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Abstract

Thermoplastic polymer piping is increasingly used in a variety of industries. Thermoplastics
permit fusion bonding for the joining of pipe sections, which can be performed using joule heating.
However, embedding heating wires into the plastic adds fabrication complexity and expenditure.
Moreover, joule heating enables only localized heat input that requires moderation to avoid
damage in polymers. Another key factor linked to failure with this joining method is joint
misalignment. Microwave heating may compensate for these inadequacies, resulting in shorter
fusing times, improved heating uniformity, and lower electricity use. This study explores the use
of pure graphene nanoplatelets (pGNP) and functionalized GNP (fGNP) to create multifunctional
polylactide acid (PLA) composites for high microwave absorption. GNP was treated with tannic
acid to produce fGNP. A two-step scalable fabrication procedure, consisting of solution blending
followed by hot compression molding was used to obtain the pGNP/PLA and fGNP/PLA
composites. The concentration of GNP and fGNP in the composites ranged from 0 to 8 wt%. The
resulting composites were characterized for their heat capacity, thermal and electrical conductivity,
and complex permittivity. Thermal imaging was used to investigate the efficacy of microwave
heating in pGNP/PLA and fGNP/PLA samples as a function of microwave power and filler weight
fractions. Multi-physics finite element software was used to explore and simulate the microwave
heating mechanism in GNP composites. The experimental results were compared to numerical
model predictions for maximum temperature and microwave energy absorbed. The produced
nanocomposites were found to exhibit strong microwave absorption and thus rapid heating,
making this type of composite a promising candidate for gasket materials that facilitate fusion

bonding in thermoplastic-based piping via localized heating.
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Chapter 1: Introduction

Aspects of the material discussed in this chapter have been presented in the proceedings of The
Canadian Society for Mechanical Engineering (CSME) International Congress, University of
Alberta, Edmonton, Canada, June 5 - 8, 2022 and published in the proceedings of The Canadian-
International Conference on Composites (CANCOM) International Congress, Fredericton-

Moncton, NB, Canada, July 12-15, 2022.

1.1 Motivation

Despite international attempts to increase renewable energy generation, the oil and gas sector
supplies more than half of the world's total energy demand [1]. Offshore oil and gas production
will play a crucial part in the world's future energy supply as more offshore hydrocarbon reserves
are discovered. As such, the safe and sustainable transportation of hydrocarbon products remains
a critical issue. Offshore pipelines are often regarded as one of the most cost-effective forms of oil
and gas transportation because they are thought to be more energy-efficient than other modes of
transportation. Metallic piping has a long history, with the oldest known use dating back to the
third century in ancient Greece [2]. More recently, thermoplastic polymer piping is emerging as a
viable alternative as it provides various advantages over metal pipes, including improved corrosion
and fatigue resistance, chemical inertness, flexibility, a higher stiffness-to-weight ratio, and

reduced installation and maintenance costs [2]-[4].

As shown in Figure 1, thermoplastic polymer piping for high-pressure service is typically
composed of an inner thermoplastic liner, a helically wrapped continuous reinforcement phase,
and a thermoplastic outer jacket. The reinforcement phase, which can be dry fiber reinforcement
or a polymer composite bonded or unbonded to the inner and outer thermoplastic layers, is the
main load-bearing component of the thermoplastic polymer pipe. Common reinforcements are
glass or carbon fibers, as well as metallic wires or bands [3]. The pipe is protected from external

damage by the polymer outer covering, known as a jacket.



Electrofusion welding via Joule heating is a method used for joining thermoplastic polymer pipes
[5]. As shown in Figure 2, this method entails utilizing couplings or fittings to surround the joint
to be fused. An electric current passed through metal coils inserted into the fittings generates heat
and melts a section of the pipes, leading to the formation of a joint upon solidification. However,
incorporating the metal coils into pipe components introduces complexity into the manufacturing
process. Failure mechanisms associated with electrofusion joints include misalignment of joints,
incorrect dwell time for heating and cooling, and unsuitable welding, cooling, and warming
temperatures [6], [7]. In electrofusion welding of thermoplastic polymer pipes, it is recommended
to work at temperatures above -15°C. As a result, in cold weather, this operation must be carried
out in shelters with temperatures kept within an acceptable range, resulting in additional costs and
time-consuming processes [5]. Due to these limitations, innovative procedures are sought-after to

effectively and expediently join piping made of advanced materials.

Jacket Reinforcement Layer

Liner

Figure 1: Structure of a Thermoplastic Polymer Pipe (reproduced based on image in [8])

Microwave processing of materials is one such approach. Microwaves were first used for
communication purposes [9]. Percy Spencer's 1946 study pioneered the use of microwave

radiation to heat surfaces [10]. In the late 1990s, microwave energy became a well-known method



for material processing [11]. Ever since, researchers have used this less-explored source of energy
to process important engineering materials, including metals, ceramics, polymers, and their
composites [12]. Processing of materials via microwave energy has been proven to be a viable
method for sintering [13], [14], drilling [15]-[17], cladding [18], [19], casting [20], [21], and
joining [22], [23]. Microwave joining is a type of direct bonding technology that can offer various
benefits over traditional joining methods, including quick processing, homogeneous temperature
distribution, energy savings, environmental friendliness, welding of complicated geometries, high

strength and enhanced joint microstructure [24]-[26].

o

EF terminals >

N7

Reinforcement
layers

Electrofusion
coupling

|".

. Pipe with
: HDPE liner
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in coupling Connection

insert

O-rings
Figure 2: Electrofusion Welding in Thermoplastics

1.2  Thesis Objective

This thesis work is part of a larger collaboration with an industrial partner. The Advanced
Composites Materials Engineering Group at the University of Alberta took on the task of exploring
the use of pure graphene nanoplatelets (GNP) and modified GNP (fGNP) to create multifunctional



thermoplastic composites for high microwave absorption. Polylactide acid (PLA) was used in this
study as a surrogate for the range of thermoplastic polymers used in industrial applications, such
as high-density polyethylene (HDPE). The findings provided by this research are used by the
industrial partner as an input to guide future process developments for the design and fabrication
of polymer-based piping. The underlying research hypothesis is that GNP/PLA composites can be

used as a susceptor to facilitate joining of thermoplastic components using microwave irrigation.

To test the above hypothesis, four objectives are considered for this thesis work:

1) Preparation of pGNP/PLA and fGNP/PLA composites by solution mixing. The GNP

content in both the materials is varied from 0 to 8 wt% (percentage by weight)

2) Sample characterization of a variety of physical properties, including complex permittivity

and permeability, heat capacity, and electrical and thermal conductivity

3) Thermal imaging of samples to investigate the efficacy of microwave heating in
pGNP/PLA and fGNP/PLA samples as a function of microwave power and filler weight

fractions

4) Explore the microwave heating mechanism in GNP composites using a multi-physics finite

element software

1.3 Structure of Thesis

The thesis is divided into six chapters. The first chapter provides motivation behind this work and
the second chapter discusses the microwave heating mechanism and earlier works. Material
preparation, and experimental set-ups and characterizations are described in Chapter 3. Chapter 4
introduces the numerical modeling set up. Results are presented and discussed in Chapter 5. Model

predictions are compared to the experimental results to understand the microwave energy



absorbing property of each specimen type. Chapter 6 summarizes the achievements of this study

and makes recommendations for future work.



Chapter 2: Microwave Heating Mechanism

Aspects of the material discussed in this chapter have been presented in the proceedings of The
Canadian Society for Mechanical Engineering (CSME) International Congress, University of
Alberta, Edmonton, Canada, June 5 - 8, 2022 and published in the proceedings of The Canadian-
International Conference on Composites (CANCOM) International Congress, Fredericton-

Moncton, NB, Canada, July 12-15, 2022.

2.1 Fundamentals of Microwaves

Microwaves are electromagnetic waves; hence it is essential to first understand electromagnetic
waves and the electromagnetic spectrum. Electromagnetic waves are self-propagating waves
having electric (E) and magnetic (H) field components that oscillate in phase and perpendicular to
each other as well as perpendicular to the propagation direction [27], as illustrated in Figure 3.
Electromagnetic waves propagate in a vacuum or in matter and exhibit properties comparable to

ordinary waves such as reflection, refraction, diffraction, interference, absorption, and so on.

In vacuum, electromagnetic waves have a constant speed, which includes a relationship between
frequency and wavelength (Equation (1)). The Planck equation, Equation (2), may thus be used to

predict the energy carried by a certain frequency of an electromagnetic wave [28].

co=A-f (1
E=h-f ()
where, co=speed of light in vacuum, 3.0 x 10% m/s

A = wavelength in free space (m)

f = frequency (Hz)



h = Planck’s Constant, 6.626 x 1034 Js

Electromagnetic waves are categorized by wavelength into radio waves, microwaves, infrared,
light waves, ultraviolet, X-rays, and gamma rays. Figure 4 depicts the electromagnetic spectrum.
Microwaves are in the electromagnetic spectrum between infrared radiation and radio frequencies,
with a frequency range of around 300 MHz to 300 GHz with a wavelength of 1mm to 1m in

vacuum.

Electric
Field

|%
Magnetic Propagation

Field

Direction

Figure 3: Electric and Magnetic Components of Electromagnetic Waves (reproduced based on image in [29])

According to the Federal Communications Commission [29]-[33], frequencies of 915425,
2450413, 5800+75, and 22,125+125 MHz can be utilized for industrial, scientific, and medical
purposes. For home and laboratory usage, the most common frequency is 2450 MHz, which has a

wavelength of 12.2cm according to Equation 1.
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Figure 4: The electromagnetic spectrum depicting the location of microwaves (reproduced based on image in

[29D)

2.2 Microwave Propagation

Microwaves are generated by a magnetron and transmitted into the chamber of a microwave oven
through a waveguide, as shown in Figure 5. The metal walls of the microwave oven act as a
Faraday cage. The glass front door and the light bulb chamber are both covered with metal grids.
Because the grid holes are small in comparison to the microwave wavelength, they function
similarly to metal plates [34]. Once microwaves have been transmitted into the chamber, the
metallic walls effectively reflect the microwave radiation. Finally, for the monitoring and
adjustment of power to the heated material, a control system is utilized. The cavity shape and size,
as well as the applicator type (single mode or multi-mode), have a direct impact on microwave
heating efficiency [35]. Most common types of cavities, waveguides, and applicators are discussed

in this section.

2.2.1 Cavities

Microwave cavities are structures that are often utilized for electromagnetic wave irradiation of
materials. It is a closed structure made up of reflective high-conductivity metal borders for

confining electromagnetic energy. Waveguide feeds excite microwave cavities, which support



standing waves. Cavities come in a range of shapes, including rectangular, circular [36], [37],

spherical [38], and hexagonal [39], [40].
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Figure 5: A standard microwave oven's schematic design (reprinted/ adapted by permission from [41]

Copyright 2018)

2.2.2 Waveguide modes

Electromagnetic energy is transmitted in waves, which may flow through waveguides in a variety
of modes. These distinct forms of waves correlate to the various constituents of an electromagnetic

wave. Waveguide modes are as follows:

1) TE Mode: Transverse Electric (TE) mode is based on transverse electric waves, often

known as H waves. It is distinguished by the fact that the electric field is transverse to the



propagation direction while the magnetic field is normal to the propagation direction. Thus,

in the TE mode, the electric field along the propagation direction is zero.

2) TM Mode: Transverse magnetic waves, also known as E waves, are differentiated by the
fact that the magnetic field is transverse to the direction of propagation, but the electric
field is normal to the direction of propagation. Thus, in TM mode, the magnetic field along

the propagation path is zero.

3) TEM Mode: A transverse electromagnetic wave (or TEM wave) has an electric vector (E
vector) and a magnetic vector (H vector) that are both perpendicular to the propagation
direction. TEM mode is not achievable in waveguides; it is only possible in coaxial cable

and in free space.

2.2.3 Applicators

Applicators are microwave processing chambers. The applicators are categorised as single mode

or multi-modal depending on the modes of microwave frequencies emitted by the source.

1) Single-mode Applicator: Mono-mode or single-mode microwave ovens can produce a
standing wave model, which is caused by the interference of fields with the same amplitude
but distinct oscillation orientations. This interface creates a set of nodes with zero
microwave energy intensity and a group of antinodes with maximum microwave energy
magnitude. The fast rate of heating [42], superior control over microwave system
parameters [35], and provision of selective or localised heating [43] are some of the
benefits of single-mode equipment. The disadvantages of single-mode equipment are that
only one vessel may be irradiated at a time [42], it requires careful component selection to

minimise power loss [35], and it is a costly procedure [43].
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2) Multi-Mode Applicator: This category includes both early microwave ovens and modern
home microwave ovens. Multiple modes are induced within a multimode cavity, and the
most essential aspect of a multimode device is the deliberate avoidance of developing a
standing wave pattern inside the oven cavity. This is done to increase the amount of chaos
inside the cavity. The higher the chaos, the larger the dispersion of radiation, which
increases the effective heating area [42]. A major limitation of multi-mode equipment is
inappropriate sample heating control due to a lack of temperature uniformity. This is partly
related to the chaotic nature of the waves, which makes it difficult to evenly heat the
samples held inside the oven, thereby resulting in hot and cold areas in the material.
However, because of the existence of mode stirrers, multi-mode cavity designs provide a
more homogenous electric field and, as a result, more uniform heating inside the cavity

[44].

