic such as copper or silver, ceramic such as

boron nitride or silicon carbide, or carbon based, such as carbon black [[46], [47], [49]-[51]]. Optimum



combined properties of nanocomposites are derived not only from the individual properties of the matrix

and fillers, but also from the interaction between the matrix and filler.

Parameters such as filler shape, filler size, filler loading amount, matrix type, distribution, and dispersion
can affect the final property of the nanocomposite material. The level of surface interaction between the
reinforcement fillers and the surrounding matrix governs the amount of modification of properties of the
combined nanocomposite material [[52]-[56]]. Higher contact area between the filler material and the
matrix leads to more property transfer from the filler material to the nanocomposite material. Thus,
nanocomposites, compared to macro or micro scale filler composite materials, can have superior properties,
because they have higher surface area per unit volume for the same percentage by weight quantity of filler.
This is shown in Figure 2 and can be seen that as the size decreases, the ratio of surface area to volume
increases. Thus, a higher property transfer is achieved at the same level of filler loading percentage by using
smaller filler particles [[46], [S7]-[66]]. It can also be seen from the shape comparison that fibrous and
layered filler gives higher contact ratio compared to particulate fillers. Similarly, higher filler concentrations
lead to higher filler-matrix surface interaction, that leads to more property transfer [[60], [67]-[70]]. An
even distribution of the reinforcement particles through out the matrix gives a homogenous nanocomposite
that can be described as fully distributed. When the filler particles are fully separated from one another, it
is then known as fully dispersed or exfoliated, as shown in Figure 3. Fully exfoliated fillers are desirable as
they give higher surface interaction with the matrix, thus cause better property enhancement of the

composite material. However, this is more difficult to achieve, as described in a later section.

a) b) c) d)

Figure 3: (a) Poor dispersion and distribution, (b) good dispersion but poor distribution, (c) good distribution but poor
dispersion, (d) good dispersion and distribution



3.4. Graphene Nano Particles:

Carbon, chemical element with symbol C, is the fourth most abundant element in the universe by mass. The
atoms of carbon tend to bond together in unique ways that is termed as allotropes of carbon, and these
allotropes of carbon each have uniquely different properties. Graphite, diamond and amorphous carbon are
the most common allotropes. Graphite is naturally occurring and is made up of overlapping layers of two-
dimensional sheet of carbon bonded in a hexagonal lattice. Graphene is a single atomic layer of such carbon
atoms in honey comb lattice [[71], [72]]. It was only in 2004 that researchers first succeeded in obtaining
and examining graphene. [73] In 2009, graphene was shown to be the strongest material to be ever tested,
with a tensile strength and Young’s modulus of respectively 130 GPa and ~1 TPa. Graphene also has a low

density of 1.5 g/cm?® and is very efficient in conducting heat and electricity.

Carbon nanotubes (CNT) and graphene nanoplatelets (GNP) are the two most widely used nano-sized
carbon allotropes used for reinforcing polymers. Intermolecular forces such as Van Der Waals forces act
between single layers of graphene. Thus, each GNP can consist of tens of monoatomic layers. Due to a
comparatively strong attractive intermolecular force, separating each layer of graphene to produce a
properly dispersed nanocomposite structure can be difficult. Even after exfoliating the nanoparticles
applying external forces, re-agglomeration can often take place due to the intermolecular forces [[74], [75]].
Multi-layered graphene nanoplatelet sheets have been reported to have an average thickness of 5 nm and a
diameter of about 5 to 20 um [76]. [[77], [78]]. A single layer graphene has a thickness of 0.335 nm, and
the length of the carbon-carbon sp2 hybridized bond in two-dimensional planar monolayer of graphene is
0.142 nm. Due to this two-dimensional shape, GNP displays anisotropic behaviour in properties such as
toughness, strength, optical performance, electrical and thermal conductivity. Thus, when GNP are used as
the filler in nanocomposites, a high degree of alignment of the GNP within the matrix can raise the
anisotropic behavior of the whole nanocomposite material [[49], [79], [80]]. Despite the anisotropic
behaviour, GNP still prove to be a very promising filler modifier for nanocomposites due to their superior
mechanical properties, higher exposed surface area and lower manufacturing costs compared to other filler

materials.

Depending on the application, GNP can be more favourable as compared to CNT, not only because of lower
cost, but also because GNP have lower density. This makes them more feasible for commercial high-volume

production. Furthermore, CNT only conduct heat effectively in one direction (one-dimensional) where as



GNP are effective in conducting heat in two directions (two-dimensional); this gives GNP superior bulk
thermal conductivity [43]. With an increased amount of filler loading, GNP also maintain a lower viscosity
of the blend compared to CNT, which makes nanocomposite processing easier with GNP [81]. Also, due
to the surface interaction as described before, GNP can potentially be a better choice as filler material than

CNT.

3.5. Nanocomposite Preparation Procedures

Due to the varying types of matrix and filler types used to make nanocomposites, different combinations of
fabrication and dispersion methods are used accordingly. Considerations must be made for factors such as
the desired level of dispersion, curing time (pot life), curing temperature of the matrix resin and viscosity
of a solution. Slight variations in temperature, or duration of each step, can affect polymerization process
or the degree of dispersion, and thus affect the final property of the nanocomposites. Therefore, preparation
of nanocomposite materials can be intricately challenging due to the required precision involved. Higher
filler loading leads to higher viscosity of blends and solutions as well which raises difficulty in fabrication
of nanocomposites. Higher filler loading may also lead to more re-agglomeration due to higher Van Der
Waals force as particles are closer together [[67], [69], [75], [82], [83]]. This has been reported to cause

reduction of polymer properties such as toughness.

When the matrix is a thermoset, in-situ polymerization is often used to mix the filler and matrix [84]. In
many cases, the nanoparticles are first dispersed into the monomer of the polymer resin. During this step,
as the viscosity rises with increase of filler loading, temperature may be elevated, or solvents may be added
to lower the viscosity of the solution and promote filler dispersion and distribution [85]. The hardener, Part
B, is then added to the mixture and left to cure either at room temperature or elevated temperature [[84],
[86], [87]]. By having the fillers dispersed into the monomers, when covalent bonds start to form to create
cross-linked chains of the thermoset polymer matrix, it may also do so in-between filler particles, instead

of only around it. This can reduce re-agglomeration and lead to better surface interaction [[84], [87]].

Instead of dispersion in the monomer, the filler may also be dispersed in a solvent first, and then the mixture
can be mixed with the resin. This method is known as solution mixing and it is a widely used fabrication
method [[84], [87], [88]]. This method is often favourable as the dispersion of the fillers is effective in the

solvent due to polarity and low viscosity of the solvent. The surface tension of the liquid may also help to
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exfoliate the graphene by minimizing the interfacial tension between fillers. In the case of GNP, the solvent
surface tension must be higher than that of GNP which has a surface tension of 34.4 mN/m. For this reason,
solvents such as DMF (Dimethyleformamide) are often used, having a surface tension of 37.1 mN/m [[89]—
[92]]. After dispersion, the solvent should be removed quickly to avoid filler re-agglomeration or settling.
This can be done by curing at a high elevated temperature to evaporate the solvent or curing in a vacuum
chamber to lower the evaporation temperature. To make this procedure less difficult, a solvent with a low

boiling temperature should be selected.

3.5.1. Dispersion Methods

The most common methods used to disperse nanoparticles in polymer are mechanical agitation, ultra-
sonication and three roll milling. Ball milling is another method that may be used; however, this method
has been reported to be damaging to filler particles. For this research, one focus is to compare thermal and

wear performance between nanocomposites prepared by ultrasonication and three roll milling.

3.5.1.1 Mechanical Agitation

Mechanical agitation involves the usage of one or multiple high-speed impellers to create shear forces that
mix the solution as well as disperse the filler materials. Parameters such as rotational speed, time,
temperature and impeller type effect the final dispersion quality [[84], [93]]. Mechanical agitation can be
followed by other methods of dispersion in conjunction with it. This is because re-agglomeration has been
reported following mechanical agitation, and the dispersion quality of the nanoparticles is not as good as

what can be achieved by either ultrasonication or three roll milling [94], [95].

3.5.1.2. Ultrasonication

For research purposes, ultrasonication is a widely used process to disperse nanoparticles due to its proven
results and ease of use [[68], [80], [84], [96]-[100]]. In this process, ultrasonic frequency vibrational energy
is applied to the nanoparticles. This energy input helps peel off individual layers bonded by the Van Der
Waals forces. The applied ultrasonic wave also help to stir and distribute filler particles throughout the

solution or liquid [93]. This is very effective when a solution has a low viscosity. Thus, for resins with high
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viscosity such as polyurethane, temperature must be controlled or solvents such as acetone or MEK may be

used to reduce viscosity [84].

A solution or blend can be sonicated by either an ultrasonic probe, or ultrasonic bath. Ultrasonic baths
typically require more energy as they vibrate the whole volume of material, however they provide an even
application of vibrational energy. Ultrasonic probes provide more concentrated energy, which can generate
a large amount of localised heating. It has been shown by Tessema et al [98] that ultrasonication can
increase thermal conductivity in nanocomposites. It is important to control the amplitude or duration of the
ultrasonic vibration because it has also been reported that a large amount of concentrated heat or vibration
can damage GNP [[96], [101]]. Such disintegration of GNP particles lowers their desirable properties and
consequently reduces the overall properties of the nanocomposites [[84], [96]]. Furthermore, re-
agglomeration proceeding ultrasonication can still potentially be an issue with this dispersion method if the
rheology is not controlled. And although this is a proven dispersion method in small scale research, for
large scale applications or production line manufacturing, ultrasonication is hardly feasible. Ultrasonication
does not actively align the nanoparticles during the dispersion method, although some degree of alignment
may occur after the dispersion method due to intermolecular forces or when the particles settle due to

gravity.

