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Abstract

With rising environmental concerns related to plastic pollution and dependency on petrochemical
resources, biopolymers have been gaining attention. Polylactide (PLA) as one biopolymer option
has attracted much interest. However, the low thermal and electrical conductivities limit its full
application in advanced engineering devices. The main objective of this thesis was to fabricate
multifunctional PLA polymers with high conductivity and mechanical properties comparable to
pure PLA polymer by incorporating graphene nanoplatelet (GNP).

Heat conduction in polymer nanocomposites is mainly controlled by the transport of phonons. A
weak interfacial compatibility between filler and polymer may result in high interfacial thermal
resistance and robust phonon scattering, resulting in low thermal conductivity. To improve the
dispersion of pure graphene nanoplatelet (pGNP) and interfacial bonding between pGNP and PLA
matrix, the surface of pGNP was non-covalent modified with tannic acid to obtain functionalized
graphene nanoplatelet (fGNP). Moreover, phonon and heat transfer are more pronounced for
nanofiller alignment. Therefore, in this work, the two-step processes solution-blending followed
by hot compression molding was applied to prepare aligned pGNP/PLA and fGNP/PLA
nanocomposites.

The analysis of Fourier transform infrared spectroscopy and X-ray diffraction of f{GNP and pGNP
powders suggested the success of non-covalent modification. Scanning electron microscopy
results indicated improved interfacial adhesion. Moreover, alignment of pGNP and fGNP in PLA
specimens was revealed by transmission electron microscopy and thermal conductivity testing.
Therefore, PLA nanocomposites exhibited anisotropic thermal conductivity perpendicular and
parallel to the in-plane direction of the samples. Anisotropy indices (the ratio of thermal

conductivity in parallel to perpendicular direction) of 18.5 and 21.6 were ascertained for samples
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with 16 wt% pGNP and 16 wt% fGNP loading, respectively. A greatly enhanced in-plane thermal
conductivity of 8.65 W/mK was achieved for PLA nanocomposite with 16 wt% fGNP, which was
a 43-fold and 1.5-fold increase compared to neat PLA and nanocomposite reinforced by 16 wt%
pGNP, respectively.

Moreover, in-plane electrical conductivity was substantially increased, with the electrical
percolation threshold of GNP between 6 and 8 wt%. With the incorporation of 16 wt% fGNP and
pGNP, respective conductivities of 0.8 S/cm and 0.5 S/cm reached more than 13 orders of
magnitude higher than the value of pure PLA. Besides, embedding 12 wt% GNP in
nanocomposites can impart an average total electromagnetic interference shielding effectiveness
of 20.71 dB (pGNP/PLA) and 27.91 dB (fGNP/PLA), respectively, which exceeds the required
minimum value (20.0 dB) for commercial electromagnetic interference shielding application.
Other testing revealed nanocomposites exhibiting improvement in the Young’s modulus (3.51 GPa
at 16 wt% fGNP) and storage moduli (12.1 GPa at 40°C for 16 wt% fGNP) as well as better
thermal stability upon fGNP incorporation accompanied by strong adhesion to PLA matrix.
Overall, the simple hot-compression process combined with the non-covalent modification was
effective in manufacturing multifunctional f{GNP/PLA nanocomposites with improved electrical
and thermal conductivity, better thermal stability, as well as mechanical properties, which may
enable the applications of GNP/PLA nanocomposites in electric/electronic, automobile devices,

and other potential fields requiring efficient directional thermal management.
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Chapter 1 — Introduction

1.1 Background

Polymers from non-renewable sources are successfully used in numerous applications, such as
electronic devices and fluid containment vessels (e.g. piping). However, waste disposal and
recycling and the reliance on petroleum-based products with related pollution issues are
problematic [1]. Consequently, research on biodegradable polymers has been gaining significant
attention [2]. Biodegradable polymers include, but are not limit to, poly(e-caprolactone),
polybutylene adipate terephthalate, polybutylene succinate, polylactic acid, poly(3-
hydroxybutyrate-co-hydroxyhexanoate), and poly(3-hydroxybutyrate-co-hydroxyvalerate) [3, 4].
Among the family of sustainable biopolymers, polylactic acid, has lately attracted increasing
scientific interest [5], with the advantages in thermal processibility, biocompatibility, and

bioabsorbable ability [6].