2.3 Fundamentals of Microwave Material Interaction

During the interaction of materials with microwaves, the electrical and magnetic components of
microwaves play a significant role in heat generation at the atomic level. The microwave
absorption of a material is dependent on its dielectric and magnetic properties because the electric
and magnetic field components interact with the substance during irradiation [11], [12]. As a result,
the physics of interaction phenomena and the relationships of material properties with microwave
electromagnetic properties are crucial in microwave processing. The mathematical model for
estimating power absorption, governing equations, and the fundamentals of microwave material

interactions are briefly discussed in the following section.

2.3.1 Maxwell’s Equations

Maxwell's equations [45] govern the interaction of microwaves with a material [46]. These
equations ensure that the electric and magnetic fields vary over time by updating the essential

material characteristics involved in energy absorption. The equations are as follows:

11



VoE=0 (3)

VoH=0 (4)
VXE=—jweH &)
VXH=jweE (6)
where, E = electric field vector (Fm™)

H = magnetic field vector (Am™)
& = permittivity of the material (Fm™)
w = angular frequency of microwaves (s™!)

J = imaginary unit

The complex permittivity (¢*), see Equation (7), is the primary characteristic that describes the
energy propagation of the electrical component of electromagnetic radiation within a material [9],
[11]. The dielectric constant (¢’) is the real part of the complex permittivity, and it represents a
material’s ability of being polarized by the microwave electric field, thus storing electric energy
within the material. The dielectric loss factor (¢’’) is the imaginary portion of the complex
permittivity, and it represents the material's capacity to dissipate microwave energy into heat. The
ability of a material to convert electromagnetic energy into heat is conveniently characterized by
the dissipation factor or loss tangent, tan J, see Equation (8) [47]. The phase difference between

the oscillating electric field and the material's polarization is represented by angle §.

ex=g'—je" 7

tand=¢"/ ¢ (8)
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To determine the electric and magnetic field distributions inside a microwave applicator, the
Maxwell equations can be solved analytically or numerically with appropriate boundary conditions
[48]. Understanding electromagnetic field distribution inside an applicator helps in the appropriate
positioning of the material to be heated, resulting in quicker processing [49]. These locations have
a strong electromagnetic field strength, which allows microwaves to better couple with materials

[27], [48], [49].

2.3.2 Penetration Depth and Power Absorbed

The microwave power absorbed in a material is the power dissipated owing to the electric and
magnetic fields of microwave energy, which can be represented as energy changed inside a heated
material. Thus, the depth to which radiations enter a material has a considerable impact on the
power absorbed by it. Microwaves, however, cannot penetrate within all materials in the same
way. Microwave penetration in a non-metallic material is measured in terms of Penetration Depth
(Dp). It is the distance from the material's surface at which the magnitude of field strength reduces

to 1/e or 0.368 of its value at the surface. Mathematically it is represented as [9], [11], [43], [50]:

1
DP = (9)
2
w ||0.5uu’gpe’ \/(1 + <e;'ff> ) -1
S’
where, [y = magnetic permeability of air (Hm™')

£ = permittivity of the material in air (Fm™')
p' = permeability of material (Hm™)

gqrp = effective relative dielectric loss factor
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The power absorbed during microwave irradiation must thus be determined by the target material's
electromagnetic properties as well as its thickness. The absorbed power per unit volume (Wm™)

of thin non-magnetic materials can be calculated as follows:

Paps = znfgog”Erzms (10)

where, E,ms = root mean square of the electric field (Vm™)

The wvariation in electric and magnetic field strengths with temperature and time makes
experimental measurements of absorbed power inside a material within a microwave cavity
extremely challenging [11]. However, using an empirical technique, energy balance may be used

to estimate the power component as follows [51]-[53]:

mC,AT = 2nf gge" EfypsVint (11)

where, m = mass of the material (kg)
C,= specific heat of the material (J K'kg?)
AT = change in temperature (°C)
Vi = volume of the material (m?)

¢t = microwave exposure time (s)
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233

Microwave — Material Interaction

Due to variations in electric (E) and magnetic field (M) strengths across the material thickness,

different materials display variable microwave absorption characteristics during contact with

microwaves. Figure 6 depicts the fluctuation of E and H field strength with material thickness. The

E and H field strength decreases with material thickness. P denotes the microwave energy absorbed

per unit volume of material. The fluctuation of the energy absorbed per unit volume as a function

of loss factor (¢') in thin nonmagnetic materials is given by Equation (10). D denotes the depth of

penetration (see Equation (9)).

Materials may be categorized into four major types based on their microwave energy absorption

properties [11], [12]:

1)

2)

Transparent: Microwaves pass through transparent or low-loss insulator materials
without being absorbed, as seen in Figure 5. Polytetrafluoroethylene (PTFE) and quartz are
two examples of such materials. The decline in E and H field strength with thickness in
the materials is almost non-existent. These materials have the lowest loss factor (¢'"), can
absorb a little amount of microwave energy per unit volume, and have the maximum

penetration depth.

Absorber: The absorber materials are high loss insulators, or dielectric materials that
absorb microwaves completely (depending on the value of the dielectric loss factor), as
illustrated in Figure 5. Examples of these materials are water and silicon carbide (SiC). The
E and H field strength falls as the dielectric loss factor of these materials rises. Furthermore,
raising the loss factor improves energy absorption (flat portion of the P curve in Figure 5)
while lowering penetration depth. After a critical value of loss factor, at which the energy

absorbed per unit volume is maximum, the energy absorbed per unit volume and
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3)

Property

penetration depth decrease as the energy conversion inside the material diminishes due to

molecular structure in materials [11].

Opaque: Microwaves are reflected without or with minimum energy absorption in no-
loss insulators (opaque materials), which have a low penetration depth and low energy
absorption, as seen in category-3 in Figure 6. Metals are an example of these materials.

For a few micrometers of thickness, these materials can experience a slight decline in E

and H field strength.
.Il/ Category- 1 .| s Category- 2 il Category- 3 .
™ Low loss insulator- 7 | ~ Lossy insulator- SRS No loss Insulator(
Transparent e.g. Teflon Absorber e.g. Water Opaque e.g. Metals
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Figure 6: Interaction of Microwaves with Materials (reprinted from [11] with permission from Elsevier)

4) Mixed — Absorber: One or more phases of advanced materials, such as composite or

multi-phase materials, are high loss insulators, whereas the others are low loss insulators.
Microwaves are absorbed by this class of materials by transforming energy locally.
Polymer Matrix Composites (PMCs), Ceramic Matrix Composites (CMCs), and Metal

Matrix Composites (MMCs) are examples of these materials. Figure 6 depicts the partial
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absorption of microwaves by different materials. Localized selective heating and hybrid
heating are two important aspects of microwave processing of mixed absorbers [11], [12].
Microwaves are absorbed by the component with high dielectric loss while passing through
the low loss material with negligible energy loss. In these materials, heating a specific
component while keeping the surrounding material essentially unaffected is possible. This

targeted heating procedure is not achievable in conventional heating setups [12].

2.4 Fundamentals of Microwave Heating

When a material interacts with microwaves, the electric and magnetic field components of the
microwave impact the material depending on the material type, as illustrated in Figure 7. Heating
in non-magnetic materials is impacted by the microwave's electric field component. Examples of
such materials are aluminum, copper, water, polymers, and ceramics. Dipolar and conduction
losses are the two primary loss processes in non-magnetic materials like the ones mentioned above.
In metallic and high conductivity materials, conduction losses are dominant, whereas dipolar
losses are dominant in dielectric insulators. Given that PMC are heated by dipolar loss [43], it will

be covered in this section.

Magnetic materials such as iron, nickel, and cobalt are influenced by both the electric and magnetic
field components of microwaves. The magnetic field influences the electron spin, domain wall,
and domain orientation, whereas the electric field controls free electron mobility. Conduction
losses, as well as other magnetic losses including hysteresis, eddy current, domain wall resonance,
and electron spin resonance, are all part of the heat loss mechanisms in magnetic materials [11],

[54], [55].
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Figure 7: Heating Mechanisms in Materials

2.4.1 Dipolar Loss

Dipolar loss is more effective in dielectric insulator materials (water, ceramics, food items,
hydrogen chloride, polymers, etc.). In the absence of an electric field, the molecules in the material
are randomly orientated due to thermal activation, and there is no net dipole moment. However,
when an oscillating electric field comes into touch with molecular dipoles in these materials, it
causes them to agitate, resulting in dipoles. Figure 8 illustrates dipolar loss mechanism in water
with positive polarity on the hydrogen atom and negative polarity on the oxygen atom. The
molecular dipoles in water respond to the alternating electric field by spinning to align with it at
microwave frequencies. Inertial, elastic, frictional, and molecular contact forces oppose these
frequent changes in molecule orientation, which increase molecular kinetic energy and cause
volumetric heating of the material. The increase in kinetic energy of all dipoles in the material

rapidly raises the temperature of the material [11], [12], [27], [43], [46], [51].
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Figure 8: Heating Mechanism via Dipolar Loss (reprinted from [11] with permission from Elsevier)

2.5 Additional Aspects to Consider in Microwave Heating

Depending on the characteristics of a material, the interaction of microwaves with the material
generates heat because of electromagnetic interaction. The temperature rise of materials is
influenced by dielectric loss, specific heat capacity, and the strength of the applied field. But apart
from these properties, there are other phenomena that affect microwave assisted heating of a
material. These include the variation of dielectric properties with temperature, frequency, moisture
content, microwave power, purity, presence of defects, chemical state, manufacturing method, and
the influence of sample size and shape [33], [43], [51]. In the following section variation of

dielectric properties is discussed.

2.5.1 Effect of temperature

Dielectric properties of a material vary with temperature as well as frequency. Figure 9 shows the
variation of dielectric loss factor and dielectric constant of water with frequency and temperature.
When microwaves are used to heat solids with very low dielectric loss, their electromagnetic
energy absorption rises fast with temperature. This occurs because of temperature-related changes
in dielectric loss values. This mechanism produces accelerated heating, known as thermal
runaway, and experiments have been published demonstrating microwave-aided melting of

transparent materials such as quartz and polyether ether ketone when heated by microwaves. The
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temperature can be stabilized in these situations if heat can be released at a high enough rate or if

the microwave power is limited [33], [S6]-[58].

2.5.2 Effect of frequency

It is quite evident that the dielectric constant of water drops as temperature and frequency rise. In
another work [51], it has been reported that the maximum absorption by water is seen to be around
20 °C when exposed to microwaves at 18 GHz. Another example is Silicon Carbide (SiC), which
has a loss factor of 1.71 at ambient temperature but increases to 27.99 when treated with

microwave radiation at 2.45 GHz frequency [11].

2.5.3 Effect of Moisture Content

Moisture content has a substantial influence on dielectric properties since water has a dielectric
constant of 77 [59] and a loss of 12 [60]. Because the dielectric constant and loss of the material
to be treated are frequently substantially lower, such as 3.1 and 0.076 for epoxy polymer [60], the
dielectric constant will grow if water is added to the substance [61]. Moisture, on the other hand,
can degrade a polymer's physical and mechanical qualities [62], therefore mixing water into a resin
to improve microwave heating capabilities is not a possibility. Unfortunately, moisture absorption
from the environment can cause some materials to contain moisture, and this must be considered
if the material is to be microwave heated by ensuring a consistent environment for handling,

storing, and processing.

2.5.4 Effect of Microwave Power and Material Composition

The electric field and the number of polarized dipoles increase as microwave power increases. As
a result, the dielectric loss factor of a material rises as microwave power increases [61]. The ability
of a substance to absorb microwaves, on the other hand, is limited. As long as free dipoles are

accessible to interact with microwaves, microwave-assisted heating will continue to increase.
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Moreover, in composite materials the volume composition and orientation of a reinforcement play

an important effect, especially when the material is formed of two or more elements [27].
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Figure 9: Variation of di-electric properties of water with frequency and temperature (reprinted from [43]

2.6

with permission from John Wiley and Sons)

Microwave Absorption in Polymer Matrix Composites

Microwaves do not interact with most polymeric materials due to their low dielectric loss factor.

This necessitates the addition of appropriate phases, such as fibers as reinforcement or susceptors.

PMCs are made up of two phases: matrix and reinforcement. On irradiation, a material with a high

dielectric constant absorbs more microwaves and heats up; the heat is then transferred to a

substance with a low dielectric constant via conduction [24], [63]. This is known as a selective

mode of heating and is differentiated as a suitable approach for processing PMCs due to its unique

volumetric and uniform heating features when compared to conventional processing procedures.

21



In microwave-assisted heating of PMCs, the structure of the molecular dipole, heating temperature,
conductivity, frequency, and dielectric properties of the material components all play a role [11].

The next section will concentrate on thermoplastic-based PMCs.

2.6.1 Thermoplastics-based Polymer Matrix Composites

Interaction of thermoplastic-based polymer composites with microwaves is complex. Heating
semicrystalline thermoplastics in the microwave can be challenging until a threshold temperature
is achieved, at which time the loss factor increases dramatically [64]. The critical temperature is
associated with greater molecular mobility; however, it is not always the same as the polymer's
glass transition temperature (Tg). If the critical temperature is higher than Tg, fast heating rates
can be achieved until the polymer's melting point is attained. Amorphous polymers can usually be
heated more efficiently than semicrystalline polymers. The explanation is that molecules in
amorphous polymers are not constrained by the crystal lattice and are hence more mobile
[65]. Heating of thermoplastics 1is primarily governed by three parameters:

thermoplastic crystallinity, temperature, and fiber conductivity [11], [24].