3.5.1.3. Three Roll Milling

Three Roll Mills (3RM) are machines with three rollers that have smooth surfaces and are spaced at small
distances apart. They spin in opposite directions to each other at different speeds to create shear forces to
mix and disperse materials that are fed into the mill. This method is also known as calendaring. The spacing
between the rollers, rotation speed and temperature of the rollers are variables that can be controlled. Three
roll mills with micrometer scale gaps are most used for nanoparticle dispersion. Other variations such as
single roll mill to five roll mills also do exist, with much larger spacing and size of rollers for industrial
scale applications. To achieve a higher degree of dispersion, a solution or blend can be repeatedly fed into
the three-roll-mill with the spacing between the mills decreased each consecutive time. Similarly, in
manufacturing production lines, a mixture can be fed through several of such three roll milling machines
in series. In comparison to ultrasonication, three roll milling can provide uniform shearing of the entire

volume of the material.
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The smallest gap that can be achieved by the three roll mills are between 1 to 5 micro meters [102], which
is in the order scale of the diameter of a graphene nanoplatelet. Due to the high shear forces during the
calendaring process, generated heat may raise the temperature of the mixture. Therefore, temperature needs
to be monitored and controlled, as well as solvents may be used to control the rheology of the mixture.
Calendaring is often used for thermoplastic polymers or to disperse fillers in liquid polymers or oligomers

of thermosetting matrices which can be later polymerized.

By using the 3RM technique, it has been reported that for a GNP/silicone composite, 18% improvement in
thermal conductivity was achieved for a 25 wt % loading of commercially available GNP [103]. Other
experiments have shown a thermal conductivity increase of 6% for 1 wt % filler loading and 14% increase
for 2 wt % filler loading of GNP in epoxy by using 3RM technique for dispersion [104]. These tests were
performed below the glass transition temperature of epoxy, and in this experiment, the percolation threshold
was 0.3 wt % filler loading at which the electrical and thermal conductivity had decreased. GNP/epoxy
nanocomposite prepared by 3RM technique had showed three orders of higher electrical conductivity
compared to sonication and high shear mixing at similar filler loading. Due to the high shear forces and the
narrow microchannel through which the fillers are passed through in the 3RM method, depending on the
shape of the filler particles, it is possible to obtain highly dispersed and aligned nanofillers [105]. Research
experiments with multi-walled carbon nanotubes (MWCNT) with high aspect ratios have shown that at
moderate filler loading of 2 to 4 wt %, 3RM may induce extended alignment. However, at high filler
loading, the viscosity of the mixture becomes too high and this does not allow particles to align. The
alignment was noted for the MWCNT of aspect ratios (length to diameter) from 94.4 to 289.4. Alignment

was not achieved for any aspect ratios below that range.
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3.6. Thermal Conductivity

Conduction is the transfer of heat energy in a material. Heat always flows from high temperature to low
temperature. This phenomenon is governed by first law of thermodynamics. Fourier law describes the

relation between conduction and the temperature gradient as
q = —k*AT (D

where q is the local heat flux density, k is thermal conductivity coefficient and AT is the temperature
gradient [106]. The thermal conductivity, which may be measured in W/mK (watt per meter kelvin), is a
measure of the amount of heat energy that can be transferred through a material through conduction. The
higher the thermal conductivity, the faster the heat flows through that material, and this is a property of the
material. Copper, for example, has a very high thermal conductivity of 400 W/mk, which is why it is used
in heat sinks and heat exchangers. PU foams on the other hand, have a very low thermal conductivity of
0.02 W/mK, and are often used for building insulation. Materials with high thermal conductivity typically
also have high electrical conductivity, which is the measure of a material’s ability to conduct electrical

charge.

Electrons and phonons are the energy carriers which enable solid materials to transport heat [107]. In metals,
the majority of heat transfer is due to free electron transfer. In polymers, due to the absence of free electrons,
the majority of the heat transfer is due to phonons [108]. Phonons are the minute vibration or excitation of
atoms or molecules in a lattice structure due to applied energy that can spread through the material [[46],
[109], [110]]. When heat energy is applied to a material, the closest atom begins to vibrate. This vibration
energy is transferred to the next atom and so on through the material. Thus, in polymers, it takes longer for
heat to transfer as they have a disordered atomic structure, and hence the path of energy transfer is longer.
This phenomenon explains why polymers typically have low thermal conductivity [109], but with more
crystalline structure, higher thermal conductivity can be achieved, and those polymers with amorphous
structure have lower thermal conductivity. This is because crystalline structures enable quicker phonon
transfer through a shorter path. Other than the lattice structure, impurities, chemical constituents, degree of
polymerization and phonon scattering (that occurs at interfaces of lattice structure) can lead to a decrease

of thermal conductivity.
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Graphene has free electrons present for heat transfer, but like polymers, majority of the heat transfer takes
place due to phonons. But unlike polymers, graphene has a highly organised hexagonal two-dimensional
lattice structure as described before. Thus, its thermal conductivity is much more superior to polymers.
GNP have a thermal conductivity in the range of 3000 to 5000 W/mK in the in-plane direction. This is
superior even to metals such as copper (400 W/mK) or cast iron (58 W/mK) [[48], [77], [88], [109], [111],
[112]]. The bonding between each of the layers of GNP are due to weaker Van Der Waals forces, whereas
covalent bonds exist in the lattice of each layer in the in-plane direction. Hence, there exist interfaces
between each layer of the platelet. Therefore, GNP displays anisotropic behaviour and the thermal

conductivity in the through-plane direction of the GNP is much lower at 6 W/mK [[109], [112]-[114]].

The mean free path can be described as the average length of a path covered by phonon between each
consecutive phonon scattering [115]. Debye-Equation describes the mathematical equation for calculating
thermal conductivity in solids [[116], [117]]. This formula, as shown in Eq. 2, shows that the thermal
conductivity is directly proportional to the volumetric heat capacity, C, the phonon velocity, v, and the

mean free path, L.
k=Cx*v=*1/3 2)

The mean free path in GNP is about 600 nm whereas the mean free path of most polymers is in the single
digit nanometer range [[118]][[119]]. The mean free path is lower in polyurethane due to phonon scattering
from defects or boundaries between amorphous and crystalline zones [[46], [49], [110], [114]], resulting in
low thermal conductivity. Chemical structure, degree of polymerization, structural defects, and processing

conditions are also some of the other factors that can affect the overall thermal conductivity in polymers.

3.6.1. Thermal Conductivity in Nanocomposites

There are three main parameters that affect the degree of enhancement of thermal conductivity in
nanocomposites. They are the type of filler and polymer material, the morphology, and the interaction
between the filler and polymer. The type of filler and polymer material is important because the thermal
conductivity varies for different filler material types as well as the material of the matrix, thus the combined
thermal conductivity of the nanocomposite is dependent upon the individual thermal conductivity of the
filler and the matrix. The morphology or shape of filler is of interest, particularly in GNP, as GNP display

anisotropic thermal conductivity, which in turn can be replicated in the whole nanocomposite if alignment
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of GNP is achieved [120]. The interaction between the filler and polymer is the most important factor that
influences the enhancement of thermal conductivity [49]. The interfacial interaction between GNP and
polymer is quite low due to the chemically inert surface that GNP possess. Hence, phonon scattering takes
place at interfaces due to the discrepancy between phonon vibration modes. This phonon scattering at the
interface, which is known as Kapitza resistance, is believed to be the main limiting factor in enhancement

of thermal conductivity in nanocomposites [[49], [79], [100], [104], [113], [121]-[126]].

Percolation threshold is the critical value below which long range connectivity of the matrix through the
filler does not exist. By increasing the filler loading in the matrix, the average inter-platelet distance
decreases. A thermal conduction pathway may be created by increasing the filler loading above the
percolation threshold, as shown in Figure 4. In such a case, phonon scattering can be minimized because
the heat transfer primarily takes place in the graphene. Hence, by reducing the distance between graphene

platelets, a high number of pathways can be introduced to increase thermal conductivity [49].

15



Figure 4: Graphical representation of percolation threshold for thermal conductivity

However, a high filler loading may not always be feasible due to cost or difficulty in processing from high
viscosity. In such cases, and for cases below percolation, chemically functionalised GNP may be used.
Chemically functionalised GNP have covalent and non-covalent bonds in between the GNP and polymer.
This interface interaction reduces phonon scattering that typically occurs in conventional filler modified

nanocomposites. Thus, thermal conductivity of the nanocomposite can be increased [[124], [127]-[132]].
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3.6.2. Thermal Conductivity Measurement

Thermal conductivity can be measured in either steady state conditions, where the material is in complete
equilibrium, or non-steady state conditions, where the measurements are taken when the material is being
heated. Examples of non-steady state thermal conductivity measurements include the transient hot wire
method, transient plane source method, transient line source method, laser flash method, 3w-method and
time-domain thermoreflectance method. The hot disk transient plane source method can be used to measure
thermal conductivity of flat surfaces with high accuracy. It uses a disk-shaped sensor, as shown in Figure
5, which is both a heat source as well as a resistance temperature sensor. The sensor is made from nickel
wire that is double spiralled and isolated by Kapton covers. To measure the thermal conductivity, the sensor
is usually placed between two identical samples. It must be ensured that there is full contact and no air gaps
in between the sensor and sample material. The sensor probe heats the sample, and with a data acquisition
module, the temperature increase is measured as a function of time. Based on the heating rate of the sample
from the known amount of heat energy applied, the thermal conductivity and thermal diffusivity can be
determined. The hot disk method can find both thermal diffusivity and thermal conductivity and can be
used to measure properties of inhomogeneous and/or anisotropic materials [133]. They can also offer the
ability to measure in small samples, and measurements are in general fast. On top of its accuracy, and ease
of set up and measurement, the hot disk method has a wide thermal conductivity measurement range (0.5
to 500 W/mK) and does not damage the sample [[134], [135]]. The hot disk method can be used to measure
anisotropic thermal conductivity if the sample specific heat capacity is known. Since the power and time
can be controlled, the probing depth, which is the measurement of how much the heat travels through the

sample, can also be controlled by this method.
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Figure 5: Hot disk transient plane source disk shaped sensor