Low thermal conductivity of polymers (typically 0.1 to 0.5 W/mK [7]) impedes many industrial
applications, such as in heat sinks, batteries and other electronic devices entailing thermal
management capability [8, 9]. Thus, tailoring a multifunctional PLA matrix is an attractive
proposition. Multifunctionality, in this context, entails a cost-effective material composition
having improved thermal conductivity and mechanical strength comparable with neat PLA
polymer to meet the requirements for given engineering applications. In the following sections of
this introductory chapter, background information on polylactide, nano-reinforcements, and

factors affecting the thermal conductivity are described.
1.2 Basic of polylactide biopolymer

Poly (lactic acid), also named polylactide, hydrophobic aliphatic thermoplastic polyester, is
generally synthesized either via polycondensation of lactic acid monomer or ring-opening
polymerizing lactide (cyclic dimer of lactic acid) [10, 11]. The first study to produce PLA material
was researched in the 1845 by polycondensing the lactic acid monomer, and the low molecular
weight of PLA is produced in 1932. Soon, in 1945, PLA product is industrially applied in the

medical application [12-14]. The lactic acid can be easily derived from the fermenting of



renewable sources such as cornstarch, sugarcane, or potato [15]. Thus, the PLA is also the bio-

based polymer.

The existence of chiral carbon in lactic acid, L-(+)-lactic acid and D-(—)-lactic acid, can introduce
three stereoisomeric structures of PLA, which is the poly-(L-lactic acid) (PLLA), poly-(D-lactic
acid) (PDLA), and poly-(D,L-lactic acid) (PDLLA) [16, 17]. The L-(+)-lactic acid isomer is the
major form of lactic acid [18]. Conventional plastic manufacturing processes, such as thermo-
compression forming, injection, extrusion or blow molding, and electron spinning, can be utilized
to fabricate PLA products [19]. The mechanical properties of PLA (2.5 kJ/m? impact strength, 3-
4 GPa Young’s modulus, and 50-70 MPa tensile strength [20]) are comparable to a range of
commodity petrochemical-derived polyolefin materials, such as polyethylene terephthalate (PET),
polystyrene (PS), and polypropylene (PP) [21-24], with values shown in Table 1. PLA is seen as
a potential alternative to these petroleum-based polymers. PLA has been applied for various
applications, within industrial and academic communities, such as industrial packaging,

biomedical devices, automotive industries, and agricultural areas [25-27].

Table 1. The mechanical properties comparison of PLA and some petroleum-based polymers

Physical properties PLA PS PET PP
Young’s modulus (GPa) 3.5-3.8 2.3-3.2 2.8-4.2 1.1-1.6
Elongation at break (%) 4-240 1.2-3 30-300 70-600

Tensile strength (MPa) 48-55 34-50 48-72 20-40
Glass transition temperature (°C) 40-70 70-115 73-80 -10
Notched izod impact (kJ/m?) 2.0 1.2 35 6

1.3 Polylactide-based composites

Some drawbacks of PLA polymer, such as poor electrical and thermal conductivities, low service
temperature and crystallization, and being a weak gas barrier, may limit industrial applications [28,

29]. Many approaches, including adding plasticizers [30], mixing with other polymers [31], and


https://www.sciencedirect.com/topics/materials-science/tensile-strength

incorporating small amounts of fillers [32] have been explored to tailor PLA polymer properties

and mitigate its shortcoming properties.

Among these strategies, combining PLA with nanofillers (at least one dimension size smaller than
100 nm) has been an active field of research to improve the performance of PLA while maintaining
its key properties by producing nanoparticle/PLA nanocomposites [33, 34]. The numbers of
studies on PLA composites are depicted in Figure 1, which were obtained from the Ei Compendex
engineering database (Elsevier, Amsterdam, Netherlands), by searching abstracts for the term
“PLA composites”. Adding nanofillers into the polymer matrix is a practical and straightforward
approach to achieving enhanced target material properties. Moreover, other properties may also
be improved or at least not largely deteriorate due to the small loading of nanoparticles added to

the polymer matrix.