The behavior of a thermoplastic with a degree of crystallinity more than 45 percent is virtually
transparent to microwaves due to the limitation of dipole reorientation in an alternating electric
field. Only a reinforcement would absorb microwaves in this situation, and heat is then transmitted
to the matrix material by conduction. However, once the matrix reaches a temperature above
critical temperature (TC), it will absorb microwaves and contribute to uniform heating. As seen in
Figure 10, microwave radiation is absorbed by both the matrix and the reinforcement in
thermoplastics with a degree of crystallinity below 45 percent. The dielectric loss factors of each
component influence the percentage of energy absorbed [11], [24], [63], [64]. Despite several
processing challenges, microwave processing of polymer composites has advantages over standard

processing processes.
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Figure 10: Microwave energy absorption of thermoplastic-based PMCs (reprinted from [24] with permission

from Elsevier)

2.7 Previous Research on Microwave Heating

Many applications seeking ultralight, excellent quality, durability, and chemical resistance favor
advanced polymer composites reinforced with fibers such as carbon, aramid, glass, and others
[66]-[68]. In conventional heating, heat is supplied to a material and circulated by conduction,
convection, and radiation. When a material is heated, its area or volume may get overheated or
damaged, but the volume of the material that remains heated for a long duration of time may show
a coarse grain structure [24]. This affects the crystallization or microstructure of the material, as

well as its intrinsic properties.

Since crystallization of thermoplastics is complicated and sensitive to cooling rates, higher cooling
rates lead to decreased crystallinity, which results in less molecular chain change and hence
impacts material properties [69], [70]. Traditional thermoplastic composite manufacturing

procedures have several drawbacks, including fiber burning, non-uniform temperature

23



distribution, fiber damage, prolonged curing times, thermal gradients, low efficiency, high energy
consumption, waste production, and expensive equipment [71]. As a result, innovative approaches
to process advanced materials effectively and productively must be developed. Microwave
processing of materials is one such technique, which has advantages such as lower power usage,

quicker processing, and environmental friendliness.

Microwave radiation has been used in a wide range of applications throughout the last 65 years.
In recent years, the focus of microwave energy research has changed from food to advanced
materials processing applications, such as synthesis, drying, sintering, cladding, coating, melting,
casting and joining [35], [44]. The current review will focus on microwave assisted heating of

thermoplastic composites.

271 Microwave Heating of Thermoplastics

Foong et al. [72] used multi-walled carbon nanotubes (MWCNTs) as a susceptor to microwave
weld HDPE. An 800 W domestic oven was used to apply microwave radiation. They studied the
effect of MWCNT concentration and microwave heating duration on the tensile strength of the
welded sample. To investigate the effect of heating duration, a sample containing 0.5 wt%
MWCNTs was heated in the microwave for 2 to 10 seconds. The tensile strength of the welded
sample improved when the heating period was raised from 2 to 8 seconds; however, when the
heating duration was increased further to 10 seconds, it decreased. When 10 s was used, a void
formed at the welded junction, reducing tensile strength. MWCNT concentration was varied from
0.25 wt percent to 1.0 wt%, and an 8-second microwave heating duration was used to evaluate the
effect of MWCNT concentration on dispersion. The tensile strength of the welded samples
increased as the MWCNT concentration increased from 0.25 wt% to 0.75 wt percent but decreased
as the concentration increased to 1.00 wt%. The lower tensile strength of the sample created with
a 1.00 wt% MWCNT dispersion was caused by MWCNT penetration into only one side of the

HDPE plate, resulting in a weak-welded connection.
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Kravchenko et al. [73] suggested a microwave-assisted thermoplastic welding approach
employing carbon nanostructures (CNS), which are branching CNTs (carbon nanotubes). Spray-
assisted deposition of suspensions containing 0.01wt % CNS on thermoplastics with varied
molecular structures, such as polycarbonate, polyurethane, and high-density polyethylene, was
employed. The CNS nanofillers served as the microwave susceptor material, melting the
surrounding polymer with the application of clamp force to produce structural welds. Microwave
radiation was produced using a household microwave oven with a 2.45 GHz frequency and 700
W of power. The produced bond line is electrically conductive due to the formation of a percolated
conductive network of carbon nanoparticles. By adjusting the CNS and microwave energy levels
to provide the highest bonding strength, the welding technique offers potential for significantly

reducing processing time.

In a domestic oven operating at 800 W, Palanisamy et al. [74] joined Acrylonitrile-Butadiene-
Styrene (ABS) substrates utilizing charcoal as a susceptor material. The joining process was
carried out using an adhesive technique, a direct heating approach, and microwave irradiation for a
time of 3 to 5 minutes. Finally, once the joining was completed, the strength of the joint was
compared. They discovered that compared to adhesive joining, the microwave joining approach
displayed greater mechanical strength. Additionally, it was shown that the mechanical strength
and hardness of the joint made are directly proportional to the heating duration. The direct heating
technique, however, produced the strongest joints. The pores and air voids created by the charcoal

powder at the connecting interface may be the cause of this.

Sweeney et al. [75] demonstrated a method of welding 3D-printed PLA-based surfaces utilizing
strong localized heating of multi-walled carbon nanotubes through microwave irradiation. The
samples were irradiated using a microwave source operating at 2.45 GHz, and an infrared camera
was utilized to capture the temperature response of the samples. The PLA film's CNT content
ranged from 0.10 percent to 20 percent. They found that semicrystalline polymers, like PLA,
benefit from the interface being above the polymer's melting point such that crystalline areas can

melt, diffuse, and recrystallize across the weld line. The microwave irradiation of PLAMWCNT

25



boosts the weld fracture strength by 275 percent when compared to 3D-printed objects without
MWCNT coating.

Poyraz et al. [76] carried out microwave-assisted welding of polypropylene (PP) specimens using
polypyrrole nanogranule coated carbon and ferrocene (PPy/ferrocene) as an implant material. A
1250 W Panasonic Inverter microwave oven was used to irradiate the specimens. Due to the
vigorous interactions between microwaves and electromagnetic absorbent PPy nanogranule
coating, the growth of multi-walled carbon nanotubes (MWCNTs) at the interface was observed.
Finally, the as-grown MWCNTs transferred heat into the neighboring bulk PP, resulting in the
creation of locally molten surface layers. The slight pressure applied to the joint during the heating
process eventually pressed the molten layers together, resulting in a new weld. Within 30-35
seconds, they welded a PP dog bone specimen with an average welded area of 576 mm?. When
compared to their non-welded counterparts, the welded joint retained around 95-98% of the

maximum stress.

Farahani et al. [77] prepared conductive films for the welding of thermoplastic coupons in a single
lap shear fashion using multi-walled carbon nanotube (MWCNT) buckypapers and nanocomposite
films made of MWCNTs and polyethylene polymer. The heating efficiency of the manufactured
films to weld polyethylene coupons was evaluated using two distinct welding methods: microwave
welding and induction welding. Lap-shear mechanical testing was used to assess the mechanical
strength of the joints. In general, a thicker coating, with a higher conductivity, and a longer welding
duration resulted in superior quality and mechanical strength. Due to the high rate of heat
generation caused by the interaction of microwaves and CNTs, microwave welding proved to be
a more effective approach than Induction Welding. The mechanical strength of the specimens that
were microwave welded indicated a high value of 7.9 MPa, which is close to the mechanical

strength of the polymer bulk.
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Two polymethmethyacrylate (PMMA) substrates were joined together by Yussuf et al. [78]
utilizing liquid polyaniline in a single-mode microwave which operated at 2.45 GHz. These rapidly
welded samples were then subjected to shear testing to assess the joint strength as a function of
the processing variables such as heating time, microwave power, applied pressure, and polyaniline
amount. The amount of polyaniline used, microwave power, and heating duration were all proven
to boost joint strength. Joint strength rose from 1.7 to 6.8 MPa with a 15-second heating period

and an increase in power from 100 to 300 Watts.

Random glass fiber reinforced thermoplastic matrix composites were effectively microwave
welded by Ku et al. [79] using Araldite as a gasket material. Thirty-three percent by weight random
glass fiber reinforced polystyrene composite [PS/GF (33 percent)] and thirty-three percent by
weight random glass fiber reinforced low-density polyethylene composite [LDPE/GF (33 percent)]
are the two thermoplastic substrates that were utilized. The samples were exposed to microwave
radiation at a fixed frequency of 2.45 GHz. The test components were subjected to microwave
irradiation at two distinct power levels, 400W and 800W, for varying amounts of time. An infrared
thermometer was used to detect the temperature, and volumetric heating in the samples was

noticed.

Wise and Froment [80] employed a variety of microwave-sensitive implants to achieve microwave
joining of thermoplastics (including carbon-based implants as well as ceramic, polymer, and metal
powder-based implants). A 2.2 kW multimode cavity applicator was designed, conceptually
resembling a household microwave oven. They reported that carbon-based implants are the most

promising and cost-effective, requiring only 3-60 seconds to construct a joint.

For effective microwave welding of polypropylene, Sun et al. [81] employed graphite coating (GC)
as an implant material (PP). The power source used was a microwave oven with a 2.45 GHz
frequency operating at 1000 W. The graphite powder (GP) can effectively absorb microwave

energy and convert it into a substantial amount of heat, resulting in a dramatic increase in
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temperature that can rapidly melt the interface of PP substrates and build a new structure where
the GP was coated. Thus, one molten PP substrate wraps around GP to create a GC/PP sample,
and with a particular amount of pressure, the molten PP couples unite to create a PP/GC/PP sample.
While the PP/GC/PP samples display strong bonding strength in tensile testing, the GC/PP samples

exhibit good electrical conductivity.

Yarlagadda and Chai [82] explored the use of highly focused microwave radiation for welding
engineering thermoplastics. To successfully create polymer butt joints, they created a microwave
generator with a variable power output from 0 to 1950 W operating at a frequency of 2450 MHz.
Using a priming agent (epoxy-based resin), specimens with a low dielectric loss factor were
bonded. The bonding agent's functions include absorbing microwave energy, producing local heat
at the butt joint's interface, and allowing the surrounding thermoplastic to pair with the microwaves
at higher temperatures. When primers were utilized, welding times were reduced (2.9 times faster),

and bond strength improved.

In a 2.45 GHz microwave unit, Wu and Benatar [83] used the microwave absorption capabilities
of intrinsically conductive polyaniline polymer to weld microwave transparent HDPE bars. Within
10 seconds a temperature of 300°C was attained, and a successful butt joint with a tensile strength

comparable to bulk HDPE was attained in 60 seconds.

Wang et al. [84] joined polycarbonate substrates using multi-walled carbon nanotubes. A domestic
microwave oven operating at 0.8 kW was used for this purpose and it took only 10 seconds to join
the substrates. The bonding strength of the joint was found to be higher than that of the original

polymer.
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2.7.2  Physical Modeling

Since microwave heating takes place in a closed environment, it is challenging to observe and
comprehend the heat and moisture transport inside the cavity using traditional techniques [85].
The introduction of finite elements and other simulation techniques has increased the demand for
microwave technologies by enabling the analysis of the reciprocal coupling connection between
different physical fields [86]. Food [87], ceramic [88], polymer composite [26], biomass [89],
rubber [90], coal [91], and metal [92] have all demonstrated strong microwave heating simulation
performance using COMSOL Multiphysics (COMSOL Inc., Burlington, MA, USA). However, for
modelling and simulation of the welded joint heated by microwaves, only limited technical

literature is currently accessible [93].

Santhosi et al. [94] concentrated on microwave absorption applications of polymeric
nanocomposite structures in the 8.2-12.4 GHz frequency range. As a microwave absorber material,
a hybrid nanocomposite made of polyurethane (PU) and epoxy polymer structures reinforced with
low graphene weight concentrations (0 to 2.5 wt. %) was considered. The shielding efficacy of
single-layered structures was calculated numerically using finite element method (FEM) based
COMSOL 5.0 software. Experiments were used to validate these findings. A PU/graphene/epoxy
2.5 wt% structure had the best microwave absorption performance, while a PU/epoxy reinforced
with 2.5 wt% graphene nanocomposite structure had the best shielding effectiveness (SE).
Furthermore, these results were tested by simulation results, which match with an average error of

2.79 percent.

Ali et al. [95] used microwave curing to make natural fiber-reinforced thermoplastic composites.
Composites were made using two types of natural fibers, sisal and Grewia optiva, as well as two
types of thermoplastic polymers, polypropylene, and ethylene vinyl acetate. Microwave power and
exposure duration were tuned for thermoplastic composite curing efficacy. Tensile and flexural
strength results of produced composites indicated improvements in characteristics when compared
to neat polymers. Microwave curing process simulation was also completed using COMSOL
Multiphysics (version 4.1). After 570 seconds of heating, the composite reached a temperature
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range of 175 to 185°C. However, the software projected a somewhat smaller temperature range of
155 to 170°C for the same time length. They also discovered that power input and microwave

exposure duration play a key influence in directing the curing process.

Pitchai et al. [96] designed a three-dimensional finite element model that combined
electromagnetic and heat transfer physics modules to simulate the 6-minute heating of 550 g of
frozen mashed potato. The model was validated in a microwave oven rated at 1250 W, with the
mashed potato tray positioned in the center of the stationary turntable. Simulated temperature
profiles of the models utilizing a frequency of 2.45 GHz were compared to experimental
temperature profiles acquired at the conclusion of heating using a thermal imaging camera and
five fiber-optic thermocouples. The model was built using mashed potato's temperature-dependent
dielectric characteristics (dielectric constant and dielectric loss factor) and thermal properties
(thermal conductivity and specific heat capacity). In a 2.45 GHz frequency simulation, the average
root mean square error value for the transient temperature profile measurement was 13.1°C. They
discovered that the simulated transient temperature profiles, like the real temperature profiles, had

a phase-change impact in their trend (change in slope near the thawing zone).