3.7. Erosive Wear

Erosive wear is the gradual deformation or degradation of the surface of a material due to impact from solid
particles in gas or liquid. Over time, the striking particles cut away and remove the material from the
exposed surface. Piping systems are prone to erosive wear when transporting fluid with solid particles
[[136]-[138]]. Although pipelines also wear due to corrosion, erosion is the main cause for wear in
pipelines from slurry transportation. Variables such as the impacting particles’ shape, size, hardness,
velocity, impingement angle and the eroded surface property effect the rate of erosion of the material [139].
Through many research experiments, it has been found that ductile materials erode the most at 30°
impingement angle between the eroding surface and erodent particles whereas brittle materials erode most

at above 60° impingement angle as shown in Figure 6 [140].
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Figure 6: Effect of impact angle on erosion rate (adapted from [141])

3.7.1. Erosion Mechanisms

For both brittle and ductile materials, erosion occurs by a combination of cutting and deformation. The
cutting mechanism is caused by the velocity component of the striking particle in parallel to the eroding
surface. If particles possess sufficient energy, it may tear loose surface material. The deformation
mechanism is caused by the velocity component of the striking angle that is perpendicular to the eroding
surface. With sufficient kinetic energy, particles can cause plastic deformation or cracks at stresses higher
than the yield strength of the material [[142]—[144]]. According to Clark and Wong [[145], [146]], the total
erosion Et, can be expressed as a function of the deformation erosion, £p, and cutting erosion, Ec, according

to the equation below:

Er=Ep tEc (3)
Where Ep and Ec are represented as :

Ep= (% My (") ¢ 4)

Ec= (1/2 Mp (VTZSiHZOC))/ o (5)
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Vnand Vrare the normal and tangential velocity components of the eroding particles with an angle of attack
a, and Mpis the total mass of the impacting particles. ¢ and ¢ are related to the specific energy required for
deformation erosion and cutting erosion; These constants need to be determined experimentally as they
depend on the test conditions. However, Eq. 3 to Eq. 5 do not reflect the dependence of erosion on the

material property.

The ductility of an eroded material has been reported by many authors to be the main material property that
dictates how it will erode [[142], [144], [147], [148]]. Hence, based on the surface material property, erosion
can be categorised into ductile erosion and brittle erosion. Ductile erosion from particles at an angle causes
cutting whereas at an angle perpendicular to the surface, it creates craters and fracture. Brittle erosion on
the other hand, creates a web network of subsurface cracks as shown in Figure 7. Material can experience

a combined erosion mechanism simultaneously, or one may be predominant based on the surface material’s

property.

A) Erosion of Ductile Materials B) Erosion of Brittle Materials
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Figure 7: Difference between ductile and brittle erosion (adapted from [139])
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3.7.2. Erosion of Polyurethane

Polyurethane liners are frequently used in pipelines to protect them from erosion caused by solid particles.
It has been previously noted that temperature distribution within PU, whether it is due to operating
temperature of the piping system or friction, affects the wear resistance of the PU. To this day, no direct
link between thermal conductivity and wear resistance in PU has been established although it can be
attributed to many other complex variables which are temperature dependent. Previous research has shown
that for a temperature increase from 25°C to 100°C, the erosion rate increased by up to 170% for pure PU
[6]. For two PU samples with similar tensile and tear strengths, Ping et al showed that the respective
difference in erosion rate between them can be due to a difference in elongation at break of the two samples
[149]. Even with similar hardness, different PU have also shown to have different erosion rates [150]. Other
studies such as that by Li et al [151] have shown that for materials with similar rebound resilience but
increasing hardness, tensile modulus and tensile strength, erosion rate increased. Softer materials with lower
tensile strengths eroded less. Contradicting results from other studies showed that there is no clear
correlation between the wear rate of rubber elastomers and their mechanical properties [152]. Instead,
higher rebound resistance was shown to correlate to higher erosion resistance. With increase in temperature,
PU experiences large changes in mechanical properties. It has been shown that at elevated temperatures,
the ultimate strength and the elastic modulus of PU decreases [6]. For rubber, it has been reported that
higher the temperature difference between the erosion test temperature and glass transition temperature of

the rubber, the lower is the erosion rate [[153], [154]].

Polyurethane, due to its complex long chain structure, can have both plastic deformation and elastic
behaviour when load is applied. This arises from irreversible breakage of some of the cross-chain links that
form polyurethane. Plastic deformation creates residual stresses in areas and gives rise to hysteresis.
Hysteresis, which is the fractional energy lost as heat energy in a deformation cycle in polymer, is a factor
that affects the erosion rates in PU. The hysteresis from cyclic stress-strain loading can elevate the sample
temperature, and for PU, higher hysteresis has been observed to lead to higher erosion rate [[155], [156]].
As described before, erosion of any material is composed of both a ductile and brittle mechanism, and
hysteresis in PU can alter the mechanism of erosion in PU. Since it is indicative that higher temperature
increase in polyurethane leads to higher erosion rates, for PU liners to last longer, methods to maintain a
lower temperature within the PU during operation should be explored. With many researches indicating
that temperature elevation effects the erosive wear rate of PU negatively [[156], [157]], it becomes apparent

to find indirect methods to mitigate elevation of temperature within PU to lower erosion rate.
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3.7.3. Erosion in Polymer Matrix Composite Materials

Because of their excellent mechanical properties, composite materials have been used as structural materials
in numerous applications such as piping for hydraulic or pneumatic transportation, and turbine and
helicopter blades. In these applications, failure due to erosion is a critical failure mode. Due to greater and
earlier usage of fiber reinforced composite materials, research in erosion testing of fiber reinforced
composites is more extensive than that of nanoparticle reinforced composite materials. Erosion
characteristics of composite materials are more complex compared to their neat matrix materials. Tilly and
Sage were one of the first to experiment on and present solid particle erosion on polymer matrix composite
materials [[158]-[160]]. Their studies showed that glass fiber or carbon fiber reinforcement of Nylon
reduced the erosion resistance. However, steel particles embedded in ethylene propylene improved the
erosion resistance. A comprehensive study of erosion mechanism by Zahavi and Schmitt [161] revealed
that in fiber reinforced composites, material is firstly removed in the matrix resin which eventually exposes
the fibers. Over time, the reinforced fibers break due to bending failure from the impacting particles and
unsupported matrix underneath. Otherwise, the reinforcement fibers wear away slowly and exposes the
matrix underneath which erodes quicker. Erosion tests performed on epoxy based unidirectional glass fiber
reinforced polymer composites with irregular silica sand at various eroding angles have demonstrated that
the erosion mechanism changes from ductile to brittle at 60° impingement angle between solid particles
and the eroding surface, at which the erosion loss was the highest [143]. Erosion modelling of multiple
angle of attack of solid particles on reinforced composites has revealed that at certain angles, there exists
particle-to-particle interaction, which effects the erosion rate [159]. Particles hitting the eroding surface
reflect at angles determined by the exposed surface morphology and reinforcement type. These reflected
particles in turn collide with other incoming particles and changes the attack angle and reduce the kinetic

energy of the subsequent eroding particles.

Previous research on erosive wear performance of nanoparticle reinforced polymer matrix has yielded
promising results. Polyurethane matrix composites with aluminum oxide of up to 64 wt % reinforcement
has shown that by increasing particle reinforcement, the erosion wear resistance increased. However,
further increase in filler loading started to deteriorate the erosive wear performance [[26], [162]]. This
increase in erosive wear resistance was attributed to an increase in hardness with particle reinforcement.
Epoxy resins reinforced with low graphene oxide contents of 0.05% to 0.5% by weight exhibited
remarkable wear resistance enhancement with increase in filler loading. On top of enhancements in flexural

strengths, flexural modulus and impact strength, at 0.5 wt % filler loading, wear rate reduced by up to 95%
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when compared to neat epoxy [158]. Unsaturated polyester containing vapor grown carbon fiber nano-filler
up to 5 wt % reinforcement had previously been erosion tested with 11.5 micrometer erodent particles from
angles of 15° to 90°. Other experiments have shown that the erosion rate of the nanofiller reinforced
material was much lower than neat unsaturated polyester [162]. Zhao et al had performed solid particle
erosion tests on nano-silica particle filled polyacrylate-based nanocomposite coatings with both sharp and
round edged erodent particles [162]. Filler content was up to 50%, and erosion tests revealed that both the
neat polymer resin and nanocomposite coatings underwent brittle erosion. Compared to neat polymers, the
nanocomposite coatings were able to withstand erosion much better with higher filler content against the
sharp-edged erodent particles. However, the erosion rate was unaffected by increasing the filler loading
percentage when eroded with round edged erodent particles. Alignment of the filler nanoparticles can also
affect the erosion rate of nanoparticle reinforced composite materials [163]. Erosion tests performed at
different impingement angles on carbon nanotube reinforced epoxy composites had shown that vertically
aligned CNT eroded the least. Isotropic, or randomly dispersed, carbon nanotubes (CNT) eroded the most.
Horizontally aligned CNT eroded the second most, at a larger rate than neat epoxy. In this experiment, all
the samples exhibited ductile erosion behaviour and had the highest erosion rate at 30° to 45° impingement
angles. Since isotropic CNT reinforcement degraded the erosion resistance of the material, it is important
to consider alignment of the reinforcing filler when designing composite materials for erosion services. The
presence of filler reinforcement hinders the mobility of polymer chains during the curing stage and thus
effects the final cross-linked structure of the polymer matrix. Examination of the eroded surface
morphology suggests that erosion rate had decreased due to the presence of the vertically aligned CNT
fillers that prevented cutting, chipping, crack formation and deformation of the matrix by the impact of the
solid particles. Due to the impact of the solid particles, the horizontally aligned CNT that is exposed on the
eroding surface would de-bond and wear away from the matrix and ultimately leave long cavities of non-

reinforced matrix, which results in greater wear and mass loss of the composite material.
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3.7.4. Method for Erosion Testing

A standard method for erosion testing by solid particle impingement has been developed by ASTM G76
[164]. This method has been used as a screening test for ranking material erosion rates under simulated
environments. According to ASTM G76, the erosion test is done by impinging consistent sized abrasive
particles into the test specimen with the aid of pressurised gas flowing through a nozzle. The apparatus to
be used for this testing allows for controlling the particle velocity, impact angle and distance of the nozzle
from the eroding sample. The minimum dimension of the sample is to be 10 mm X 30 mm X 2 mm in terms
of width, length and thickness respectively. The test particles must be nominal 50-um Al,Os. The top surface
of the sample must be 10mm+Imm from the end of the nozzle. The data collection process involves
measuring the mass of the sample before and after the erosion test, as well as measuring the mass of eroding
particles that were used. The erosion rate is thus given by dividing the loss of mass of sample material, by

the mass of solid particles used.