Publications

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Year
Figure 1. The number of publications of PLA-based composites from 2010 to 2019.

The most frequently used nano-reinforcements in PLA matrix include, but not limited to,
nanosilica [35], layered silicate (such as nanoclay [36]), microcrystalline cellulose [37], and
carbonaceous material (such as graphene or graphene derivatives [38, 39], carbon fiber [40], and
carbon nanotube (CNT) [41]). To fabricate PLA nanocomposites, frequently conventional routes,
including melt compounding [42], solution dissolution mixing [43], electrospinning [44], and in
situ polymerization [45], have been reported. Generally, the degree of enhancement of various
properties in nanofiller/polymer nanocomposites is highly dependent on several factors, including

inherent characteristics and structure of the nanofiller (such as the aspect ratio, surface area,



dimension, and synergistic effect), the nanofiller dispersion morphology (random or alignment) in
the polymer matrix, and the interfacial bonding between the nano-reinforcement and the polymeric

matrix [46-49].

Upon reviewing the previous technical literature on nanofiller/PLA nanocomposites, it was
concluded that only a limited number of studies have been concerned with improving
conductivities of electrically/thermally insulating PLA, particularly in the case of graphene

nanoplatelets-reinforced PLA nanocomposites.
1.4 Brief introduction of graphene (nanoplatelets)

Among the available nanofillers, carbon nano-reinforcement such as CNT and graphene are
attractive choices. Graphene, discovered in 2004 [50, 51], consists of a single atomic thick layer
of sp?> hybridized conjugated carbon network hexagonally arranged in a honeycomb two-
dimensional lattice structure [52, 53]. Studying graphene as the reinforcement for polymer
nanocomposites has drawn considerable interest due to its impressive thermal conductivity
(theoretical value of ~5000 W/mK [54]), electron mobility (200000 cm?> V™' s7!) [55] and
mechanical properties (tensile strength ~130 GPa, Young’s modulus 0.5-1 TPa [56]). However,
due to the high fabrication cost in mass production and low manufacturing rate of high-quality
graphene, commercialized applications of single-sheet graphene-based nanocomposite products
are typically not competitive [57]. One of the graphene derivatives, graphite (or graphene)
nanoplatelets (GNP), also known as graphite nanoflakes or nanosheets, is a promising alternative
to graphene. For example, a thermal conductivity of 6.44 Wm 'K~ was reported for an epoxy

nanocomposite with 25 vol% GNP, which is a 30 times increase over pure epoxy [58].

GNP is comprised of multiple 2-D graphene layers (thickness 5 to 10 nm [59]), stacked by Van
der Waal’s forces. The diameter of GNP is in the range from several to dozens of micrometers
[60], with aspect ratio (100-1500) [61] and specific surface area (50-750 m?/g) [62]. Interestingly,
most of the outstanding properties of graphene are retentive in GNP, with the exceptional in-plane
thermal conductivity (in order of 3000 to 5000 W m™! K' [63]), and ultrahigh mechanical
properties (elastic modulus 1000 GPa, tensile strength 10 to 20 GPa [64]).

GNP powder can be produced by a top-down approach from the expansion of intercalated graphite.

Commercial natural graphite is firstly intercalated with acid ions. Then the intercalated graphite is



thermally expanded by quick heating to above 600°C [65]. After these two processes, lastly,

graphite is exposed to mechanical or ultrasonic treatment to obtain the desired sizes of final GNP

[66]. Compared to the one-atom-layered graphene or carbon nanotubes, large quantities of GNP

can be commercially produced cost-effectively because of the mature fabrication technologies and

the low price of abundance graphite [67].

The advantages of GNP as reinforcement over other carbonaceous materials (such as CNT, carbon

fiber, or graphene) are summarized as follows:

(@)

(ii)

(111)

(iv)

V)

Improved processability: Compared with graphene and CNT, it is easier to uniformly
disperse GNP during fabricating nanofiller/polymer nanocomposites because of the
lower viscosity of mixtures [68-70], which can result in more efficient reinforcement
effect of the nanofiller phase.