Nuhiji et al. [97] devised an electromagnetic field model that can be used to simulate microwave
processing of composites. COMSOL Multiphysics software was used to effectively incorporate
and mesh an industrial Voétsch microwave cavity into computer models. The influence of
electromagnetic frequency on field homogeneity and temperature distribution was observed, with
lower frequencies providing a more homogenous field and higher frequencies producing improved
thermal ramp rates inside the composite but decreased Electromagnetic (EM) field uniformity.
They also observed that an electromagnetic field changes the dielectric characteristics of the
composite material, and that heat is released during cure through chemical reactions that vary with

temperature and time.
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Using finite element based COMSOL Multiphysics software, Arshad et al. [89] simulated the
heating behavior of empty fruit bunch biomass in both bed and pellet form. In a COMSOL
interactive system, a geometric model of a 1 kW household multimode microwave system
operating at 2.45 GHz was created. The 10 s heating profile was quantitatively validated by
comparing the simulated temperature profile to the experimental temperature. The microwave
heating behavior of biomass represents a complex dependency of electromagnetic fields,
microwave power dissipated in the material, thermal and dielectric characteristics of materials, and
temperature profiles. COMSOL Multiphysics program can predict temperature distribution, hot
and cold spots, electric field intensity, and microwave power absorbed in biomass materials during
microwave heating. It was discovered that the end point temperature is substantially influenced by
the biomass loading height and the sample's specific heat capacity. The electric field in the cavity

was also seen to change quantitatively and qualitatively as the biomass loading height changed.

Srinath et al. [92] demonstrated a model for bonding bulk copper using a microwave
susceptible interface powder layer and a finite element simulation with the COMSOL
Multiphysics software. The interface powders comprise of copper and copper oxide. The
microwave chamber is a metallic box that houses a 1 kW, 2.45 GHz microwave source connected
to a rectangular waveguide in the TEi10 mode. Microwave-assisted welding was performed
experimentally in 300s at a temperature of roughly 1144°C. In comparison, the models showed
that a maximum temperature of 1019°C was reached after 300 seconds. Thus, an approximately
8% difference was ascertained between the simulated and experimental findings in copper

junctions.

Using charcoal as the susceptor, Bajpai et al. [26] effectively carried out microwave-assisted
joining of a wide range of natural fiber-reinforced polylactic acid (PLA, commonly known as
polylactide) and polypropylene substrates. Microwave heating and adhesive bonding methods
were used to create lap joints, and the bond strength was assessed. Lap joints were made in 200-
250 seconds using a 0.9 kW household microwave. When compared to the strength of adhesively

joined connections, the joint strength attained using microwave joining was greater. The
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microwave heating process was also simulated using multi-physics finite element software to
investigate the microwave heating mechanism of PLA. The joint was achieved experimentally in
200 seconds, and the simulation results were found to be quite close. Finally, modelling findings
showed that the position of the specimen within the microwave cavity, power input, microwave
exposure length, choice of an appropriate susceptor, and susceptor selection all significantly

influence the joining process.

In the work of Singh et al. [98], the joint strength of adhesively bonded joints and microwave-
based joints was compared, and it was shown that the samples joined via microwave irradiation
had higher joint strength than those made by adhesive bonding. The joint tensile shear strength
was experimentally determined, and it was discovered that the bond strength of adhesively bonded
specimens (4.9% of the parent material strength) is significantly lower than that of microwave
joined specimens (62.85% of the parent material strength). To predict the estimated time necessary
for microwave joining, the entire microwave heating process was simulated using the COMSOL
Multiphysics version 4.1 software tool. The software model, which was validated with
experimental results, can forecast the exposure time necessary for connecting natural fiber-

reinforced composites.

The review of the technical literature revealed a gap relating to microwave absorption properties
of multifunctional graphene-based PLA at 2.45 GHz. PLA is a thermoplastic polymer that is
extensively used in commercial and research settings, including industrial packaging, medicinal
devices, automotive sectors, and agricultural applications [99], [100]. PLA polymer's
disadvantages, such as poor electrical and thermal conductivities, low service temperature and
crystallization, and weak gas barrier, may limit industrial uses [101]. GNP as reinforcement has
several benefits, including enhanced processability [102]-[104], comparatively low cost [105],
reduced thermal contact resistance [106], a larger surface area [107], and a planar structure that
favors large interaction regions [108], [109]. Thus, this study explores the use of GNP to create

multifunctional PLA-based composites for high microwave absorption.
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Chapter 3: Experimental Procedure and Characterization

Aspects of the material discussed in this chapter have been presented in the proceedings of The
Canadian Society for Mechanical Engineering (CSME) International Congress, University of
Alberta, Edmonton, Canada, June 5 - 8, 2022 and published in the proceedings of The Canadian-
International Conference on Composites (CANCOM) International Congress, Fredericton-
Moncton, NB, Canada, July 12-15, 2022. The material processing route presented herein was

initially developed by Zhang et al. [110], [111].

3.1 Materials

Graphene nanoplatelets (xGnP grade M15) were procured from XG Sciences (Lansing, MI, USA).
Their average thickness ranges from 6 to 8 nm, and their lateral dimension is 15 um. The
volumetric mass density, and electrical conductivity were, correspondingly, 2.2 g/cm?, and 10’
S/m parallel and 10?> S/m perpendicular to the platelet plane. The in-plane thermal conductivity
was 3000 W/mK, while through-plane was 6 W/mK. PLA was supplied in the form of pellets from
Filabot Lab (type 4043D, Barre, VT, USA). The PLA glass transition temperature (7g), volumetric
mass density, and melting temperature range, decomposition temperature was specified by the
supplier as 55 to 60°C, 1.24 g/cm’, 145 to 160°C, and ~250°C respectively. Reagent grade
chloroform and other chemicals, as well as tannic acid (TA) for functionalized nanocomposites

was supplied by Fisher Scientific (Ottawa, ON, Canada).

3.2 Sample Preparation

Pure graphene nanoplatelets (pGNP) and functionalized GNP (fGNP) were used to create

multifunctional PLA nanocomposites. They were prepared as follows:

3.2.1 GNP/PLA Nanocomposites

The GNP/PLA nanocomposites were prepared by solution mixing method using chloroform as the

solvent (Figure 5). Initially, PLA pellets and pristine GNP were dried in an oven at 80°C overnight.
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The next day, PLA and GNP were added to chloroform solvent forming two mixtures. The GNP
mixture was treated with an ultrasonic processor for 3 hours (Q500, Qsonica, Newtown, CT, USA).
The PLA mixture was mechanically stirred using an impeller agitator (Calframo, Georgian Bluffs,
ON, Canada). After ultrasonication of the GNP mixture, both the mixtures were combined,
sonicated for 60 minutes in an ice bath, and then transferred into a steel mold. The material was
left in a fume hood for 12 hours to evaporate the solvent. The resultant films were dried in an oven
at 120°C for 12 hours to eliminate any remnant solvent. Finally, the produced material was

compression molded into plates.

Sonication of GNP Dispersion of PLA in solvent
in solvent, cooling in ice bath with magnetic stirring

- 5@
Mechanical stirring of GNP- Sonication of GNP-PLA
PLA solution solution, cooling in ice bath
.O
: +
-
H
Evaporation of solvent in steel Hot pressing of GNP-PLA
mold nanocomposite

Figure 11: Solution Mixing Process to produce pGNP/PLA Nanocomposites (used with permission of ASME,

from [111]; permission conveyed through with Copyright Clearance Center, Inc)
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3.2.2 fGNP/PLA Nanocomposites

First, magnetic stirring was used to disperse GNP platelets in chloroform. Under strong magnetic
stirring, TA was added to a GNP/chloroform solution with a mass ratio of 5:1. The mixture was
then ultrasonically processed, sonicated, and magnetically stirred. The resulting suspension was
vacuum filtered before being dried overnight at 80°C, resulting in the creation of non-covalent

functionalized GNP (fGNP), as illustrated in Figure 12.
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Figure 12: Fabrication of fGNP with tannic acid (TA)

Further details of the nanocomposite fabrication process can be found in [110] and [111]. Square
test samples were cut with length and width of 25 mm and thickness of 1.8 mm, as shown in Figure
13 (A). For comparison, neat PLA samples were fabricated using comparable processes (Figure
13 (B)). Seven types of materials with different GNP and fGNP concentrations were prepared for
testing as per Table 1. It should be noted that all samples were kept in a glass beaker separated by
a paper towel (Figure 13 (C)). After that, the beakers were put in a desiccator (Figure 13 (D)) for
about 21 days. This was done to prevent moisture from interfering with the absorption of

microwave radiation.
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Figure 13: (A) GNP/PLA Nanocomposites, (B) Neat PLA Samples, (C) Samples Placed in Beaker, and (D)

Samples Placed in Desiccator

3.3 Experimental Set-up

A 2.45 GHz fixed frequency multimode applicator (NNST67KS, Panasonic, Osaka, Japan) with a
maximum power output of 1.2 kW was used. The microwave chamber dimensions are 525 x 310

x 401 mm.
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Table 1: Composition of the nanocomposites

PGNP loading (wt%) 0 1 4 8
Material identifier PLA 1-pGNP/PLA 4-pGNP/PLA 8-pGNP/PLA
fGNP loading (wt%) 1 4 8 -
Material identifier 1-fGNP/PLA 4-fGNP/PLA 8-fGNP/PLA -

3.3.1 Inverter Technology

The microwave employed in this investigation makes use of inverter technology. Power is supplied

to a conventional microwave via a transformer, which turns the power on and off, allowing the

food to distribute heat. In this case, if the microwave is set to deliver 50% power, it will go through

cycles of producing 100% power followed by a period of no power to achieve 50% power (Figure

14 (A)). In an inverter microwave, on the other hand, power is supplied through an inverter circuit

to provide a steady and constant amount of power throughout the cooking time without cutting in

and out. So, if 50% power is selected, the microwave will deliver 50% power throughout (Figure

14 (B)). Thus, inverter microwaves provide a consistent supply of power and accurate temperature

control throughout the cooking duration to minimize overheating.

Maximum
Power

Food Temperature

ON  ON ON TON ON ON
S 5 50 5
}Time
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Maximum
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A
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,’_»—

Figure 14: Microwave Output Image (A) Non-Inverter Technology, and (B) Inverter Technology
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3.3.2 Hotspot Location

Temperature uniformity can be monitored directly during processing using many sensors, or
indirectly in separate tests by seeing a visible change in a temperature sensitive material. Thermal

paper is a common approach for indirect thermography since it is inexpensive and easy to use.

Despite being thermally sensitive, thermal paper does not absorb microwave radiation [112], [113].
However, when used in conjunction with a microwave absorbing substance, such as water, the
thermal paper experiences a single, permanent color change when it reaches a specified trigger
temperature. This mapping approach is time sensitive; exposure for too long may result in total
blackening of the thermal paper, while exposure for too short a period would give the mistaken
appearance of poor uniformity. High temperature regions of a damp thermal paper turn black,
while colder sections stay white. The temperature range of 100-150°C was shown to cause the
thermal paper to become black [112]. Thermal paper is exclusively used in the literature to explain
the dispersion of microwaves in oven cavities when placed at various heights in the microwave

chamber with a microwave absorbing substance [113].

The hotspot location in the present research was found utilizing microwave susceptible damp
thermal paper. The thermal paper was positioned at three different heights parallel to the
microwave's base. The damp thermal paper was then heated for 60 seconds at 1.2 kW power in all
cases, and the experiment was repeated three times. In terms of sample location and energy input,

this setup is meant to produce reproducible findings.

As seen in Figure 15 (A), when damp paper was placed at the bottom, heat patterns were found to
be negligible. However, when positioned in the middle (Figure 15 (B)) and top (Figure 15 (C)) of
the microwave, a significant number of hotspots were detected. As a result, it is preferable to

position the samples as close to half the length of the microwave as feasible.
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Figure 15: Hot-Spot Location: (A) Bottom of Microwave, (B) Mid - length of the microwave, and (C) Top of

Microwave

3.3.3 Microwave Heating Set-Up

A stationary glass plate, as shown in Figure 16, was placed inside the chamber on four ceramic
supports at the corners, 40.5 mm above the oven's base. The glass plate was set at that height from

the oven base because 40.5 mm long ceramic supports were available.

After this, a damp thermal paper and an infrared (IR) camera (X8500sc, Teledyne FLIR,
Wilsonville, OR, USA) were employed to determine the location on the glass plate with the highest

temperature:

1) The damp thermal paper was laid on the glass plate and microwaved at 1.2 kW power for

1 minute. Figure 16 (A) depicts the hot spots identified.
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2) A glass plate at room temperature was then heated under the same circumstances and put
in front of the IR camera. The maximum temperature was discovered at the blue square

depicted in Figure 16. (A).

The hot spot location in both the cases appear to overlap, and therefore, specimens in a PTFE dish
were positioned at always the same hot-spot location on the glass plate within the chamber, as
illustrated in Figure 16 (B). Glass plates and PTFE dishes were exchanged between tests to ensure
the same thermal conditions for each test. Figure 16 (C) shows a GNP/PLA sample that thermally

degraded when kept at that same position beyond initial melting.