3.8. Characterisation

Nanocomposites with excellent property enhancement are typically found in materials that are both
homogenous and isotropic. Hence, it is desirable to have uniform filler distribution as well as high
dispersion of filler particles within the matrix [[83], [93], [98], [99], [101], [111], [165]]. A uniform
distribution is achieved when the filler particles are evenly spread throughout the nanocomposite material,
whereas the highest degree of dispersion is achieved when the particles are fully exfoliated. Varying
property enhancements are achievable with the degree of dispersion. In ‘phase separated’ dispersion, the
filler particles are still agglomerated, whereas in ‘intercalated dispersion’, the polymer chains develop
through individual particle agglomerates. As explained before, higher degrees of dispersion lead to better
surface interaction between the filler and matrix [[44], [86]]. As dispersion and distribution relates to two
different arrangement mechanisms of the filler particles, it must be clearly differentiated that a
nanocomposite material with fillers well dispersed does not mean it is also well distributed, and vice versa,

as previously shown in Figure 3.

Other than re-agglomeration, which affects the homogeneity of the nanocomposite, issues such as settling,
and alignment can also occur during the fabrication of a nanocomposite material. This can greatly affect

the bulk properties of the final nanocomposite. Settling is when filler particles sink to the bottom of a
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solution or blend during the curing process due to the effects of gravity. Alignment, which is more of an
issue with two-dimensional filler such as GNP, is when the filler particles orient themselves in a specific
direction, leading to anisotropic properties within the nanocomposite. Since with increase in filler loading,
the nanocomposite structure becomes less transparent, and the particle sizes are in the nano to micro scale,
visual or microscopic inspection for agglomeration, settling or alignment are not always practical. Thus,

more advanced techniques for structural property characterization should be used.

3.8.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is the usage of high energy electrons in a focused beam to scan the
surface of solid specimens [166]. Reflected electrons and secondary radiation can provide information such
as surface morphology, chemical composition, crystalline structure and orientation of the materials. SEM
instruments such as the EVO MA10 Scanning Electron microscope (SEM) (Zeiss, Oberkochen, Germany)
can provide details of up to 2000 times magnification with enough contrast and clarity in the nano-meter
scale to detect nano-particles [167]. SEM can be used as a complementary tool in conjunction with other
methods to verify the quality of dispersion of nano particles [168]. Although SEM is not suitable for bulk
characterisation since its field of view is narrow, it is a good tool to make sample point characterisations.
In cases where the surface is not electrically conductive, conductive coating such as gold needs to be applied
to the surface. This conductive layer on the surface inhibits charging, reduces thermal damage, and
improves the secondary electron signal which can help to increase the image contrast between the

nanofillers and the matrix.

3.8.2 X-Ray Diffraction

X-ray Diffraction (XRD) technique utilises X-ray beams projected on to a sample at different angles, and
then analyse the reflected scattered beams. The X-rays are generated by a cathode ray tube, filtered to
produce monochromatic radiation. X-ray diffraction is based on constructive interference of
monochromatic X-rays. Graphical representation of the amplitude (intensity) of the reflected wave over the
range of angle can be used to characterise the sample. XRD analysis is often preferred over microscopy

techniques since it can provide the ability to analyse a greater volume of material.
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Figure 8: Schematic figure showing XRD diffraction scattering

X-ray scattering typically has a wavelength in the range of around 0.1 nm [169]. When waves of the same
frequency are out of phase by one full cycle, one of the waves will be lagging by one full wavelength. Thus,
the peaks of the wave coincide to create constructive waves. By Following Bragg’s law, incident X-ray
radiation produces a Bragg peak due to the constructive interference of the reflected waves from different
crystal lattice planes with a d-spacing between them as explained schematically in Figure 8 [170]. The
relationship between the wavelength of the X-ray, A, the d-spacing between the crystal lattice planes, d, and
the diffracted intensity and angle, ©, is given by Eq. 6 as follows:

nd = 2dsin6 (6)

where 7 is a positive integer. Crystalline materials show a sharp peak in XRD analysis whereas amorphous
materials do not show any peaks. XRD analysis spectrum of a material consisting of different compositions
can be predicted by superimposing the XRD analysis spectrum of the individual components in the material.
Since the X-ray wavelength is in the nano-meter scale, and due to the similar scale of d-spacing in GNP,
XRD analysis is suitable for differentiating between the different degrees of dispersion within the matrix.

Unmodified GNP or graphite usually shows a clear peak, where as properly exfoliated GNP do not display
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any peaks on the graph as shown in Figure 9. By this method, one can determine whether the filler GNP
platelets inside a nanocomposite sample of known substances has been completely exfoliated [86]. When
the diffraction peaks occur at angles larger than 2°, wide-angle X-ray diffraction (WAXD) technique can

be used to analyse features that are in the nano-meter scale.

Intensity (a.u.)
g
E
a
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Figure 9: XRD patterns of graphite, graphene oxide and graphene (adapted from [171])
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4. Experimental Setup

In this section, it will be described in detail as to how the nanocomposite samples were prepared by the two
different dispersion methods, ultrasonication and three roll milling (3RM). After the samples were made,
they were characterized to assess possible filler re-agglomeration, settling and alignment. Following these
characterisation steps, erosional and thermal conductivity testing were performed. Related procedures are

also explained in the following.

4.1. Sample Preparation

A two-part castable polyurethane, NR 606 (Normac Adhesive Products Inc., Burlington, ON, Canada) was
used as the polymer matrix. It has a Shore A hardness of 70 and was the PU of choice due to its usage in
high wear applications and protective coatings [172], a long working pot-life of 40 minutes, and
transparency. The PU pre-polymer resin, part A, is a reaction product of polyether and toluene diisocyanate

(TDI), and the hardener, part B, is di(methylthio)toluenediamine (DMTDA).

Graphene nanoplatelets (GNP) of Grade M (XG Sciences, Inc., Lansing, MI, USA) was used as the filler
material [77]. GNP particles have a nominal average thickness of 7 nm and a surface area to weight ratio
of 120 to 150 m?%/g, with an average diameter of 5 microns. The GNP have a manufacturer tested thermal
conductivity of 3,000W/mK and 6W/mK in radial and axial direction, respectively. Their tensile modulus
and tensile strength are correspondingly 1,000 GPa and 5 GPa. Both acetone and methyl ethyle ketone
(MEK) were used as solvents (Fisher Scientific Company, Ottawa, ON, Canada) [[173], [174]]. As the
purpose of this research is to compare the thermal conductivity and erosion wear performance of GNP-PU
nanocomposites prepared by two different dispersion methods, all the steps during sample preparation were
kept identical, except the step involving the dispersion. Pure PU was cured, and its properties compared to
GNP-PU nanocomposite samples with 1 wt%, 2 wt%, 3 wt% and 4 wt% (weight percentage filler loading),
prepared by both the ultrasonication and 3RM dispersion techniques. Thus, nine different sample sets were

prepared for testing.

Firstly, GNP was weighed precisely in a beaker with an AV313 Adventurer Digital Balance (Ohaus,
Parsippany, NJ, USA) [175] to the mass that is required to meet the desired weight percentage filler loading
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of the sample to be prepared. The weighed GNP was then blended by magnetic stirring with 20 ml of
acetone for 2 hours. Meanwhile, the monomer PU Part A was heated in an oven to 60°C. The preheated
monomer was then mixed with the GNP-acetone mixture and stirred with a magnetic stirrer/heater for
30 minutes at 60°C and 100 rpm. This fabrication step was performed to evenly distribute GNP in the
solution of monomer and acetone while maintaining a low viscosity. It is after this step, and before in-situ
polymerisation, dispersion by either sonication and 3RM was selected. Sonication was performed for
3 hours on the mixture using a Q500 sonicator (Qsonica, Newtown, CT, USA), set to a power, amplitude,
and frequency of 500 Watts, 90%, and 20 kHz, respectively [176]. For the other set of samples, solutions
were subjected to 3RM three times using an Exakt 80E (Exakt Technologies, Broadway Extension,
Oklahoma City, USA) [177], with a gap between the rollers of 120 um and 5 pm and the fastest roll turning
at 150 rpm. A decrease in solution level was noted during the ultrasonication process, indicating that the
heat generated through the vibrating probe caused much of the acetone solvent to evaporate from the
solution. Similarly, a decrease in solution mass resulted in 3RM due to acetone evaporation due to heat

generated by the shearing of the material between the rollers.

After both the dispersion methods were completed, solutions were repeatedly heated to 80°C under applied
vacuum at -80 kPa for 1 hour with intermittent stirring to prevent GNP from settling. Heat and vacuum
were applied to evaporate and degas any remaining acetone from the solution of PU monomer phase.
Subsequently, the hardener Part B was added to the monomer Part A (with dispersed GNP) according to
the manufacture’s recommendation, i.e., a 100/15 ratio by mass of Part A to Part B. The resulting mixture
was stirred thoroughly and then poured into a mould that was preheated to the curing temperature of 90°C.
Before placing the mould into the oven set at 90°C to cure for 10 hours, vacuum was once again applied to

remove any trapped air bubbles that might have been entrained during the addition of the Part B hardener.

