CANCOM2022 — CANADIAN INTERNATIONAL CONFERENCE ON COMPOSITE MATERIALS

MICROWAVE ABSORPTION STUDY OF MULTIFUNCTIONAL
GRAPHENE-BASED POLYLACTIDE

Dua, Mahima, and Mertiny, Pierre*
Department of Mechanical Engineering, University of Alberta, Edmonton, Canada
* Corresponding author (pmertiny@ualberta.ca)

Keywords: graphene nanocomposites; thermoplastic polymer; microwave heating

ABSTRACT

Thermoplastic polymer piping is widely used in the industry. 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 cost. Moreover, joule heating enables only localized heat input that requires
moderation to avoid damage in low thermal conductivity polymers. Microwave heating may mitigate these
shortcomings leading to shorter fusion times, enhanced heating uniformity, and lower electricity usage. This study
explores the use of graphene nanoplatelets (GNP) to create multifunctional polylactide (PLA) composites for high
microwave absorption. GNP/PLA composites were obtained via a two-step scalable fabrication procedure,
consisting of solution blending followed by hot compression molding. The resulting composites were characterized
for their thermal properties, electrical conductivity, and complex permittivity. Finally, microwave heating of
GNP/PLA as a function of microwave power and filler loading was examined using thermal imaging. 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.

1 INTRODUCTION

Despite global efforts to grow renewable energy generation, more than half of the total global energy need is
supplied from the oil and gas industry [1]. As such, the safe and sustainable transportation of hydrocarbon products
remains a critical issue. 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].

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].

Electrofusion welding via Joule heating is a method used for joining thermoplastic polymer pipes [5]. This process
involves using couplings or fittings to surround the joint to be fused. Sending an electric current through metal coils
inserted into the fittings produces heat and melts a portion of the pipes, resulting in the formation of a joint upon
solidification. However, incorporating the metal coils into pipe components introduces complexity into the
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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.
Thus, in cold weather conditions this process must be carried out in shelters with temperatures maintained within
an acceptable range, resulting in added cost and time-consuming processes [5]. Due to these limitations, innovative
procedures are sought-after to effectively and expediently join piping made of advanced materials.

Microwave processing of materials is one such approach. Processing of materials via microwave energy has been
proven to be a viable method for sintering [8], [9], joining [10], [11], cladding [12], [13], casting [14], [15], and drilling
[16]-[18]. Microwave energy became a well-known method for material processing in the late 1990’s [19]. Ever
since, researchers have used this less-explored source of energy to process important engineering materials,
including metals, ceramics, polymers, and their composites [20]. 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 [21]-[23].

Several studies on microwave processing have been reported in the technical literature. In a 2.45 GHz microwave
unit, Wu and Benatar [24] used the microwave absorption capabilities of intrinsically conductive polyaniline polymer
to weld microwave transparent high density polyethylene (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.
To achieve microwave joining of thermoplastics, Wise and Froment [25] used a range of microwave-sensitive
implants (including carbon-based implants as well as ceramic, polymer, and metal powder-based implants). They
reported that carbon-based implants are most promising and cost-effective, taking only 3-60 seconds to create a
joint. Wang et al. [26] 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. In the work of Singh et al. [27], 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. Bajpai et
al. [23] successfully performed microwave-assisted joining of a range of natural fibre reinforced polylactic acid (PLA,
also known as polylactide) and polypropylene substrates using charcoal as the susceptor. Using a domestic
microwave operating at 0.9 kW, lap joints were produced in 200-250 seconds.

The review of the technical literature revealed a gap relating to microwave absorption properties of multifunctional
graphene-based PLA. PLA is an important thermoplastic polymer with high relevance in technical applications. More
generally, this study explores the use of graphene nanoplatelets (GNP) to create multifunctional thermoplastic
polymer composites for high microwave absorption. GNP/PLA composites were obtained via a two-step scalable
fabrication procedure, consisting of solution blending followed by hot compression molding. The resulting
composites were characterized for their thermal properties, electrical conductivity, and complex permittivity.
Finally, microwave heating of GNP/PLA as a function of microwave power and filler weight fractions were examined
using thermal imaging. Insights gained from the study of PLA based thermoplastics are intended to serve as a basis
for the development of polymer composites for the microwave joining, specifically for thermoplastic piping products.
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2 MICROWAVE HEATING MECHANISM