3.3.4 Microwave Heating Methodology

Bajpai et al. [26] reported that microwave power input, exposure time, susceptor selection, and
specimen location inside the microwave cavity all play important roles in determining microwave
interaction with a material. Susceptor and specimen positions have been fixed in the present work.
It has also been observed that the two key microwave parameters, power, and exposure duration,
have a considerable impact on the mechanical characteristics of the produced composites and must
thus be tuned for different polymers [24]. Thus, the influence of altering microwave power and

duration on the melting of GNP/PLA specimens was considered in the current work.

All specimen types were irradiated at two different power levels, i.e., 0.6 kW and 1.2 kW.
Microwave irradiation was halted after durations ranging from 3 to 180 seconds, or when melting
of a specimen was observed. Following irradiation, the specimen with PTFE dish was removed
rapidly from the chamber and placed on a wooden holder (Figure 17). The infrared camera was
used to measure the specimen temperature distribution. For a given irradiation time and power
level, single samples were tested for pure PLA, 1-fGNP/PLA, and 1-pGNP/PLA, while tests were
conducted in triplicate for 4-fGNP/PLA, 4-pGNP/PLA, 8-fGNP/PLA, and 8-pGNP/PLA.
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Figure 16: (A) Hotspots found using damp thermal paper, (B) Sample position on the glass plate, and (C)

Specimen irradiation by the microwaves
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3.4 Characterization
3.4.1 Thermal Properties

The specific heat capacity (Cp) of the materials was measured by differential scanning calorimeter
(model Q100, TA Instruments New Castle, DE, USA). Note that determining Cp is a necessary
step for assessing the anisotropic thermal conductivity of the materials. Samples with a mass of 5
to 10 mg, prepared in platinum pans, were heated from 0°C to 200°C at a rate of 10°C/min under
dry nitrogen flow (50 mL/min), in accordance with ASTM E1269-11 [114]. One test was

conducted per filler weight fraction.

Figure 17: Microwave heating of nanocomposites examined using thermal imaging

The anisotropic thermal conductivity of the materials was measured using a TPS2500S device
(Thermtest, Fredericton, NB, Canada) with a Kapton sensor (type 5501, Thermtest). The sensor

was sandwiched between two stacks of three samples of the same kind, as shown in Figure 18 (A)
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and (B). Three test runs were conducted for each filler weight fraction, using a measurement

duration and heating power set in accordance with IS0 22007-2 [115].

3.4.2 Electrical Conductivity

Material samples with a thickness and diameter of correspondingly 1 mm and 30 mm were
prepared for electrical (volume) conductivity testing in dry air at room temperature. Samples with
an electrical conductivity greater than 10 S/cm were examined by placing a four-pin probe at 90
V connected to a Loresta-GP resistivity meter (model MCP-T610, Mitsubishi Chemical, Osaka,
Japan). For sample electrical conductivities less than 10 S/cm, a Hiresta-UP resistivity meter and
UR type probe were used at 1000 V (Mitsubishi Chemical). One sample was tested for each filler
loading.

Figure 18: Stacking of samples for thermal conductivity measurement
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3.4.3 Complex Permittivity

A vector network analyzer (ZVA67 Vector Network Analyzer, Rohde & Schwarz, Munich,
Germany) operating in a frequency range of 2.35 to 2.45 GHz connected to an open-ended coaxial
probe was used to obtain the complex permittivity for each sample type. The stages of the open-
ended coaxial technique calibration used were: ‘open circuit in air’, ‘short circuit with metal’, and
‘load in distilled water’. After complete calibration, PTFE was used as the standard material to
confirm the calibration prior to the start of a sample characterization, as shown in Figure 19 (A).
The sample to be measured was placed beneath the probe in such a manner that the probe tip was
in direct contact with the sample without any air gap (Figure 19 (B)). Every sample was examined

eight times, and the average value is reported.

Figure 19: Complex Permittivity Measurement: (A) Using PTFE and (B) GNP/PLA Sample
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Chapter 4: Numerical Modeling

Aspects of the material discussed in this chapter have been presented in the proceedings of The
Canadian Society for Mechanical Engineering (CSME) International Congress, University of

Alberta, Edmonton, Canada, June 5 - 8, 2022.

4.1 Model Definition

Using the COMSOL Multiphysics FEM-based software tool (version 5.5), a 3D finite element
model of the microwave-assisted heating process of the specimens was developed. As shown in
Figure 20 (A), the cylindrical glass plate, which has a radius of 113.5 mm and a height of 6 mm,
the rectangular waveguide, which has dimensions of 50 mm in width, 78 mm in depth, and 18 mm
in height, the microwave cavity, and the sample size were all selected in accordance with the actual
experimental setup. The cylindrical glass plate with a specimen placed on top of the hotspot (as

described in Section 3.3.4) was positioned at a height of 44.5 mm from the bottom of the oven

(Figure 20 (B)).

Microwaves at 2.45 GHz were modelled to enter the microwave cavity through a rectangular
waveguide operating in the TE1o mode from the port. The waveguide was placed at the centre of
the cavity, as in the household microwave system. The electromagnetic waves, frequency-domain
interphase was used to solve for the time-harmonic wave equation for the electric field distribution,
which was then followed by a transient heat transfer simulation to illustrate how heat redistributes
throughout the specimen (Figure 20 (C)). Meshing was done using the Physics-controlled mesh
sequence type, with a normal element size, as shown in Figure 21. The simulation was performed
using a custom-built computer equipped with an Intel Core 17-8700 3.20 GHz CPU, 16 GB RAM

memory, and a 64-bit Windows 10 Education operating system.
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Figure 20: 3D Numerical model (A) microwave oven cavity, (B) specimen at hot spot, and (C) simulation of a

melting specimen
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4.2 Modeling Process

The numerical modeling process involves the following steps:

1) Choosing the appropriate Multiphysics interface(s)

2) Defining component variables and parameters in the ‘Definitions’ branch

3) Building the component geometry in the ‘Geometry’ branch

4) Assigning material properties to the geometry in the ‘Materials’ branch

5) Meshing the geometry in the ‘Mesh’ branch

6) Setting up the study and computational in the ‘Study’ branch

7) Analyzing and visualizing the results in the ‘Results’ branch

4.3 Governing Equations

The governing equations for Maxwell's equation based on boundary conditions, as utilised in the
numerical model, are addressed in this section. Following that, the Electromagnetic Waves,
Frequency Domain Interface, and Electric Losses are discussed. Finally, the interface for heat

transfer is addressed.

4.3.1 Radio-frequency Interface Modeling

On a macroscopic level, electromagnetic analysis entails solving Maxwell's equations, as listed in
Section 2.3.1 (Equations 3-6), depending on certain boundary conditions. The equations can be

written in either differential or integral form. In the numerical model, the differential form is
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preferable since it leads to differential equations that can be solved using the finite element method.

The equation of continuity is another fundamental equation that can be expressed as:

—ap (12)

where, J = current density (A/m?)

The constitutive relations characterising the macroscopic features of the medium are incorporated

to produce a closed system [116]. They are provided as

D = gyE + P, (13)
B = uo(H + M) (14)
] =oE (15)

where, D = electric displacement (C/m?)
P, = electric polarization vector
B = magnetic flux density (T)
M = magnetization vector

o = electrical conductivity (S/m)

When an electric field E is present, the polarization of the material is described by P,. It is typically

a function of E and may be read as the volume density of electric dipole moments. Even in the
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absence of an electric field, some materials can have a nonzero P,. M defines how the material is

magnetized in the presence of a magnetic field H. It is commonly regarded as the volume density

of magnetic dipole moments and is a function of H. Permanent magnets, on the other hand, have

a nonzero M even when no magnetic field is present.

In terms of the electrical scalar potential Ve’ and the magnetic vector potential ‘A4’, the electric

field and the magnetic flux density are described as follows:

B=VXxA
E=-VV oA
- ¢ %t

(16)

(17)

The magnetic vector potential's defining equation is a direct result of the magnetic Gauss' law.

Faraday's law gives rise to the electric potential. Microwave is an electromagnetic energy, and the

electric and magnetic energies are specified separately as:

(18)

(19)

The electric and magnetic power are the time derivatives of the electric and magnetic fields,

respectively.
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oD (20)
P, = fEEdV
14
0B 1)
P, = fHEdV
14

where, P.= electric power (W)

P, = magnetic power (W)

Poynting's theorem connects Pe, Pn, We, and W, (Equations 18-21) to resistive and radiative energy

loss [117].

_j(E-‘;_?+H-%—lf)dv=f].Edv+SG(ExH)-ndS (22)
14 7 J

where, V' = computation domain
S = closed boundary of computation domain

n = unit normal to the surface

Resistive losses are represented by the first term of the Equation 22. These losses result in heat

dissipation in a material. The second term in Equation 22 represents the radiative losses.
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thf]-EdV (23)
|4
P = yg(ExH)-ndS (24)
s
where, Py, = resistive loss (W/m?)
P. = radiative loss (W/m?)
Sp is the Poynting Vector and is represented by:
Sp=ExH 25)

4.3.2 Electromagnetic Waves, Frequency Domain Interface

Maxwell-Ampere and Faraday's laws can be used to derive equations for high-frequency waves.

0cE
VxH=0cE+— (26)
ot
0H
VXE=—— (27)
ot

Assuming sinusoidal excitation and linear medium, the fields in time-harmonic form can be written

as:
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H(x,y,zt) = E(x,y,z)e/®t (28)

E(x,y,zt) = E(x,y,z)e/®t (29)

Equations 26-29 can be combined to provide a time harmonic equation for the electric field and

magnetic field equations:

VX (U VXE)— w?eE =0 (30)

Vx (e T'WWxH)— wuE =0 G

The key feature node for the Electromagnetic waves, frequency domain interface is ‘Wave

Equation, Electric’. The Equation 30 is the governing equation for the same.

In a microwave oven, an electric wave without an electric field component in its direction of
propagation, known as a transverse electric (TE) wave, excites the rectangular port. The TE o mode
is the only one that can propagate through the rectangular waveguide at an excitation frequency of
2.45 GHz. Thus, in the Port node, under the Port Mode Settings, a rectangular waveguide with a

mode type TE is chosen. The cut-off frequencies (f.) for the various modes as [118]:

(32)

=5 (2" + (2

where, m; and n; = mode numbers (for the TE1o mode, miis 1 and nj is 0)
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¢ = speed of light

The TE1o mode is the only mode able of propagating at frequencies between 1.92 GHz and 3.84

GHz, with dimensions of a=7.8 cmand b= 1.8 cm.

A propagation constant, [, is necessary for the port condition, and for frequency f, it is provided

by the expression:
2m (33)
2" [f2_f2
="

The Equation 30 is solved for the electric field vector £ within the waveguide and oven with the

specified excitation at the rectangular port.

4.3.3 Electric Loss in the Frequency Domain

The frequency domain equation, represented by Equation 30, allows for the addition of electric
losses in the form of finite conductivity, complex permittivity, and loss tangent [116]. In the
present study, the complex permittivity approach has been used. In this, all the losses are given by

iR

g .

Resistive losses, on the other hand, represent the amount of energy converted into heat from

microwave energy. Equation 23 represents the formula of resistive losses.
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4.3.4 Transient, Heat Transfer in Solids Interphase

The electromagnetic losses from the electromagnetic waves are added by the multi-physics
couplings as a heat source, and the characteristics of the electromagnetic materials can change with
temperature. The Heat Transfer in Solids interface includes tools for simulating heat transfer by
conduction, convection, and radiation. On all domains, the Heat Transfer in Solids model is
enabled by default. In solid domains, the temperature equation corresponds to the differential form

of Fourier's law, which may include other contributions such as heat sources [116].

Equation 34 was used to determine the thermal and heat transport conditions for the sample. This
equation combines the electromagnetic heating module of COMSOL with the heat transfer

equation of Fourier's energy balance as follows:

oT
pCy Frin V-(kVT)+Q (34)

where, p = density of the sample (kg/m?)
k = Thermal Conductivity of the sample (W/m2K!)
T = Temperature (K)

O = Heat Source (W/m?)

The Electromagnetic Heat Source node represents electromagnetic losses. Because these losses act

as a heat source in the model's heat transfer interphase, Q is referred to as a heat source.

Q=0Qrn + O (35)

where, Q,, = Resistive losses (W/m?)
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Q1 = Magnetic losses (W/m?)

Resistive losses have been represented by equation 23. The specimen is the only source of
resistance inside the cavity under assumed ideal conditions. Therefore, due to resistive losses and
deformation in electric field, non-uniform localized heating occurs which results in the hot spots

in the specimen [26].

4.4 Boundary and interface Conditions

Due to the absence of surface currents at the interface between two medias, the following boundary

conditions are always fulfilled.

where, n, = outward normal from medium

The first condition is automatically satisfied since the tangential component of the electric field is
always continuous while E is being solved for. The second requirement is identical to the natural

boundary condition and so met as well.

In terms of boundary conditions, the cavity walls were treated as ‘Perfect Electric Conductor’. This
boundary condition sets the tangential component of the electric field to zero. The governing

equation for the Perfect Electric Conductor is:
nxE=0 (38)
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The following equation describes the impedance boundary condition, which was taken into
account the metal body or walls of the microwave oven where it is known that the field penetrates

only a short distance outside the boundary [116]:

UgU jo (39)
( r——) XH+E—-(m-E)n=n-E)n—E;
Eoér w

where, U, = relative permeability (/)
& = relative permittivity (/)

E; = source electric field (V/m)

The properties such as &,.,u, and o are dependent on the material being irradiated by the

microwaves.