Square sample pieces, each 5 cm by 5 cm wide and 6 mm thick, were cut from the cured plates of
nanocomposite material with different GNP filler loadings and made by the two different dispersion
techniques. Note that after initial fabrication trials, MEK was disregarded as a solvent. MEK has a higher
boiling point than acetone. Hence, removing MEK from the Part A was more difficult and required much
higher temperature. MEK also lowered the viscosity of the solution significantly more than acetone. The
much lower viscosity resulted in much of the GNP settling out during the curing process. It is interesting
to note that this phenomenon was realized after cured nanocomposite samples curved upwards resulting in

warped samples instead of flat samples. It was deduced that a high difference in coefficient of thermal
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expansion throughout the cross-sectional thickness caused the warping, that is, when samples cooled down
to room temperature after curing at an elevated temperature, there was a difference in contraction between
the top and bottom surface. However, it should be noted that the warping effect may have also occurred

due to non-uniform curing of the sample.

4.2. Material Characterisation

An EVO MA10 scanning electron microscope (Zeiss, Oberkochen, Germany) [167] was used to analyse
the morphology of the nanocomposites’ cross-sectional area after cryo-fracturing [178]. SEM was also
employed to image neat GNP. Note that cryo-fracturing was employed to prepare samples for SEM because
shear forces from cutting may destroy features in the cross-sectional surface that is of interest. Hence, liquid
nitrogen was used to freeze nanocomposite samples, and the frozen brittle samples were fractured to reveal
the cross-sectional surface without damaging the area of interest. Moreover, since PU is an electrical
insulator, gold coating was applied to the samples to increase the surface electrical conductivity to avoid
charge buildup and resulting poor SEM image quality. Similarly, SEM images of neat GNP were taken by
gold coating.

WAXD (Wide Angle XRD) was performed on each samples prepared by both ultrasonication and 3RM. A
Ultima IV Multipurpose X-ray diffraction system (Rigaku Corporation, Tokyo, Japan) with a cobalt tube
and wavelength of 1.78899A, applying a voltage of 38 kV and a current of 38 mA, was used for sample
analysis [179]. WAXD was also performed on pure PU sample as well as neat GNP powder for comparison.
In this manner, XRD spectrums of the individual nanocomposite constituents can be superimposed to better
comprehend the XRD spectra of the final nanocomposites, i.e., the spectrum and/or peaks from PU, GNP
and any other elements that may be present in the sample can be discerned clearly. Also, the XRD data for
neat GNP can be used to determine the degree of dispersion of GNP in the nanocomposites. WAXD was
performed, from 5° to 90°, on both the top and bottom surface of the samples to provide indication of
particle settling. Since the XRD spectrum and peaks are dependent on the concentration and alignment of
the GNP producing it, it is expected that settling of GNP particles would produce difference signatures
between the two surfaces [[180], [181]].

30



4.3. Thermal Conductivity Testing

The thermal conductivity data of the nanocomposite samples were measured using a Thermtest Transient
Plane Source (TPS) 2500S Hot Disk thermal constants analyzer (TCA) (Thermtest Inc., Fredericton, NB,
Canada) with CS5501 sensors at 25°C, 60°C and 100°C [182]. The tests were performed on each type of
sample, i.e., 0 wt% GNP-PU, 1 wt% GNP-PU;, 1 wt% GNP-PUsrum, 2 wt% GNP-PU, 2 wt% GNP-PUsgrw,
3 wt% GNP-PUs, 3 wt% GNP-PUsrm, 4 wt% GNP-PU;, and 4 wt% GNP-PUsrw.

To perform a thermal conductivity test, the TPS sensor was clamped in between a pair of sample pieces
composed of the same nanocomposite, ensuring tight contact between sensor and sample without air gaps.
The sample and sensor assembly was placed inside a thermally insulated chamber, as shown in Figure 10,
where the temperature was controlled and isothermal tests were performed. The temperature control
involved circulating heated silicone oil through the chamber walls from a reservoir unit using circulation
bath and pump. The bulk (isotropic) thermal conductivity was measured for the various sample types. The
average thermal conductivity was calculated from 20 sets of thermal probing at 50 mW that lasted for
probing periods of 5 seconds, 10 seconds and 20 seconds. Thermal conductivity results from different
probing periods were used to check for sample homogeneity. After each test, the results were checked for
the probing depth to ensure that probing did not surpass the actual sample thickness, in which case the tests
were repeated for a lower probing period. Prior to taking measurements at a specific temperature, a wait
time of 3 hours was applied to let the samples subsequently reach equilibrium measurement temperatures
of 25°C, 60°C and 100°C. There also was a wait period of 15 minutes between each thermal probing to let

the sample cool down to the target temperatures of 25°C, 60°C and 100°C.
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Figure 10: Insulated chamber for thermal conductivity testing

Specific heat capacities were measured for 0 wt% GNP-PU, 3 wt% GNP-PUs, 3 wt% GNP-PUsrym, by using
a differential scanning calorimeter (DSC) following the ASTM E1269 standard. For the DSC, experiments
a Mettler Toledo DSC 2 Instrument with 40 uL. Mettler Toledo standard aluminum crucibles (Mettler-
Toledo, LLC, Columbus, OH, US) was utilised [183]. Specific heat capacities obtained by DSC were used
as an input parameter required to assess anisotropic thermal conductivity via the TPS method. Anisotropic
thermal conductivities, at different probing depths, were measured for 0 wt% GNP-PU, 3 wt% GNP-PU;
and 3 wt% GNP-PU;rym to assess possible filler alignment and settling between the different dispersion

methods.
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4.4. Erosion Testing

The erosion rate of pure PU and GNP-PU nanocomposites with different GNP filler loading and dispersion
methods was measured by using a modified ASTM G76 erosion testing apparatus. This modified apparatus,
as shown in Figure 11 and Figure 12, allows for changing the temperature of a stream of gas and solid
particles flowing through a nozzle. The experimental setup is also capable of adjusting the angle of the
sample with respect to the nozzle. For the purpose of this research, the erosion rate was measured at
temperatures of 25°C, 60°C and 100°C while the samples were set at a 30° impingement angle. The erosion

test assembly was set to this angle since ductile materials are most prone to erosion at this angle.

Sample

— Heat Source Aluminum Plate

—Sensing Probe
Heating Probe

Temperature
Control

Figure 11: Schematic of modified ASTM G76 erosion testing setup (adapted firom [6])
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Figure 12: Modified ASTM G76 erosion testing setup

Figure 13: Motoman HP20 robot arm being used to hold nozzle in position
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A programmable extended-reach robotic handling arm, Motoman HP20 (HP-20, Motoman, Yaskawa
Electric Corp., Waukegan, IL, USA) [184], as shown in Figure 13, was used to bring the nozzle in place
and hold its position to spray the eroding grit particles. A total of 27 different samples were bonded to
aluminum substrates using 3M epoxy adhesive (3M DP460, 3M Scotch-Weld, St. Paul, MN, USA) [185].
Experiments were divided into three groups of nine samples, i.e., one group for each of the three different
temperatures of 25°C, 60°C and 100°C. The nine samples in each group were 0 wt% GNP-PU, 1 wt% GNP-
PUs, 1 wt% GNP-PUsry, 2 wt% GNP-PU;, 2 wt% GNP-PUsrm, 3 wt% GNP-PU;, 3 wt% GNP-PUsry,
4 wt% GNP-PU; and 4 wt% GNP-PUsrm. The mass of each of the samples with the aluminum substrate
was measured precisely using the AV313 Adventurer Digital Balance [175]. Then, samples were preheated
to the desired test temperature before running an erosion test. Grit particles of size #54, which is 300 um
on average, were weighed each time along with a hopper. The hopper was attached to the volumetric powder
feeder SMPE (Oerlikon Metco, Westbury, NY, USA), which is the control unit for temperature and pressure
of the gas stream. Erosion tests were performed with the solid particles impinging each of the sample for
200 seconds, at a pressure of 435 KPa (63.1 psi), and temperatures of 25°C, 75°C and 125°C on samples
preheated to 22°C, 60°C and 100°C, respectively. After each erosion test, each sample was thoroughly
cleaned to remove any solid particles and then weighed again precisely. The mass of the solid grit particles
remaining in the hopper was also determined. The final erosion rate was thus measured as the difference in

the mass loss of the test sample divided by the difference in the mass of the eroding solid particles.
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5. Results and Discussion

5.1. SEM Imaging of Neat GNP and GNP-PU Nanocomposites

SEM imaging of neat GNP, as shown in Figure 14, reveals that particles are of different sizes varying from
around 1 pm to 30 um. The thickness of the platelets also varies between each of the particles, and particles
are randomly shaped and deviate strongly from circular shape. SEM images of cryo-fractured cross
sectional surfaces, as shown in Figure 15 and Figure 16, reveals that the GNP filler was well distributed
within the PU matrix, with noticeable few agglomerates. There are also no visible signs of damage to the
platelets under freeze fracturing. Figure 15 shows a cavity in the top right of the image which was likely
created by a platelet being separated perpendicularly from the sample surface during the cryo-fracturing.
Figure 16 shows that it is possible for platelets to self-align when in close proximity to one another.
Although this does not represent the bulk of the samples, it does provide valuable insight into how particles

are arranged inside the matrix.