Microwave irradiation, i.e., high-frequency electromagnetic waves, can be used to heat a substance. While in
traditional heating, heat is delivered externally to the material's surface, microwave irradiation penetrates and
volumetrically heats the material [28]. This ensures that even thick materials are heated uniformly and quickly. The
absorption of microwave energy is driven by the material permittivity and magnetic permeability, which account
for time-harmonic electric and magnetic fields [19]. Not every material is appropriate for microwave heating, also
known as dielectric heating, and the haphazard use of microwave irradiation in material processing may result in
disappointment. The complex permittivity (¢*), see Equation (1), is the primary characteristic that describes the
degree of heat generated in a non-magnetic material when interacting with microwave irradiation. 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 energy within the material. The dielectric loss factor (g”) 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 &, see Equation (2) [29].

*

e = ¢ —je" (1)

tand = ¢’/ ¢ (2)

Considering microwave irradiation at a frequency of 2.45 GHz, common polymers have dielectric constants and
dielectric loss factors ranging from 2.1 to 6.0 and from 0.0008 to 1.20, respectively [30]. On the other hand, polymer
composites with a carbon black filler were shown to possess a dielectric constant and a dielectric loss factor of
correspondingly 10.45 and 3.75, which indicates that carbon allotropes when used as filler can achieve much
improved microwave absorption and heat conversion [31].

3 EXPERIMENTAL PROCEDURES

3.1 Materials

Graphene nanoplatelets (xGnP grade M15) were procured from XG Sciences (Lansing, MI, USA). Their average
thickness, volumetric mass density, and electrical conductivity were, correspondingly, 6 to 8 nm, 2.2 g/cm?3, and
107 S/m parallel and 10? S/m perpendicular to the platelet plane. PLA was supplied in the form of pellets from Filabot
Lab (type 4043D, Barre, VT, USA). The PLA glass transition temperature (Tg), volumetric mass density, and melting
temperature range were specified by the supplier as 55 to 60°C, 1.24 g/cm?, and 145 to 160°C, respectively. Fisher
Scientific (Ottawa, ON, Canada) supplied with reagent grade chloroform and other chemicals.

3.2 Sample Preparation

3.2.1 GNP/PLA Nanocomposites

The GNP/PLA nanocomposites were prepared by solution mixing. Initially, PLA pellets and pristine GNP were dried
in an oven at 80°C overnight. 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
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material was compression molded into plates. Further details of the nanocomposite fabrication process can be
found in [32]. Squares test samples were cut with dimensions of 25 mm and a thickness of 1.8 mm. For comparison,
neat PLA samples were fabricated using comparable processes. Four types of materials with different GNP
concentrations were prepared for testing as per Table 1.

Table 1. Composition of the nanocomposites.

GNP loading (wt%) 0 1 4 8
Material identifier PLA  1-GNP/PLA 4-GNP/PLA 8-GNP/PLA

3.3 Material Characterization

3.3.1 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 C, 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 [33]. One
test was conducted per filler weight fraction.

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. Three test runs were conducted for each filler weight fraction, using a
measurement duration and heating power set in accordance with IS0 22007-2 [34].

3.3.2 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.

3.3.3 Complex Permittivity

A vector network analyzer (ZVA67, 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, polytetrafluoroethylene (PTFE) was used as the
standard material to confirm the calibration prior to the start of a sample characterization. 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. Every sample was examined eight times, and the average value is reported.

3.4 Microwave Heating

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. A glass plate was placed
inside the chamber on four ceramic supports at the corners. A specimen contained in a PTFE dish was placed at a
distinct hotspot location on the glass plate inside the chamber. The hotspot location was determined using damp
thermal paper. This arrangement is intended to create repeatable results in terms of sample placement and energy
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input. Glass plates and PTFE dishes were exchanged between tests to ensure the same thermal conditions for each
test. Power and time are the two key governing parameters in the microwave heating experiments. Specimens 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 dish was removed rapidly from the chamber and placed on a wooden holder. An infrared camera (X8500sc,
Teledyne FLIR, Wilsonville, OR, USA) was used to measure the specimen temperature distribution. For a given
irradiation time and power level, single samples were tested for pure PLA and 1-GNP/PLA, while tests were
conducted in triplicate for 4-GNP/PLA and 8-GNP/PLA, given that considerable data scatter was observed for the
higher filler loadings.