4.5 Meshing strategy

In the process of finite element modelling, meshing is a crucial stage. By lowering the degree of
freedom from infinite to finite by meshing, it is feasible to do computations at finite places. The
data is then extrapolated throughout the whole domain. The finite element approach uses a basic
shape function that might be constant, linear, or of higher order to approximate the solution within
each element. To resolve the solution, a finer or coarser mesh is needed depending on the element
order in the model. Necessary mesh resolution in case of a radio-frequency modeling is dependent

on the following problem-dependent factors:
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1) Geometrical Factors: In the finite element modeling, the variation in the solution is
brought on by geometrical elements. In areas with a lot of fine geometrical characteristics,

the mesh generator automatically creates a mesh that is more finely detailed.

2) Penetration Depth: From the conductivity, permeability, and frequency, the skin depth
may be calculated with ease. To accurately record the variance of the fields, at least two

linear components per penetration depth are needed.

3) Wavelength: It takes around 10 linear elements per wavelength to adequately resolve a

wave. The local qualities of the material affect the wavelength.

4.5.1 Physics-Controlled Mesh

The domains are discretized by the mesh generator into tetrahedral, hexahedral, prism, or pyramid
mesh elements, whose faces, edges, and corners are referred to as mesh faces, mesh edges, and
mesh vertices, respectively. The software automatically sets up the meshing sequences for the pre-

set physics-controlled meshes.

When the mesh type is not specified, a free (unstructured) mesh containing tetrahedral components
is constructed automatically. The geometry, as well as several factors, determine the number of
tetrahedral mesh elements. Swept meshing creates a structured mesh in the direction of the sweep
using prism or hexahedral components in the case of 3D structured meshes. Boundary layer
meshing creates structured layers of pieces that integrate into an existing structured or unstructured
mesh. When the Physics-controlled mesh option is chosen in the Sequence type list of a Mesh
node's Settings window, COMSOL Multiphysics generates a mesh that is tailored to the model's

current physics interface settings.

In the present study, a physics-controlled mesh type was used for all specimens. For the microwave

heating study in the present work, a parameter for the maximum mesh element size in open space
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is activated. For the Electromagnetic Waves, Frequency Domain interface, the maximum mesh
element size should be a fraction of the wavelength. However, as the wavelength changes in
different dielectric and magnetic areas, the physics-controlled mesh automatically adjusts the
maximum mesh element size. Then, the domain size that may be simulated increases in accordance

with the amount of computer memory available and the wavelength [116].

The mesh on the specimen and the glass plate is finer than the oven walls, as can be observed in
Figure 21(A), (B), and (C). This is owing to the shift in wavelength caused by the dielectric
characteristics of the specimen, glass plate, and oven walls. The maximum wavelength is always
kept as a maximum value of 1/5 of the smallest wavelength. A sweeping mesh with triangular
prisms is automatically created for the completely matched layer domains (cavity walls and
waveguide). For the glass plate and specimen, however, a free tetrahedral mesh is created. The
maximum and minimum element sizes for glass plate and specimen are 0.01533 m and 4.598E-4

m, 0.01284 m and 3.853E-4 m, respectively.

4.6 Assumptions

Even though computational software has advanced rapidly to offer accurate findings that may be
utilised in engineering, numerical problems caused by improper discretization of the time and
space domains may occur [89], [119]. As a result, assumptions must carefully be made to achieve
a sufficiently simple model and shorten the computing time. For the current simulation study, the

following assumptions were made:

1) There was no consideration for heat transport in the glass plate, surrounding cavity, or

atmosphere.

2) The simulation was run using a single magnetron frequency of 2.45 GHz.

3) The mass and momentum transport of moisture and chemical species were not considered.
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4) The specimens' starting temperatures were thought to be homogenous.

5) The specimen's deformation, shrinkage, or collapse are not considered.

6) The specimen is assigned orthotropic material characteristics.

7) The specimen is presumed to be surrounded by air, which has no dielectric losses.

8) The chemical interaction between the air and the sample is minimal, if at all.

9) Heat transport equations were solved at constant dielectric and thermal conductivity

parameters, with no values altered during the time step. This implies that these attributes

were assumed to be temperature and time independent.

10) Throughout the simulation, the ambient temperature is assumed to be constant.

4.7 Parameters Required for Numerical Simulation

In the present study, the microwave power absorbed and temperature distribution in the heat source
(sample material) were calculated by simultaneously solving the Maxwell's equations in the
stationary, frequency-domain electromagnetic analysis and the transient heat transfer equation.

Thus, the parameters required for numerical simulation of microwave heating are:

4.7.1 Complex Permeability

The addition of GNPs to PLA has shown no effect on its magnetic permeability but considerably
increased its electrical permittivity [120]. Thus, in the present work the value for magnetic

permeability for all the materials was considered as unity.
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Figure 21: Meshing of (A) 3D microwave cavity, (B) Glass Plate, and (C) Specimen

4.7.2 Density

Taking the value of density of the matrix (PLA) and filler (GNP) as 1.24 g/cm® and 2.2 g/cm’,
respectively (from Section 3.1), the density of the nanocomposites (p.) was calculated

theoretically using the “rule of mixtures for density”:
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1 (40)
Wr | Wn
L 4 m
Pr Pm

Pc =

where, w; = weight fraction of the filler
py = density of fillers

w,, = weight fraction of the matrix

pm = density of matrix

4.7.3 Electrical Conductivity, Specific Heat, Thermal Conductivity and Complex

Permittivity

The experimental setup used to compute the values of Electrical Conductivity, Specific Heat,
Thermal Conductivity, and Complex Permittivity is described in Sections 3.4.1 to 3.4.3. The

modification of all these properties with respect to GNP loading is addressed in the next chapter.
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Chapter 5: Results and Discussion

Aspects of the material discussed in this chapter have been presented in the proceedings of The
Canadian Society for Mechanical Engineering (CSME) International Congress, University of
Alberta, Edmonton, Canada, June 5 - 8, 2022 and published in the proceedings of The Canadian-
International Conference on Composites (CANCOM) International Congress, Fredericton-

Moncton, NB, Canada, July 12-15, 2022.

5.1 Thermal Properties

Table 2 shows that the results from the differential scanning calorimetry. Specific heat capacity
improved by 35.8 and 49.2 %, over the pure PLA matrix, respectively, when 8 wt% of pGNP and
8 wt% of fGNP were added. It is important to note that the experimental assessment of the specific
heat capacity was made without taking into account the temperature dependency of density.
Particularly at higher temperatures, this can have an impact on the measurement. Figures 22 (A)
and (B) depict the thermal conductivity variation in pGNP/PLA and fGNP/PLA samples,
respectively. The isotropic thermal conductivity of neat PLA is 0.12 W/mK, which is comparable
with values reported in the technical literature [121], [122].

Table 2: Specific heat capacity of PLA composites with different GNP filler weight fractions

Material Filler loading (wt%) 0 1 4 8
GNP Specific heat capacity (MJ/m3K) 1.87 2.1 2.45 2.54
fGNP Specific heat capacity (MJ/m>K) - 2.41 2.69 2.79

In terms of thermal conductivity, adding more pGNP and fGNP filler significantly increased
thermal conductivity, especially in the in-plane direction of the pGNP/PLA and
fGNP/PLA samples, leading to significant anisotropy. For instance, in 8-pGNP/PLA samples, the
in-plane thermal conductivity peaked at 1.05 W/mK, but the through-thickness direction only
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reached 0.26 W/mK. Similarly, the in-plane and through-plane thermal conductivities of the 8-
fGNP/PLA samples were 1.52 W/mK and 0.41 W/mK, respectively. Notably, the in-plane thermal
conductivity of 8-pGNP/PLA and 8-fGNP/PLA nanocomposites was enhanced by a factor of
approximately 7.5 and 12, respectively, when compared to pure PLA. It is also observed that the
fGNP/PLA composites had greater thermal conductivity than pGNP/PLA composites with the

same nanofiller concentration.

The rise in thermal conductivity is ascribed to GNP's extraordinarily high thermal conductivity
relative to the polymeric matrix, as well as probable network development and interaction between
graphene platelets as filler concentration increases, resulting in heat conduction channels. The
latter can result in decreased phonon scattering effects between polymer chains and filler particles
[110], [111], [123], [124]. In the case of fGNP/PLA samples, Tannic acid brings about non-
covalent modification. Non-covalent modification has shown improvement in interfacial adhesion
between functionalized filler and matrix, thereby promoting more uniform dispersion of
functionalized filler in the matrix as compared to unfunctionalized filler [110], [125]. Better
bonding and dispersion may further reduce phonon scattering between the f{GNP-PLA interface
and promote easier phonon transit between fGNP nanofillers, resulting in improved thermal
conductivity [110], [124], [126]. The much increased in-plane thermal conductivity, compared to
the through-thickness direction, may be explained by in-plane stacking effects of high-aspect ratio

graphene platelets in the GNP/PLA nanocomposites. Similar patterns were seen in [111], [127].

5.2 Electrical Conductivity

Two processes lead to electrical conductivity in polymers: (i) contact between particles creates
paths for the conduction of electrical charge known as leakage current; and (ii) sufficiently close
proximity of particles (at the nanometer scale) enables the quantum mechanical phenomenon of
electron tunnelling to occur, allowing the conduction of electrical charge via a tunnelling current
[128], [129]. Furthermore, filler particle aspect ratio and filler dispersion state, as well as filler-
matrix and filler-filler interactions, all influence electrical conductivity in polymer nanocomposites
[44]. Additionally, in polymer nanocomposites with electrically conductive filler there is a
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considerable increase in electrical conductivity at a threshold proportion of conductive particles.

The percolation threshold is the least amount of nanofillers necessary to cause this abrupt change.

Electrical conductivity of pGNP/PLA and fGNP/PLA nanocomposites varied significantly as a
function of GNP loading, as seen in Figures 23 (A) and (B). The electrical conductivity of neat
PLA, 1-pGNP/PLA, and 1-fGNP/PLA samples was below 107> S/cm, indicating that they were
insulators. However, the electrical conductivity of the 4-pGNP/PLA and 8-pGNP/PLA
nanocomposites increased by many orders of magnitude to ~10° S/cm and ~107 S/cm,
respectively. For the 4-fGNP/PLA and 8-fGNP/PLA, the value rose to ~10® S/cm and ~102 S/cm,
respectively. Thus, the 8-pGNP/PLA and 8-fGNP/PLA nanocomposites can be classified as a
semiconductor rather than an insulator. The percolation threshold is also defined as the point at
which an insulator transitions to a conductor owing to the development of a conductive network
[130], [131]. Thus, the transition of PLA-based nanocomposites from insulator to semi-conductor

indicates that percolation threshold has been reached in this study.

The incorporation of graphene sheets into polymer matrices improves free electron and charge
carrier mobility [131]. Thus, with rising GNP concentrations, leakage and tunnelling currents
increase due to increased physical contacts and reduced spacing between platelets, respectively.
Leakage current is more likely to contribute to charge conduction than tunnelling current [132].
However, conductive routes are limited at low pGNP and fGNP concentrations because the
distance between nanofillers is greater than the tunnelling distance. Thus, polymer chains envelop
and separate nanoparticles. As a result, conductivity increases by a very little amount up to 6 wt%
pGNP and fGNP loading. With the addition of pGNP and fGNP, the nanocomposite reached a
critical concentration between 6 wt% and 8 wt%, with a three to four orders of magnitude rise.
This dramatic increase in electrical conductivity might be attributed mostly to an increase in
electron migrating and hopping [133]. It has thus assumed that the percolation threshold has been
reached, supporting the aforementioned hypotheses. As a result, the PLA's electron conduction

networks were developed at pGNP and fGNP weight fractions between 6 and 8 % [110], [111]. In
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other studies, it was discovered that percolating happened when GNP concentration rose from 7 to

8 Wt% [129] and 6 to 9 wt% [132].
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Figure 22: Thermal conductivity for PLA composites with (A) different pGNP filler weight fractions and (B)
different fGNP filler weight fractions
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Moreover, when compared to the same nanofiller loading, f{GNP/PLA had greater electrical

conductivity than pGNP/PLA, which is due to improved dispersion of f{GNP within the polymeric

matrix and increased contact area between the overlapping surfaces of f{GNP [110]. As a result,

more linked electron conduction networks may emerge, facilitating electron transmission.

1.0E+00

1.0E-02

1.0E-04

1.0E-06

1.0E-08

1.0E-10

Electrical Conductivity (S/cm)

1.0E-12

1.0E-14

1.0E-16

1.0E+00

1.0E-02

1.0E-04

1.0E-06

1.0E-08

1.0E-10

Electrical Conductivity (S/cm)

1.0E-12

1.0E-14

1.0E-16

—a—Electrical Conductivity

pGNP Loading (wt%)

—=—FElectrical Conductivity

o} 2 4 6 8

fGNP Loading (wt%)

Figure 23: Electrical conductivity for PLA composites with (A) different pGNP filler weight fractions and (B)

different fGNP filler weight fractions
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5.3 Complex Permittivity

A material's permittivity can be affected by the polarisation of its internal charges [131].
Permittivity in polymers is normally low; but, by adding conductive fillers, it may be greatly raised
[131], [134]. In filled polymers, matrix polarisation, conductive filler particles used, filler weight
percent and its dispersion, the matrix/filler interface interaction, frequency, and temperature can
all affect the composite's total permittivity [131], [132]. Due to the different relaxation durations
of the matrix and the filler, a current flowing across their interface may lead to a buildup of charges

at the interface, increasing the permittivity [132].