Figure 14: SEM image of neat GNP under 802X magnification
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Figure 15: SEM image of freeze fractured cross sectional surface showing GNP embedded in PU in 1 wt% GNP-PU
nanocomposite material at 772X magnification

Figure 16: SEM image of freeze fractured cross sectional surface showing GNP embedded in PU in 1 wt% GNP-PU
nanocomposite material at 2000X magnification
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5.2. XRD Analysis

The XRD results were plotted for pure PU and neat (un-exfoliated) GNP in the same graph to help
distinguish the peaks from XRD analyses of nanocomposites. The graph, shown in Figure 17, reveals that
pure polyurethane has one major broad peak at an angle of around 23.5°. Neat GNP exhibits a distinct peak
with high intensity at an angle of 31°. Clearly, the PU peak is much broader and less intense than the peak
of GNP, which is to be expected given that PU is amorphous whereas GNP features a lattice structure.
Using Eq.6 from Section 3.8.2, the angle at which the diffraction occurs and the wavelength of the incoming
X-ray, d-spacing between platelets of 3.35 angstroms is determined. In previous research the d-spacing for
graphite was ascertained as 3.36 angstroms [171], which closely matches the present results. Minor peaks
in the XRD spectrum of GNP are assumed to be due to impurities, such as bonded oxygen or residual acid
content as mentioned in the manufacturer’s data sheet [77]. From the XRD spectrum, it can be deduced that
GNP as used in this research are not mono layers, but rather stacked platelets, as also indicated by SEM
images in the previous section. The data sheet from the manufacturer specifies the thickness of platelets to
be 6 nm to 8 nm, which also confirms that multiple sheets are stacked as it is known that a single graphene

sheet is about 0.3 nm.
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Figure 17: XRD Analysis graph of pure PU and un-exfoliated GNP

It is expected that the XRD spectrums of GNP-PU nanocomposites will have strong similarity to the
superimposed XRD curves of pure PU and GNP as shown in Figure 17, assuming that the filler particles in
the nanocomposites are not exfoliated. XRD plots for the top and bottom surface of GNP-PU
nanocomposites prepared by the different dispersion methods are presented in the Appendix Figure Al to

Figure A4. The analytics from the XRD scattering results of the different samples are presented in Table 1.
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Table 1: XRD analysis of top and bottom surface of GNP-PU nanocomposites

Sonicated 3RM
1% 2% 3% 4% 1% 2% 3% 4%
Top Surface Highest Intensity Count 26,621 41,429 48,055 64,187 20,366 13,140 53,481 45,392
Bottom Surface Highest Intensity Count 25,798 39,701 46,240 50,641 23,613 26,489 59,051 54,023
Top Surface Diffraction Angle 20 for Peak Intensity 30.92 30.92 30.98 30.92 30.94 30.84 30.94 30.92
Bottom Surface Diffraction Angle 20 for Peak Intensity 30.96 30.94 30.96 30.94 30.92 30.88 30.92 30.92
Combined Peak Intensity Count 52,419 81,130 94,295| 114,828 43,979 39,629 112,532 99,415
Normalized Combined Peak Intensity Count (per wt % GNP) 52,419 40,565 31,432 28,707 43,979 19,815 37,511 24,854

From XRD graphs of GNP-PU nanocomposites shown in Figure Al to Figure A4, and correlating the
findings for pure PU and GNP, the broad peak at 23.5° angle is associated with polyurethane while the
sharp peak at 31° arises from the presence of graphite. Since the peak intensity is dependent on the
concentration of the element that is giving rise to the peak at that diffraction angle, it is supposed that the
greater the magnitude of the graphite peak, the greater concentration of un-exfoliated GNP is in the material
[186]. The peak intensity count of GNP for both the top and bottom surfaces of each sample were compiled
to provide a representation of the degree of dispersion of the GNP in the samples. Peak intensities were

further also normalised by dividing values by the GNP filler weight percentage of the nanocomposite.

Figure 18 depicts the normalised total XRD peak intensities for the nanocomposite samples of varying filler
loading prepared by the two different dispersion methods. It indicates that for the sonication method, higher
degree of GNP dispersion was attained with increase in filler loading. The degree of dispersion increased
as judged by a decrease in the total peak count with increase in filler loading. On the other hand, by 3RM,
trends are less clear, yet it appears that the degree of dispersion is higher than for sonication at lower filler
loadings. Nevertheless, unlike for the sonication method, no clear evidence exists to conclude that

exfoliation quality improved with increase in filler loading for the 3RM method.

Data in Table 1, indicates that at lower filler loading the diffraction angle at which XRD peaks occur are
slightly lower than 31°, which is more prominent for the 3RM method, suggesting an increase in d-spacing.
The increase in d-spacing between the crystal lattice, can be due to intercalation of polymer chains between
layers of GNP [170]. The increase in d-spacing is less noticeable at higher filler loadings. Judging from the
differences between the top and bottom surface XRD peak counts, there is no indication of settling in the
sonication dispersion method. XRD peak counts are much larger in the bottom surface of the samples
prepared by 3RM process which suggests that there may be settling of agglomerated filler platelets in the

nanocomposite samples prepared by 3RM.
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Figure 18: Normalised XRD peak intensity count against varying GNP concentration
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5.3. Differential Scanning Calorimetry

DSC measurements taken for pure PU over a range of -10°C to 150°C over three repeated cycles, as shown
in Figure A5 in the Appendix, revealed that the glass transition temperature is -8°C. Thus, over the
temperature range of the erosion test, the polyurethane was in its rubbery phase. Besides pure PU,
nanocomposites with 3 wt% GNP dispersed by sonication and 3RM were characterized via DSC. Resulting
data revealed that specific heat capacity and volumetric heat capacity increased with temperature for all
three materials. However, for the 3 wt% GNP-PUsrm sample, the specific and volumetric heat capacity is
lower over the whole temperature range compared to pure PU and 3 wt% GNP-PUs, as presented in Figure

19 and Figure 20.
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Figure 19: Volumetric heat capacity of pure PU and 3 wt% GNP-PU nanocomposite samples
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Figure 20: Specific heat capacity of pure PU and 3 wt% GNP-PU nanocomposite samples

5.4. Isotropic Thermal Conductivity Measurements

The bulk thermal conductivity of pure PU was measured first to verify calibration of the TPS device. At
room temperature the bulk isotropic thermal conductivity of pure PU was found to be 0.19 W/mK. Previous
experiments performed by Akram reported a bulk thermal conductivity of 0.2 W/mK at room temperature
[7]. Other research available in the technical literature reported the thermal conductivity of non-porous PU
to be 0.19 W/mK [187]. For the nanocomposite samples, data from thermal conductivity testing of at

temperatures of 22°C, 60°C and 100°C are depicted in Figure 21 to Figure 23, respectively.
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Figure 21: Bulk isotropic thermal conductivity at 22°C of pure PU and GNP-PU nanocomposites
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Figure 22: Bulk isotropic thermal conductivity at 60°C of pure PU and GNP-PU nanocomposites
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Figure 23: Bulk isotropic thermal conductivity at 100°C of pure PU and GNP-PU nanocomposites

In Figure 21 to Figure 23, it can be observed that thermal conductivity increased with increasing filler
loading. Especially at elevated temperatures, thermal conductivity of GNP-PU nanocomposites prepared
by 3RM is higher compared to those samples prepared by the sonication method. This trend is not as much
apparent at the lower test temperatures. Thermal conductivity of nanocomposites with 3 wt% filler loading
prepared by the sonication method increased by 47.8%, 47.8% and 39.1% at 22°C, 60°C and 100°C,
respectively, as compared to pure PU. In contrast, for the same filler loading, nanocomposites made by
3RM, the thermal conductivity increased correspondingly by 58.8%, 59.2% and 72.0%. Higher thermal
conductivity of nanocomposites prepared via 3RM may be attributed to filler alignment and/or a higher
degree of filler dispersion, as concluded by XRD analysis. Due to higher filler alignment, graphene platelets

are in closer proximity to each other, reducing phonon scattering. Filler alignment may further promote
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phonon transfer by decreasing the mean free path between particles. In this manner, quasi-percolating
behavior yielding directional conductive networks may been have developed in samples produced via 3RM
[[46], [49], [57], [62], [187]]. At all three temperatures, for both types of dispersion method, it can be
observed that between 2 wt% and 3 wt% filler loading, the rate of thermal conductivity increase with filler
loading is declining. As mentioned earlier, assuming percolation type behavior, a threshold in filler loading
for rapid increasing thermal conductivity exists beyond which a rise in conductivity occurs at a lower rate.
In a previous paper it was noted that the percolation threshold GNP filler percentage for electrical
conductivity was 0.3 wt% [104], which is lower than what was tested by the present experiments. However,
mechanisms for the transport of electrical charge and phonons are different, so a correlation cannot
necessarily be expected. Research on thermal conductivity of GNP-PU dispersed by 3RM indicated a
thermal percolation threshold of 1 wt% filler loading [188]. Other research has found the thermal
percolation threshold of GNP dispersed in polymer to be as low as 0.17 wt % [109].

In some instances, especially in Figure 21Figure 23, a sharp decrease in thermal conductivity is observed
at higher filler loading, specifically, beyond 3 wt% GNP. Although XRD analysis indicated that the ratio
of normalized exfoliated GNP increased with the increase in filler loading, a greater amount of
agglomerated GNP may be present in samples with high filler loading which degraded the quasi-percolating
directional conductive networks, leading to the sharp decrease in thermal conductivity. In other words, the
positive effect on thermal conductivity enhancement resulting from better exfoliation was annulled by a
more negative effect on thermal conductivity due to agglomeration. It should be noted that high filler
loadings make handling and processing of nanocomposites more difficult due to rapidly increasing
viscosity, thus filler dispersion is more challenging and air is more easily entrapped inside the sample,

which may contributed to the drop in thermal conductivity at the high filler loadings.