4 RESULTS AND DISCUSSION

4.1 Thermal Properties

Referring to Table 2, the specific heat capacity was found to increase by 35.8% with the addition of 8 wt% GNP over
the pure PLA matrix. In terms of thermal conductivity (see Figure 1A), neat PLA is isotropic with a value of
0.12 W/mK, which is consistent with values reported in the technical literature [35], [36].

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

GNP loading (wt%) 0 1 4 8
Specific heat capacity (MJ/m?3K) 1.87 2.1 2.45 2.54
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Figure 1. Thermal and electrical conductivity (A) and complex permittivity (B), i.e., dielectric constant €” and dielectric loss
factor €”, for PLA composites with different GNP filler weight fractions.

As expected, increasing the GNP filler loading greatly improved thermal conductivity, particularly in the in-plane
direction of the samples, yielding considerable anisotropy of the PLA/GNP nanocomposites. For instance, for
8-GNP/PLA samples the in-plane thermal conductivity reached a maximum value of 1.05 W/mK compared to
0.26 W/mK for the through-thickness direction. Notably, the in-plane thermal conductivity of 8-GNP/PLA
nanocomposites increased by a factor of almost 7.5 over the pure PLA. The increase in thermal conductivity is
attributed to the exceptionally high thermal conductivity of GNP compared to the polymeric matrix, as well as
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possible network formation and interaction between graphene platelets as filler concentration increases, producing
thermal conduction pathways. The latter can lead to reduced phonon scattering effects between polymer chains
and filler particles [37]. The substantially higher in-plane thermal conductivity, compared to the through-thickness
direction, can be explained by in-plane stacking effects of high-aspect ratio graphene platelets in the GNP/PLA
nanocomposites. Similar trends were observed in [32], [38].

4.2 Electrical Conductivity

Electrical conductivity in polymers is caused by two factors: (i) Contact between particles in the composite forms
paths for the conduction of electrical charge known as leakage current; and (ii) sufficiently close proximity of
particles (in the nanometer scale) allows for the quantum mechanical phenomenon of electron tunneling to occur,
thus permitting the conduction of electrical charge via a tunnelling current [39], [40].

As depicted in Figure 1A, electrical conductivity of PLA nanocomposites varied drastically as a function of GNP
loading. While neat PLA and 1-GNP/PLA samples exhibited electrical conductivities below 10® S/cm, characterizing
them as insulators, electrical conductivity jumped several orders of magnitude for the 4-GNP/PLA (~10° S/cm) and
8-GNP/PLA (~103S/cm) nanocomposites. The latter can thus be characterized as a semiconductor rather than
insulator material. Clearly, with rising GNP concentration, leakage and tunnelling currents increase owing to more
physical contacts and shorter distances between platelets, respectively, with leakage current likely contributing to
the conduction of charge to a greater extent than tunnelling current [41]. The significant rise in electrical
conductivity with GNP loading is further attributed to percolation effects, i.e., the rapid formation of conductive
pathways inside the material when exceeding certain filler loading threshold. In other research, percolating was
found to occur when GNP concentration increased from 7 to 8 wt% [40] and 6 to 9 wt% [41].

4.3 Complex Permittivity

Polarization of charges inside a material influences its permittivity [42]. In polymers, permittivity is typically low;
however, it can significantly be increased by the inclusion of conductive fillers [43]. Polarization of the matrix,
conductive filler particles, and matrix/filler interface can all contribute to the overall permittivity of the composite
in filled polymers [41], [42].

Figure 1B depicts the variation in the dielectric constant, €', and dielectric loss factor, €”, of the complex permittivity
of PLA/GNP nanocomposites. The data show that permittivity of PLA nanocomposites is highly sensitive to GNP
concentration. With rising GNP loading, €' and €”’ exhibit similar rising trends, i.e., €’ and €" increased from 2.5 to
5.91 and 0.04 to 0.67 from neat PLA to 8-GNP/PLA samples, respectively.

The experimental findings agree with the technical literature. As discussed in [44], the inclusion of a conductive GNP
filler increases the dipole moment and conductivity of PLA nanocomposites, resulting in considerable permittivity
improvement. Other studies ([40], [41], [45]) reported similar increases in €’ and &’ with increasing GNP loading.
For example, €’ and £” were 8.5 and 0.9 for a 4 vol% GNP/epoxy nanocomposite at 1 GHz [45].