The variation of dielectric constant, £’, and dielectric loss factor, &”’, of pGNP/PLA and f{GNP/PLA
nanocomposites with respect to GNP loading is shown in Figures 24 (A) and (B), respectively.
The data demonstrate that pGNP and fGNP concentration has a significant impact on the complex
permittivity of PLA nanocomposites. Both &’ and &’’ show similar growth patterns with increasing
pGNP and fGNP loading. For pPGNP/PLA nanocomposites, the values of ¢’ and &’ climbed from
2.5t05.91 and 0.04 to 0.67 from neat PLA to 8-pGNP/PLA samples, respectively. ¢’ and &’ rose
from 2.5 to 6.23 and 0.04 to 0.51 from neat PLA to 8-fGNP/PLA samples, respectively.

The experimental results and the technical literature are in agreement. According to [135], adding
a conductive GNP filler to PLA nanocomposites boosts their conductivity and dipole moment,
which significantly improves their permittivity. Similar increases in &” and &’ with increased
pristine GNP loading were noted in other studies ([129], [132], [136]). For instance, for a 4 vol%
GNP/epoxy nanocomposite at 1 GHz, " and &’ were 8.5 and 0.9, respectively [136]. The main
disadvantage of using pristine polymer/graphene composites for energy storage applications is
their high energy dissipation, high dielectric loss, high current leakage at the percolation
threshold, and a high tendency for graphene sheet agglomeration in the polymer matrix. These

limitations can be overcome by introducing functionalized graphene sheets [131].
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Presumably due to better interfacial contact between graphene sheets and the polymer matrix [137]
and the production of several micro-capacitors [ 138], functionalized graphene sheets improve the
dielectric performance of polymers. However, in the current study it was observed that f{GNP/PLA
showed overall lower complex permittivity than pGNP/PLA at the same nanofiller loading. The
functionalized graphene/polymer composites' low values of complex permittivity and energy
dissipation are ascribed to a restriction on the high mobility of free electrons, delocalized n-orbital

electrons, and current leakage [131], [139] due to the wrapping of the fillers by polymer matrix.

5.4 Microwave Heating

Figure 25 (A) depicts a 1-pGNP/PLA sample that has melted, and Figure 25 (B) shows a
thermograph for the same sample after heating at 1.2 kW for 60 seconds. The thermograph as well
as the melted sample show the anticipated volumetric heating of the nanocomposite material, with
sample interior temperatures reaching their highest levels. It is clear that the location of the high
temperature, also known as ‘hotspots’, is the same in both situations. The maximum temperatures
for the different pGNP/PLA and fGNP/PLA samples after being exposed to radiation for the
specified durations at 0.6 kW and 1.2 kW are shown in Figures 25 (C) and 26, respectively.

Appendices A and B provide melted sample images and thermographs, respectively.

The graph shows that even after 180 seconds of irradiation, the melting temperature (160°C) of
pure PLA when heated at 0.6 kW was not attained. The pure PLA sample did, however, reach the
melting point in 180 seconds at 1.2 kW. For the pGNP-based nanocomposites, at the low and high-
power levels, the 1-pGNP/PLA samples melted after 180 and 80 seconds, respectively. For the
fGNP-based nanocomposites, at 0.6 kW and 1.2 kW power level, the 1-fGNP/PLA samples
showed no signs of melting within 180 seconds. Notably, the melting points of the 4-pGNP/PLA,
4-fGNP/PLA, 8-pGNP/PLA, and 8-fGNP/PLA samples were achieved for both power levels

within 15 seconds. Observations made from these plots are discussed in the following section.
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Figure 26: Measured average temperatures at different microwave irradiation durations for samples with

different fGNP filler weight fractions

5.4.1 [Effect of GNP Addition

It is evident from Figures 25 (C) and 26, that when electromagnetic wave absorbing pGNP and
fGNP are added to the PLA matrix, the time required to melt the material decreases drastically.
Clearly, as GNP loading increases, the nanocomposite shielding effectiveness improves, as does
electrical (and thermal) conductivity and permittivity [129], [140]. Similar findings were made in
[127], where it was shown that at a given hot table temperature for the same heating period, the
surface temperatures of GNP-based polymethyl methacrylate nanocomposites with high filler
weight fractions were considerably greater than those with low filler weight fractions. They
concluded that this was because the sample with higher GNP loading had a more complete heat

conduction network and pathway than the sample with lower loading. Di-electric loss has also been
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identified as the cause of the improvement in the microwave absorption of GNP-based composites
[141], [142]. A conductive composite's free electric charges will interact strongly with outside
microwave radiation and convert that energy to heat. This would aid to significant improvement
in microwave absorption [141]. In the present study, the dielectric loss of 8-pGNP/PLA and 8-
fGNP/PLA was greater than that of other samples, hence these samples melted first.

5.4.2 Data Scatter

As seen in Figures 27 (A) and (B), there was substantial data scatter for the 4-pGNP/PLA and 8-
pGNP/PLA samples, with standard deviations approaching 100K in certain instances. For
microwave related experiments to be accurate and repeatable, steady power and uniform heating
are needed [143]. The type of microwave source used in this study, a domestic microwave, is seen
to be primarily responsible for the observed significant data scatter. Similar issues of uneven
heating when using a domestic oven have been reported in [96], [143]-[145]. A household
microwave oven's heating chamber is a sealed metal space where the microwaves will be
completely reflected. A microwave standing wave distribution, characterised by a non-uniform
spatial distribution of the electric field, would occur in the heating chamber following repeated
reflections on the metal surface [145]. Inevitably, the inhomogeneous spatial distribution of the
microwave radiation causes the microwave chamber to heat unevenly. It has also been
demonstrated that this microwave type produces uneven radiation power [143]. Due to all of this,
values vary significantly. It is advised that future experimental research employ a single-mode

microwave source, which is more suited to maintaining controlled power and homogenous heating.
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0.6 kW and 1.2 kW
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5.4.3 Rapid Increase Close to Melting Point

As depicted in Figure 25 (C), a somewhat linear temperature increase was noticed for neat PLA
and 1-pGNP/PLA samples up until a sharp spike in temperature was noticed close to the melting
point. A similar sudden rise close to melting point is seen in Figures 28 (A) and (B) for 4-
pGNP/PLA, 4-fGNP/PLA, 8-pGNP/PLA and 8-fGNP/PLA. The observed rapid rise in
temperature towards the melting point might be due to the fact that composite dielectric loss
increases with temperature [146]-[148] while thermal diffusivity decreases [149], boosting heat
generation. The effect of varying temperature on the microwave energy absorption has been
discussed in Sections 2.5.1 and 2.5.2. As a result, if the sample temperature is sufficiently high
(close to the melting point), the heat generation rate surpasses the sample's heat dissipation
capability. Under these conditions, heat accumulates in the specimen, resulting in continual and
rapid temperature rise [149]. Therefore no data in shown in Figure 27 (B) for the melting of 8-
pGNP/PLA when heated for 10 seconds at 0.6 kW. Another possibility for this sudden spike is the
presence of thermal transition effects. The p-GNP/PLA specimens had a glass transition
temperature between 66.7 and 69.4 °C [110]. When heated at 0.6 kW and 1.2 kW, the heating rate
of the PLA and 1-pGNP/PLA specimens changes abruptly around these temperatures, as shown in
Figure 25 (C). This indicates that the specimen has changed from hard and brittle to soft and
pliable. For thermoplastic-based polymer composites, the effect of threshold temperature (which
may be glass transition) and rapid heating is discussed in Section 2.6.1. In the work of Bajpai et.
al [26], the authors employed microwaves to join natural fiber reinforced PLA. They discovered
that when the temperature of the joint is higher than the matrix's glass transition temperature, a
suitable bond between the matrix and the gasket material is formed. The influence of glass
transition temperature on microwave-aided material processing has been employed in fracture
healing [150]. The polymer chains melt as a result of the heat generated in the area surrounding
the microwave absorber filler. If these chains are well above their glass transition temperature,

they can diffuse into each other and repair the crack.

When heated at 0.6 kW and 1.2 kW, the samples melted in 8 and 10 seconds, respectively. It is
thought that when heated at 1.2 kW, rather than 0.6 kW, the 8-pGNP/PLA material reached the
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phase transition temperature quickly, and the heat generated was unable to travel to lower
temperature areas, diminishing temperature uniformity and slowing the melting process.
Moreover, in case of microwave-assisted heating, uniform heating is only possible when the
frequency and penetration depth match the thickness of the materials [151]. If the thickness of the
material is very large (with respect to penetration depth) and the frequency is insufficient, just the

surface of the material gets heated, and not the entire material.

5.4.4 ‘Diminishing Return’ Beyond 4 wt% pGNP and fGNP

An intriguing observation is a ‘diminishing return’ in pGNP and fGNP loading, i.e., beyond 4-
pGNP/PLA and 4-fGNP/PLA heating a nanocomposite to the melting point happens in only
seconds, as seen in Figures 28 (A) and (B). This may offer process control issues to avoid
overheating. These effects might be attributed to the presence of filler agglomerates and percolated
particle clusters exceeding 6 wt% pGNP loading [111], as discussed in Section 5.2. Agglomerates
and interconnected particles are formations that have a greater aspect ratio but a lower effective
conductivity. When the concentration of filler approaches the percolation threshold, agglomerates
or arrays of linked particles begin to have lateral dimensions similar to the whole specimen. The
description of electromagnetic processes in agglomerates is a challenging problem that may be
tackled using percolation theory and Monte Carlo simulation [152]. However, percolation often
impacts the imaginary component of the dielectric permittivity while influencing the real part to
only a minor extent [153]. Thus, the diminishing return beyond 4 wt% GNP can be due to the
drastic change in dielectric loss factor of samples close to the percolation threshold at 6 wt % GNP.

The variation of dielectric loss factor with GNP loading has been discussed in Section 5.3.

Similar findings were obtained in [75], where microwave heating was used to weld 3D-printed
carbon nanotube/ PLA composites. The authors discovered a substantial link between electrical
percolation and film heating response, with a significant increase in heating rate over the
percolation threshold. They also found that there is a minimum filler loading that is required to
obtain a quick heating response (which in the present case is 4 wt% GNP). At greater filler
loadings, the thermal response decreases and becomes less uniform. This unexpected outcome
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occurs because, as loading increases, the films become more reflective and hence less absorbent
to incident microwaves. This explains the diminishing return beyond 4 wt% GNP. Thus,
optimizing both heating rate and uniformity requires a narrow range of loadings with a robust

interaction between the electromagnetic field and the composite.

5.4.5 Comparison of Functionalized and Pristine GNP Nanocomposites

Figures 29 (A) and 29 (B) show the fluctuation of maximum temperature with time for pure and
functionalized GNP-based nanocomposites. When heated at 0.6 kW for 180 seconds, 1-
pGNP/PLA and 1-fGNP/PLA did not melt. 4-pGNP/PLA and 4-fGNP/PLA, as well as 8-
pGNP/PLA and 8-fGNP/PLA, show comparable temperature rises over time. When heated at 1.2
kW, 1-fGNP/PLA did not melt. However, 1-pGNP/PLA melted in 80 seconds. 4-pGNP/PLA and
4-fGNP/PLA demonstrated similar responses to temporal variation. In contrast, the 8-fGNP/PLA
samples melted quicker than the 8-pGNP/PLA samples.

Microwave heating is the formation of heat because of interactions between the material and
microwaves, and it is a consequence of the electric field strength, frequency, and dielectric loss
qualities of the medium. The dielectric characteristics of composites with a filler are affected by
the filler type, concentration, and shape, as well as the sample preparation procedure. As a result,
in a continual microwave treatment condition, the material with higher dielectric loss produces a
higher temperature [150], [151]. Moreover, with reference to Figure 6, materials with low
dielectric loss factors have been discovered to be transparent to microwaves due to a high
penetration depth and low energy absorption. The dielectric loss of 1-pGNP/PLA is greater than
that of 1-fGNP/PLA, as mentioned in Section 5.3. This explains why 1-fGNP/PLA does not melt
when heated at 0.6 and 1.2 kW. Furthermore, rapid melting was seen when microwaves were
irradiated at 1.2 kW, owing to the fact that increasing microwave power results in higher
temperatures [154]. The effect of increasing microwave power on microwave energy absorption

has been discussed in Section 2.5.4.
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The limited thermal conductivity of a polymer matrix prevents heat from passing through the
specimen [150]. The heat conductivity in the through-plane direction of 4-fGNP/PLA composites
is greater than that of 4-pGNP/PLA composites. Section 5.1 includes a detailed discussion on this
subject. The dielectric loss of 4-pGNP/PLA, however, is greater than that of 4-fGNP/PLA. This
means that while the 4-pGNP/PLA absorbs microwaves better, the 4-fGNP/PLA has superior heat
conduction in the specimen after heating. It is postulated that for each of these samples, this leads

to a nearly identical temporal prediction.

As discussed in [155], the addition of functionalized graphene oxide to a polymer matrix may be
one of the reasons for the improvement in graphene filler particle dispersion. This results in
consistent heating hotspots [156], better electromagnetic waves absorption [155] and a uniform
increase in temperature [ 150]. This is seen to be the rationale for the superior heating and melting

properties of 8-fGNP/PLA over 8-pGNP/PLA.