As seen in Figure 20, due to an increase in specific heat capacity with temperature, and following Eq.(2), it
is expected that thermal conductivity will increase with temperature for all samples. However, as seen in
Figure 24 and Figure 25, for both the 3RM and sonication methods, thermal conductivity does not increase
significantly with temperature. It is noted that for some of the samples, there is even a slight decrease in
thermal conductivity with temperature. At room temperature, the thermal conductivity of the GNP
nanocomposites was significantly higher than for pure polyurethane, so this strong initial effect seems to
be merely maintained at elevated temperatures. Since it was ascertained that specific heat capacity increased

with temperature for the samples, any decrease in thermal conductivity at higher temperatures can be
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speculated to be due to a decrease in either phonon velocity, v, or the mean free path, /. This has been
described in literature stating that for solid crystalline materials, thermal conductivity is proportional to the
mean free path, /, which is proportional to 1/7%, where T is temperature greater than 20°K and x is a value
between 1 and 2 [189]. Notably, the GNP-PUsrm samples with 2 wt% and 3 wt% exhibited an increase in
thermal conductivity with temperature. These are the same samples that showed an anomaly in trend in

XRD curves compared to the other samples.
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Figure 24: Bulk isotropic thermal conductivity of 3RM GNP-PU nanocomposite samples
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Figure 25: Bulk isotropic thermal conductivity of sonicated GNP-PU nanocomposite samples

The thermal conductivity of samples was analysed at full and half probing depth in order to assess the
quality of filler distribution throughout the matrix. For a homogenous distribution, it is expected that
thermal conductivity will be the same at both full and half probing depth. As per Figure 26, for the 1 wt%
filler loading, the full probing depth thermal conductivity was slightly lower than the half probing depth
thermal conductivity for both the sonicated and three roll milled samples. This suggests that there was some
degree of settling of GNP which resulted in higher thermal conductivity in the half probing depth. However,
for the 2 wt% filler loading, unlike its sonicated counterpart, the three-roll milled sample does not show
any sign of settling. The most homogenous distribution can be observed for samples with 3 wt% filler

loading where both the sonicated and 3RM samples exhibited thermal conductivities of similar magnitude
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for both full and half probing depth. The sonication method also provided more homogeneous thermal
conductivity for the 4 wt% GNP nanocomposites compared to the 3RM counterparts. Thus, the thermal
conductivity results are in line with the XRD analysis from which it was deduced that sonication method

had yielded more homogenously distributed GNP in the PU matrix.
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Figure 26: Bulk isotropic thermal conductivity of GNP-PU nanocomposite samples at full and half probing depth
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5.5. Anisotropic Thermal Conductivity Measurements

The anisotropic thermal conductivity measurements gave insight into the effect of alignment on the thermal
conductivity of nanocomposites in the in-plane (radial) and through-thickness (axial) direction. As
expected, it can be seen from Figure 27 that for pure polyurethane the axial and radial thermal conductivity
are practically identical, indicating that the sample is isotropic. For nanocomposites with 3 wt% filler
loading prepared by sonication, thermal conductivity is higher in the axial direction compared to the radial
direction, which suggests that there is some degree of anisotropy due to the presence of GNP. If GNP were
randomly oriented, testing would have showed that the sample is isotropic. The result also suggests that
vertical platelet alignment occurred. Anisotropic thermal conductivity may stem from a self-alignment
effect of filler platelets while setting due to gravity. The 3 wt% GNP-PUsrm nanocomposite exhibited even
higher thermal conductivity in the axial direction compared to the radial direction, which suggests an even
higher degree of alignment of platelets in the matrix. These observation correspond with findings in
literature discussed in Section 3.5.1.3, where it was stated that a higher degree of filler alignment can be

attained by 3RM due to the shear forces applied by the rollers.
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Figure 27: Anisotropic thermal conductivity of pure PU and 3 wt% GNP-PU nanocomposite samples
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5.6. Erosion Tests

The results from the erosion tests, with raw data shown in Table A1 in the Appendix, are depicted in Figure
28 and Figure 29. Pure PU eroded at a rate of 0.028 mg/g at 22°C. This rate increased nearly 8-fold and 30-
fold at elevated temperatures of 60°C and 100°C, respectively. The observed trend resembles previous
research by Hossain et al. [[6], [190]] where at 22°C the erosion rate for four pure commercial grade PU
samples ranged from 0.016 mg/g to 0.054 mg/g. However, in the research by Hossain et al., on average, the
erosion rate rose only by ~74% when the temperature was elevated to 100°C, with a maximum increase of
~325% for one of the four neat PU samples. It should be mentioned that the PU samples tested previously
by Hossain et al. were different commercial grade materials and were also produced in a different manner
as done for this research. Therefore, the material properties in the work by Hossein et al. may have been

different compared to the PU samples that were used in the present research.
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Figure 29: Erosion rate of 3RM GNP-PU nanocomposite samples at elevated temperature compared to pure PU

The results from this experiment with GNP reinforced PU showed that at 22°C, pure PU eroded at a lower
rate compared to the GNP-PU nanocomposite samples. The introduction of 1 wt% GNP (by sonication as
well as 3RM method) increased the erosion rate to 0.16 mg/g and 0.098 mg/g. But, with rising GNP filler
loading it was possible to lower the erosion rate. At 4 wt% filler loading, the erosion rates were reduced to
0.083 mg/g and 0.043 mg/g for sonicated and 3RM samples, respectively. It is speculated that the initial
introduction of GNP to the matrix may have obstructed some polymer chain formation during the curing
process. This may have altered the ductility or hardness of the matrix itself, leading to higher erosion rates.

Furthermore, with increase in GNP filler loading concentration in the matrix, the distance between each
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GNP decreases. As van der Wall’s forces increase with decrease in intermolecular distance, it can be
deduced that due to this intermolecular attraction between GNP in the PU matrix, the erosion rate decreases
with increase in GNP concentration in the matrix. With the combined effect of van der Waals-based
interface cohesion, the GNP filler in this case acts as a reinforcement that keeps the matrix intact [191]-

[194], [194]-[198].

While GNP reinforcement at low concentration deteriorates the erosive wear performance of polyurethane
at room temperature, the filler plays a critical role in enhancing wear performance at elevated temperatures.
Erosion tests for samples prepared by both sonication and 3RM showed that the presence of GNP
reinforcement lowered the rate of erosion at 100°C when compared to pure PU. Even though erosion rates
for GNP-PU nanocomposites still increased with rising temperature, the increase occurred at a much lower
rate compared to pure PU. At 100°C, compared to pure PU, the erosion rate of the samples with 1 wt%
GNP was 65.9% and 66% lower for the sonicated and 3RM GNP-PU samples, respectively. Similarly, at
100°C, the erosion rate of the sonicated and 3RM samples with 4 wt% GNP was 71.3% and 76.14% lower,
respectively. With slight variances, in general, it can be noted that increasing GNP filler loading enhanced
the erosive wear performance at elevated temperatures, with an overall better wear performance

demonstrated by GNP-PU nanocomposites prepared by 3RM.

Average erosion rates over the three temperatures are plotted in Figure 30 for the samples with varying
degree of filler loading and method of dispersion. This graph shows that erosion rates typically decreased
with the increase in filler loading, with overall lower erosion rates demonstrated by the samples prepared
by the 3RM method. The exception is the 2 wt% GNP nanocomposites, where the erosion rate of the 3RM
samples are on average higher than those prepared by sonication. As discussed in Section 3.7.3, and
referring to the results in Section 5.2 and 5.5, it can be deduced that due to some through-thickness filler
alignment (perpendicular to the eroding surface) obtained by the 3RM method, the erosion rates of
corresponding samples is lower than for samples prepared by the sonication process. For the 3RM samples,
thermal conductivity in the axial direction (normal to the eroded surface) is also higher, and so is the bulk
thermal conductivity due to conductive network formation. The thermal conductivity did not rise
significantly at elevated temperatures, but it did rise with increase in filler loading. Since the erosion rate
increased at a lower rate for the GNP-PU nanocomposite samples with increase in temperature, the increase
in thermal conductivity is seen to be one of the reasons for lower erosion rate of the GNP-PU samples at

elevated temperatures compared to pure PU. However, since the increase in thermal conductivity is
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marginally higher compared to the level of improvement in the erosion rate at elevated temperatures of

GNP-PU samples compared to pure PU samples, there may be other factors that are affecting the erosion

rate.
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Figure 30: Combined average erosion rate with increase in filler loading for pure PU and GNP-PU nanocomposite samples
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5.7. Surface Morphology Evaluation

After the erosion tests, the eroded surfaces were evaluated through SEM imaging for the pure PU sample
and the 4 wt% GNP-PUs and 4 wt% GNP-PUsrm samples that were eroded at 22°C and 100°C. From the
SEM image for the pure PU sample at eroded at 22°C, as shown in Figure 31, there is evidence of
embedment of erodent particles into the surface. There is also the presence of small asperities, which,
combined with the embedment of the erodent particles, suggest that the pure PU at 22°C underwent ductile
erosion with plastic deformation. If it was brittle erosion, there would not be any embedment of the erodent

particles on the eroded surface [6], [139], [142], [199], [200].

Figure 32 shows the SEM image of pure PU eroded at 100°C, under which condition the pure PU eroded
the most. Asperities on the eroded surface are much larger and there is more embedment of the erodent
particles. Increased plastic deformation and ductile erosion with rising temperature were the result of
changes in PU material properties. As previously mentioned, with increase in temperature, ultimate strength

and elastic modulus of polyurethane decreases, which may be the reason for the higher erosion rate [6].

‘Particle” ;
'Embedment

Figure 31: SEM image of eroded surface of pure PU at 22°C
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Figure 32: SEM image of eroded surface of pure PU at 100°C

For the 4 wt% GNP-PUs nanocomposite samples, SEM imaging of the surface eroded at 22°C as seen in
Figure 33, shows that the surface has fewer asperities, with noticeably less embedment of erodent particles,
compared to the pure PU eroded at the same temperature. The surface appears to be smoother, and although
subsurface cracks are not visible through SEM imaging, due to lower ductile erosion, the sample may have
undergone more of brittle erosion. Previous research described a brittle to ductile erosion transition due to
changes in kinetic energy of the solid eroding particles [201]. When erodent particles with low kinetic
energies are used to erode brittle targets, the impacts lack the energy to initiate cracks, and thus the erosion
in that case is ductile instead of brittle. In the present case, the erodent particles have the same kinetic energy
in both the normal and tangential direction to the eroding surface. However, a potential ductile to brittle
erosion transition may have taken place due to changes in the nanocomposite material physical properties

imparted by the GNP reinforcement [145], [158], [160], [202].