4.4 Microwave Heating

Figure 2A displays an example of a thermograph for a 1-GNP/PLA sample after heating at 1.2kW for 60 seconds. The
thermograph demonstrate the expected volumetric heating of the nanocomposite materials, with temperatures
reaching their maximum in the sample interior. Figure 2B depicts the (average) recorded temperatures for the
various samples when irradiated for given times at 0.6 kW and 1.2 kW. In the case of pure PLA heated at 0.6 kW,
the melting temperature (160°C) was not reached even after 180 seconds of irradiation. At 1.2 kW, however, the
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sample reached the melting point within 180 seconds. The 1-GNP/PLA samples melted in within 180 seconds and
80 seconds at the low and high power levels, respectively. Notably, the 4-GNP/PLA and 8-GNP/PLA samples reached
the melting point much more rapidly, within 15 seconds, for both power levels. For neat PLA and 1-GNP/PLA
samples, an approximately linear temperature increase was observed until a rapid rise in temperature was noted
approaching the melting point.

350
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1 O 1-GNP/PLA-0.6kW  m 1-GNP/PLA-1.2kW
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Figure 2. Example thermograph of a 1-GNP/PLA sample after heating at 1.2kW for 60 seconds (A), and measured average
temperatures at different microwave irradiation durations for samples with different GNP filler weight fractions (B).

It is quite evident that upon adding GNP to the PLA matrix, the time taken to melt the material declines rapidly.
Evidently, with increasing GNP loading, the nanocomposite shielding efficiency improves along with a rising
electrical (and thermal) conductivity and permittivity [40][46]. An interesting finding is a diminishing return in GNP
loading, i.e., beyond 4-GNP/PLA, heating a nanocomposite to the melting point occurs in mere seconds, which may
even pose challenges in terms of process control to avoid overheating. In fact, considerable data scatter was
observed for the 4-GNP/PLA and 8-GNP/PLA sample types, with standard deviations approaching 100°C in some
instances (4-GNP/PLA and 0.6 kW). These effects may be related to the existence of filler agglomerates and
percolated particle clusters exceeding 6 wt% GNP loading [32]. The observed rapid rise in temperature nearing the
melting point may be due to the fact that the dielectric loss of composites increases with temperature, increasing
heat generation [47]. A perplexing observation is that the 8-GNP/PLA samples, when heated at 0.6 kW, reached the
melting point quicker than when heated at 1.2 kW. It is speculated when heating at 1.2 kW, rather than 0.6 kW, the
8-GNP/PLA material achieved the phase transition temperature rather rapidly, and the heat generated was unable
to travel to lower temperature locations, reducing temperature uniformity and delaying the melting process. Lastly,
the observed considerable data scatter is attributed largely to the type of microwave source used in these
experiments, which was found to produce uneven irradiation power and heating, resulting in significant variation in
results [48]. For future experimental studies, it is recommended to use a single-mode microwave source, which is
more suited to maintain regulated power and homogeneous heating.
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5 CONCLUSIONS

Multifunctional GNP/PLA nanocomposite samples with various GNP 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 GNP loading from nil
to 8 wt% enhanced the specific heat capacity by 35.8%. The GNP/PLA nanocomposites exhibited anisotropic thermal
behaviour, with the in-plane thermal conductivity of 8-GNP/PLA nanocomposites improving by a factor of almost
7.5 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-GNP/PLA nanocomposite increased several orders of
magnitude (10 S/cm), making it a semiconductor material. The complex permittivity parameters, ¢’ and €”, rose
from 2.5 t0 5.91 and 0.04 to 0.67 from the neat PLA to 8-GNP/PLA samples, respectively. When heated in a 2.45 GHz
fixed frequency multimode applicator at 0.6 kW, the 8-GNP/PLA 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 GNP 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. However, a decreasing return in filler loading appears to exist beyond 4 wt%. The
temperature rise was observed to be rapid, with poor reproducibility in test findings. Lastly, it was noted that when
heating at 600W, 8-GNP/PLA reached the melting point somewhat faster than when heating at 1200W. In summary,
the produced multifunctional GNP nanocomposites were shown to afford high microwave absorption and hence
rapid heating, which 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.
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