5.5 Numerical Model Predictions

The numerical model predictions were compared to the experimental findings for all samples when
exposed with microwaves at 0.6 and 1.2 kW. The following section discusses the comparison

between maximum temperature and time, as well as microwave energy absorbed and time.

5.5.1 Maximum Temperature

Figures 30 and 31 show the variance in measured and experimental maximum temperatures for
samples irradiated with microwaves at 0.6 kW and 1.2 kW with varying pGNP and fGNP filler
weight percentages. The modeled maximum temperature values matched the experimental data
quite well. It is also observed that the simulated temperature profile increased linearly over time.
All the plots, however, have one issue in common: the numerical model failed to account for the
substantial increase in maximum temperature around the melting point. Similar findings were

observed in [89], [95], [96], [157], [158].
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In actuality, due to changes in material characteristics as a function of temperature, the temperature
of a material heated in a microwave may not vary linearly with time [158]. Section 2.5.1 explore
this concept in depth. Furthermore, because no moisture mass and momentum transfer were
incorporated in the present simulation study, a linear increase in the simulated temperature profile
was predicted. Also, the simulation's used a constant specific heat value, which is a major factor
for why the predicted temperature profile shows a linear rise over time. Another cause might be
that the samples' dielectric characteristics are assumed to be constant. However, in the actual
samples, these qualities are subject to change with time and temperature. Neglecting intraparticle
resistance to heat and mass transfer may also lead to temperature discrepancies from experimental
results [89]. The inherent (microscopic) characteristics of the material that the simulation physics
treats macroscopically also contribute to the observed deviation between the simulated and

measured behavior [159].

Moreover, changes in a magnetron's frequency can also have a significant impact on the
distribution of the electric field and the pace of heating [96]. A typical magnetron is said to diverge
from its fundamental frequency by roughly 50 MHz [160]. The position of the hot and cold areas
was discovered to shift when the magnetron frequency changed [119]. As a result, an inaccurate
frequency input may be the cause of the difference in temperature between expected and observed
values. The effect of varying frequency on microwave energy absorption has been discussed in
Section 2.5.2. Additionally, it has been observed that the core of a material dries quickest when
heated with a microwave because of the volumetric heating feature. The heat from the core is then
transferred to the outer layers via steam. The model cannot account for the fluctuation in

electromagnetic characteristics caused by this occurrence [118].

It should be noted that the numerical model more effectively predicted the conditions for the 1-
pGNP/PLA and pure PLA samples when heated at 0.6 kW for the p-GNP-based nanocomposites.
Similar to this, when subjected to 0.6 kW of microwave radiation, the behavior of 1-fGNP/PLA

material was found to be predicted with reasonable accuracy. This might be due to the fact that
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when samples were heated at 0.6 kW, temperature rose at a reduced rate, causing material

properties to change slowly as well with temperature and time, resulting in a fair approximation.

Conversely, when heated at 1.2 kW, superior predictions were established for the 4-pGNP/PLA,
8-pGNP/PLA, 4-fGNP/PLA, and 8-fGNP/PLA. The reason for this is because under increased
microwave power irradiation, the 4 and 8 wt% GNP samples exhibit a quick rise in characteristics
due to a rapid increase in material properties with regard to temperature and time, resulting in an
almost linear increase in temperature rise. As a result, a more accurate estimate is provided. Section

2.5.4 explains the effect of microwave power on microwave energy absorption.

Overall, the maximum temperature of the fGNP/PLA samples was predicted with reasonable
accuracy. At the microscopic level, functionalized nanocomposites have greater filler dispersion,
but the numerical model did not account for these characteristics. Furthermore, as compared to
pure specimens, the functionalized specimens had a greater value of electrical conductivity. High
electrical conductivity has been demonstrated to cause interface impedance mismatch, which can
enhance surface reflection while decreasing microwave absorption [161]. The numerical model
does not incorporate this information. Additionally, at the same nanofiller loading, pGNP/PLA
samples demonstrated lesser thermal conductivity. Thus, the f{GNP/PLA nanocomposites may
have conducted more heat from the PTFE dish and glass plate than the pGNP/PLA nanocomposites

did. The numerical model did not account for these factors.
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5.5.2 Microwave Energy Absorbed

One way for measuring the microwave's effect on the given material is to assess the microwave
power that is absorbed by a specimen when using a laboratory-scale microwave device [162]. The
computed electromagnetic power density was integrated over the entire specimen domain in the
numerical model to determine the microwave power absorbed. Similar studies have been published

in [96], [163]-[165].

The simulated microwave energy absorbed (Js) with respect to time was then computed by:

Js=P Xt (41)

where, P = microwave power absorbed (Watt)

The experimental microwave energy absorbed (Je) was determined as follows:

Je=m-c,- AT (42)

The quantity of microwave power absorbed is determined by the material's dielectric
characteristics [165]. Microwaves are absorbed by materials with the largest dielectric losses at
room temperature, whereas microwaves propagate through materials with lower losses. The

absorbing medium transfers heat and energy to the transparent material.

Figures 32 and 33 illustrate the time-dependent change of experimental and theoretical microwave

energy absorbed when irradiated with microwaves at 0.6 and 1.2 kW, respectively. In Section 5.3,

84



a rise in dielectric loss was seen in response to GNP concentration. Accordingly, as GNP

concentration rises, so does the amount of microwave radiation that the samples are able to absorb.

The experimental and theoretical values of microwave energy absorbed are in good agreement up
until the steep rise in experiment values is observed. As discussed in Sections 5.4.3 and 5.5.1, this
sharp increase is the result of the increase in dielectric characteristics with regard to temperature
(also explained in Section 2.5.1) and time. As a result, as the sample gets closer to the melting
point, the rate at which heat is generated rapidly outpaces the sample's capacity to dissipate heat,
and the microwave energy absorbed suddenly increases. Because the numerical model has not
been equipped with the change in dielectric characteristics with regard to time and temperature,

the predicted absorbed energy fails to include this abrupt rise in absorption.

A linear increase in microwave energy absorption is seen, which is consistent with the maximum
temperature prediction in Section 5.5.1. There may be a variety of causes for this implausible trend.
This includes not taking into account the change in material characteristics with time and
temperature, intraparticle resistance to heat and mass transfer [89], as well as moisture mass and
momentum transfer. Not accounting for the changes in specific heat and dielectric properties with

time and temperature can potentially be a significant factor.

The fluctuations in electric and magnetic field strengths with temperature and time make
experimental measurements of microwave power absorbed inside a material extremely challenging
[11]. Furthermore, as seen in equation 10, power absorbed is affected by frequency and electric
field. As discussed in Section 5.5.1, magnetron frequency diverges by approximately 50 MHz,
which affects the electric field [96] and hence hotspot position [160]. As a result, an incorrect
frequency might be the source of the temperature disparity between predicted and observed values.
Section 2.5.2 discusses the influence of frequency variation on microwave energy absorption.
Furthermore, functionalized nanocomposites have better filler dispersion at the microscopic level,

but the numerical model cannot account for these properties.
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Chapter 6: Conclusion and Future Work

6.1 Conclusion

Multifunctional GNP/PLA nanocomposite samples with various pGNP and fGNP concentrations
were fabricated in this work. Their thermal and electrical properties, complex permittivity, and
microwave heating behavior as a function of microwave power and filler concentration, were

studied.

The results revealed that increasing pGNP and fGNP loading from nil to 8 wt% enhanced the
specific heat capacity by 35.8% and 49.2%, respectively. The pGNP/PLA and f-GNP/PLA
nanocomposites exhibited anisotropic thermal behaviour, with the in-plane thermal conductivity
of 8-pGNP/PLA and 8-fGNP/PLA nanocomposites improving by a factor of almost 7.5 and 12,
respectively, over pure PLA. In terms of electrical conductivity, pure PLA, with a value of less
than 10'° S/cm, was confirmed to be an insulator. In contrast, electrical conductivity for the
8-pGNP/PLA and 8-fGNP/PLA nanocomposites increased several orders of magnitude (10 S/cm
and 107 S/cm), indicating that they are semiconductor materials. The complex permittivity
parameters, ¢’ and ¢”’, rose from 2.5 to 5.91 and 0.04 to 0.67, respectively, from the neat PLA to
8-pGNP/PLA samples. ¢’ and &’ rose from 2.5 to 6.23 and 0.04 to 0.51, respectively, from neat
PLA to 8-fGNP/PLA samples, respectively. At the same nanofiller loading, {GNP/PLA had better

thermal and electrical conductivity and lower complex permittivity than pGNP/PLA.

When heated in a 2.45 GHz fixed frequency multimode applicator at 0.6 kW, the 8-pGNP/PLA
and 8-fGNP/PLA nanocomposites melted in mere 8 seconds, while pure PLA remained notably
below the melting point even after 180 seconds or irradiation. The study revealed that increasing
pGNP and fGNP filler loading to 4 wt% and 8 wt% substantially reduced the microwave heating
time by over an order of magnitude compared to the pure polymer. The temperature rise was
observed to be rapid, with poor reproducibility in test findings. Also, a sudden spike in temperature

was noticed close to the specimen melting point. However, a decreasing return in filler loading
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appears to exist beyond 4 wt%. Lastly, it was noted that when heating at 600W, 8-pGNP/PLA
reached the melting point somewhat faster than when heating at 1200W.

When comparing the experimental temporal variations of functionalized and pristine GNP
nanocomposites, it was discovered that when heated at 0.6 kW for 180 seconds, 1-pGNP/PLA and
1-fGNP/PLA did not melt. The temperature rises in the 4-pGNP/PLA and 4-fGNP/PLA, as well
as the 8-pGNP/PLA and 8-fGNP/PLA, are comparable over time. 1-fGNP/PLA did not melt when
heated to 1.2kW. 1-pGNP/PLA, on the other hand, melted in 80 seconds. 4-pGNP/PLA and
4-fGNP/PLA responded similarly to temporal variation. The 8-fGNP/PLA samples, on the other
hand, melted faster than the 8-pGNP/PLA ones.

The numerical model predictions for maximum temperature and microwave energy absorbed
matched the experimental data well. The simulated temperature profile increased linearly over
time. However, all results have one issue in common: the numerical model failed to account for
the significant rise in maximum temperature and microwave energy absorbed close to the melting
point. It should be observed that when heated at 0.6 kW, the numerical model more accurately
predicted the temperatures for the 1-pGNP/PLA, 1-fGNP/PLA, and pure PLA samples. Superior
predictions were established when heated at 1.2 kW for the 4-pGNP/PLA, 8-pGNP/PLA,
4-fGNP/PLA, and 8-fGNP/PLA. Furthermore, it was discovered that as GNP concentration

increases, so does the quantity of microwave radiation that the samples can absorb.

In summary, the produced multifunctional GNP nanocomposites were shown to afford high
microwave absorption and hence rapid heating, owing to their considerably raised thermal and
electrical conductivity and complex permittivity. This indicates that thermoplastic GNP
nanocomposites are a suitable choice for gasket materials that enable fusion bonding via
microwave irradiation in thermoplastic-based components such as in piping systems. In the
experiments, imaging using a thermal camera not only revealed the temperature distribution but

also the volumetric heating of the microwave-assisted heated samples. The developed numerical
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model enabled predicting the maximum temperature and microwave energy absorbed in the heated
specimens. However, the modeling approach, using constant material properties, was unable to
predict a sharp increase in temperature close to the material melting point. Additionally, the model
indicated a linear temperature rise over time, which deviates from experimental observations. The
model could be augmented to incorporate temperature-dependent properties to capture the non-

linear effects.

6.2 Future Work

This study offers a vast avenue for further exploration. Future work includes the following:

1) Incorporating a single-mode microwave in lieu of a multi-mode configuration. Single-

mode microwaves have demonstrated quick and uniform, and reproducible heating results.

2) The fluctuation of material characteristics with reference to temperature can be taken into

account when simulating experimental results using a numerical model.

3) The experimental values of density and complex permeability can be used in future

numerical models.

4) Experiments can be repeated at multiple frequencies to observe the behaviour of materials

at different frequencies.

5) Specimens of various shapes and sizes can be included, and their microwave absorption

patterns can be investigated.

6) Specimens can be placed in the domestic oven at different spots and heights to study

microwave absorption.
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7) Specimens may be further characterised using scanning electron microscopy and Fourier
transform infrared spectroscopy to examine GNP dispersion and surface chemical
parameters, respectively. The transmission, reflection, and absorption spectra of the

specimen can also be examined to better understand a material's behaviour when exposed

to microwaves.
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Appendices

This section includes images of melted samples and thermographs.

Appendix A : Melted Samples

Figure 34: Melted PLA sample

Figure 35: Melted 4-pGNP/PLA sample
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Figure 37: Melted 1-fGNP/PLA sample
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Melted 4-fGNP/PLA sample

Figure 38

Melted 8-fGNP/PLA sample

Figure 39
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Appendix B : Thermographs of Samples

Figure 40: Thermograph of PLA sample when heated at 1.2 kW for 90 seconds

Figure 41: Thermograph of 4-pGNP/PLA sample when heated at 0.6 kW for 10 seconds
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Figure 42: Thermograph of 4-fGNP/PLA sample when heated at 1.2 kW for 15 seconds

Figure 43: Thermograph of 8-pGNP/PLA sample when heated at 0.6 kW for 4 seconds
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Figure 44: Thermograph of 8-fGNP/PLA sample when heated at 1.2 kW for 8 seconds

114