SEM imaging of the eroded surface of the 4 wt% GNP-PUs sample at 100°C, as shown in Figure 34, shows
that there is little change in the surface morphology compared to the eroded surface at 22°C. There are
small traces of solid particle embedment and small asperities and ridges present suggesting that there was

some degree of ductile plastic deformation erosion at the elevated temperature.
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Figure 34: SEM image of eroded surface of 4 wt% GNP-PU sample prepared by sonication at 100°C
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Recall that the rate of erosion for 4 wt% GNP-PUsrm was typically lower than for sonicated samples, at
22°C and elevated temperatures of up to 100°C. Figure 35 shows a SEM image of the surface of the 4 wt%
GNP-PUsrm sample eroded at 22°C. The image indicates a similar level of surface roughness and mode of
erosion compared to the samples prepared by sonication. On the other hand, for the 4 wt% GNP-PUsrum
sample eroded at 100°C, the surface appears to be smoother compared to the 4 wt% GNP-PUs sample
eroded at the same temperature, as seen in Figure 36. Asperities appear smaller for the 4 wt% GNP-PUzrm
sample which suggests that there was a lesser degree of ductile erosion in the 3RM samples at elevated

temperature compared to the sonicated samples.

Figure 35: SEM image of eroded surface of 4 wt% GNP-PU sample prepared by 3RM at 22°C
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Figure 36: SEM image of eroded surface of 4 wt% GNP-PU sample prepared by 3RM at 100°C
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6. Conclusions:

This research investigated the thermal conductivity and erosive wear resistance performance of
polyurethane by embedding graphene nanoplatelets as reinforcement particles. Samples were prepared
using sonication or three-roll milling as the method for filler dispersion in order to facilitate studying the
effects of these methods on thermal conductivity and wear performance. SEM images of samples with
dispersed GNP in PU showed that GNP was well distributed, except for a few noticeable agglomerates. It
was also found that GNP can potentially self-align when in proximity to each other inside the matrix. By
the sonication dispersion method, with increase in GNP filler loading, more dispersed GNP was attainable,
and the degree of dispersion was found to increase. On the other hand, by 3RM, the degree of dispersion
was found to be higher than the sonication method at lower filler loadings. However, unlike the sonication
dispersion method, no significantly noticeable trend was found to conclude that the quality of dispersion
increased with increasing filler loading in the 3RM method. An increase in d-spacing was ascertained at
lower filler loading in the 3RM method suggesting there was potential intercalation of polymer chains
through GNP layers. There was also no indication of settling of graphene platelets in the sonication method.
On the contrary, XRD peak intensity counts were much larger in the bottom surface of the samples prepared

by 3RM method, suggesting settling of graphene platelets.

With an increase in graphene filler loading, thermal conductivity was found to increase substantially. This
increase was more prominent in samples prepared by three-roll milling compared to the sonication method.
This phenomenon can be attributed to a higher degree of alignment by the 3RM dispersion method, allowing
for better phonon transfer through quasi-percolating directional conductive network formation. At some
instances, a sharp drop in thermal conductivity was noticed when filler loading was increased beyond
3 wt%. This effect may be caused by disrupted conductive network as a result of greater particle
agglomeration. As mentioned above, there was some degree of settling of graphene, which gave higher
thermal conductivity when testing samples with a low probing depth. Settling of GNP was observed for
both the sonicated and 3RM samples, however it was more pronounced for nanocomposite samples
prepared by 3RM. Overall, by comparing thermal conductivities from different probing depths, findings
derived from thermal conductivity testing agreed with observations made by XRD analyses. It was deduced
from these findings that the sonication process yielded more homogenous filler distribution and mitigated
particle settling in the polyurethane matrix. Anisotropic thermal conductivity testing showed that regardless
of the method of dispersion, there was some degree of anisotropy that may have been produced by particle

alignment in the sample through-thickness direction during particle settling. The 3RM method caused a

63



greater degree of alignment of graphene platelets which resulted in a higher magnitude of thermal

conductivity in the through-thickness direction.

The erosion rate of pure PU increased up to 30-fold at an elevated temperature of 100°C when compared
to erosion at 22°C. With increasing filler loading, it was possible to achieve significantly lower erosion
rates at higher temperatures. At 100°C, the erosion rate of the sample with 4 wt% filler loading was 71.3%
and 76.14% lower for the sonicated and three-roll milled samples, respectively, compared to the pure
polyurethane samples. On average, lower erosion rates were demonstrated by the samples prepared by the
three-roll milling method, compared to those made by sonication. It can be deduced that due to graphene
nanoplatelets being aligned in the through thickness direction in the samples prepared by three-roll milling,
the erosion rate of these samples was lower than samples prepared by the sonication method. Since the
thermal conductivity increased with filler loading, it can be considered to be one of the reasons for enhanced

erosive wear performance of GNP-PU at elevated temperatures.

Evaluation of the surface morphology revealed that pure polyurethane underwent ductile erosion with
plastic deformation. Due to change in material properties at elevated temperatures, ductile erosion
mechanisms became dominant as judged by larger asperities and higher concentration of erodent particle
embedment in the matrix. By reinforcing the matrix with graphene, a transition from ductile to brittle
erosion was achieved, which is noticeable in the samples prepared by both sonication and three-roll milling.
Hence, the erosive wear rate was lower at elevated temperatures due to the change in material properties
and type of erosion, in addition to the increase in thermal conductivity. This research thus demonstrated the
effectiveness of adding graphene filler to polyurethane liners to better wear performance at elevated

temperatures.
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7. Future Work Recommendation:

This research focussed on improving the erosive wear performance of polyurethane by incorporating
graphene particles. Erosion tests at elevated temperatures were performed, yet, only one impingement angle
(i.e. 30°) was tested. Further erosion testing may be done to evaluate wear performance at different angles
to explore transitioning between ductile to brittle erosion. Erosion testing with different size erodent
particles could also be explored to study their effect on the surface morphology. Potentially, the addition of
graphene particles may also alter the material coefficient of friction. Hence, friction tests may be performed.
Greater understanding of filler alignment effects should also be sought. Findings from such studies would
be useful, for example, to the transportation industry as tires tend to wear faster at elevated temperatures.
Conceivably, graphene particle enhance thermal conductivity can help reduce temperature elevation of tires

during rigorous usage, as well as extend service life by reducing wear.

To reduce particle settling and re-agglomeration due to van der Wall’s forces, sample preparation process
may be modified to explore areas for improvements, for example, by utilising polymer resins that have a
faster curing rate. More detailed material characterisation can also be performed using other techniques
such as Raman spectroscopy for determining the filler platelet layer thickness or quality of exfoliation.
Micro-CT or nano-CT scanning can also be explored to model the dispersion of graphene within the sample
and detect agglomeration that might be present inside the nanocomposite samples, which otherwise is not

noticeable through SEM imaging and XRD analysis alone.

As thermal conductivity enhancements and erosive wear performance of polymer nanocomposites depend
on a large number of interconnected variable factors, further controlled experiments can be performed by
altering some of these variables, such as using alternative filler materials of different shapes or sizes.
Different filler concentrations, as well as alternative sample preparation processes can also be explored. As
the overall quality of enhancement of the composite material is affected by the interaction by the matrix

and the filler material, experiments with different matrix materials may also be evaluated.
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Appendix:

Table A1: Data Collected from erosion test of neat PU and GNP-PU nanocomposite samples

GNP | Dispersion Temp | Sample | Sample | Grit Grit Weight Weight Erosion
wt Method (°0) Weight | Weight | weight | weight | Lossof of Grit Rate
(%) Before After Before | After Sample (2) (mg/g)
Erosion | (mg) (€9) (€9) (mg)
(mg)

0% - 22 40.321 40.315 | 555 337 0.006 218 0.03
0% - 60 39.916 39.873 | 561 376 0.043 185 0.23
0% - 100 41.182 41.016 | 645 446 0.166 199 0.83
1% Sonicated 22 41.052 41.02 664 469 0.032 195 0.16
1% Sonicated 60 40.7 40.658 | 592 407 0.042 185 0.23
1% Sonicated 100 41.136 41.084 | 445 262 0.052 183 0.28
1% 3RM 22 41.502 41.482 | 626 421 0.02 205 0.10
1% 3RM 60 42.742 42701 | 407 213 0.041 194 0.21
1% 3RM 100 41.111 41.06 803 623 0.051 180 0.28
2% Sonicated 22 40.847 40.816 | 624 426 0.031 198 0.16
2% Sonicated 60 39.597 39.556 | 864 713 0.041 151 0.27
2% Sonicated 100 40.256 40.206 | 623 419 0.05 204 0.25
2% 3RM 22 41.231 41.208 | 502 285 0.023 217 0.11
2% 3RM 60 42.707 42.664 | 713 561 0.043 152 0.28
2% 3RM 100 41.245 41.173 | 419 225 0.072 194 0.37
3% Sonicated 22 39.795 39.766 | 538 337 0.029 201 0.14
3% Sonicated 60 40.95 40.912 | 561 365 0.038 196 0.19
3% Sonicated 100 40.185 40.126 | 908 741 0.059 167 0.35
3% 3RM 22 41.186 41.163 | 520 315 0.023 205 0.11
3% 3RM 60 41.131 41.1 365 189 0.031 176 0.18
3% 3RM 100 41.312 41.275 | 741 547 0.037 194 0.19
4% Sonicated 22 39.987 39.968 | 521 291 0.019 230 0.08
4% Sonicated 60 40.437 40.418 | 953 802 0.019 151 0.13
4% Sonicated 100 40.895 40.85 761 573 0.045 188 0.24
4% 3RM 22 41.082 41.075 | 722 561 0.007 161 0.04
4% 3RM 60 41.595 41.577 | 802 645 0.018 157 0.11
4% 3RM 100 41.915 41.875 | 573 372 0.04 201 0.20
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Figure A1: XRD of top and bottom surface of 1 wt% GNP-PUs and 1 wt% GNP-PU3ry
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Figure A2: XRD of top and bottom surface of 2 wt% GNP-PUs and 2 wt% GNP-PU3ry
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Figure A3: XRD of top and bottom surface of 3 wt% GNP-PUs and 3 wt% GNP-PUsry
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Figure A4: XRD of top and bottom surface of 4 wt% GNP-PUgs and 4 wt% GNP-PUsry
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Figure A5: DSC graph of neat Polyurethane
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