The lower price of GNP: The cost of GNP (about 65 dollars/kg) is much lower than
that of graphene (more than 500 dollars/kg) and CNT [71, 72].

The greater surface area of GNP: With higher surface area and aspect ratio than that of
CNT, a stronger interfacial interaction between GNP and polymer promotes effective
stress transfer to GNP from the polymer [73, 74], leading to a higher mechanical
properties of nanocomposites.

The lower thermal contact resistance: Although GNP and single-wall carbon nanotube
have similar intrinsic thermal conductivity, the thermal contact resistance between
polymer and GNP is lower in comparison to CNT or carbon fiber [75], resulting in
more effective heat transfer and improved thermal conductivity. Therefore, to achieve
a specific thermal conductivity of nanocomposites, the required GNP loading is
typically much lower.

Specific platelet nanostructure: The planar structure of GNP is favored for creating
large interaction areas to polymer and providing the two-dimensional paths for phonon
transport, which contribute to higher thermal conductivity of GNP-based

nanocomposites than one-dimensional carbon nanofillers counterparts [8, 63].



1.5 Graphene nanoplatelets/polylactide nanocomposites

Because of the remarkable intrinsic properties and low production costs, GNP can be considered
a promising nanofiller to produce multifunctional polymer nanocomposites. In the past few years,
the technical literature reviews has reported studies on the effect of GNP on different properties of
various polymers, including PLA as the matrix [16, 76]. There are two primary research directions.
Some researchers focus on improving the macroscopic properties of PLA, such as conductivities
[77], thermal stability [78], and mechanical properties [79]. Other studies focused on studying the
microstructure of GNP/PLA nanocomposites, for example, the crystallization behavior [80], and

tailoring interfacial bonding [81].

Notably, tailoring PLA polymeric nanocomposites with multifunctional properties, implying
reaching high electrical and thermal conductive while maintaining suitable mechanical properties,
has become a significant research activity. With the multifunctionality, it is expected to pursue
durable, high-performance commercial demands and replace fossil-based products in some
potential markets of advanced engineering areas, such as aerospace and automotive [82],
electrostatic/heat dissipation device [83, 84], electromagnetic interference shielding [85], sensor
[86], electrodes [87], heat sinks [88], energy storage devices [89-91], et al. Furthermore, with
comparable conductivity, GNP/polymer nanocomposites may even be applied in some areas
previously using conventional metal, because of lighter weight, higher resistance to acid or alkali

corrosion and more economical producing method of nanocomposites [92].
1.6 Factors influencing the thermal conductivity of nanocomposites

Although adding GNP can increase the thermal conductivity of polymer, compared with the
intrinsic thermal conductivity of GNP and the mixing rule between polymer and GNP, in most
cases, the experimental values reported in the literature were much lower than theoretically

predicted values [93].

The actual desired conductivity achievement for nanofiller-reinforced polymer nanocomposites is
ascribed to several important contributing factors, such as the type, loading, surface area and aspect
ratio of the nanofiller [94, 95], synergistic effects of nanofillers [96], homogenous dispersion and
distribution of the naofiller [97], crystallinity of the polymer [98], interfacial adhesion between

nanofillers and the host matrix polymer [93, 99], and alignment of nanofillers [100].



1.6.1 The effect of dispersion and interfacial bonding

Due to strong n—n stacking interactions between the layer structures of GNP and the weak bonding
to polymers [101, 102], GNP tends to easily restack or form agglomerations to minimize surface
free energy [103, 104], thus deteriorating the inherent thermal conductivity. Moreover, due to
agglomerations, interactions between GNP nanoparticles and polymer may be reduced to point
contacts, which may hamper interfacial bonding between GNP and polymeric matrix. It is known
that the heat conduction in polymer nanocomposites is mainly controlled by the transport of
phonons (lattice vibration) [61]. The weak interfacial compatibility/coupling may cause a robust
phonon scattering or acoustic impedance mismatch at the interface of GNP and polymer, imparting
high interfacial thermal resistance (Kapitza resistance) [105, 106], which can reduce the thermal

conductivity of the nanocomposites.

Besides applying different dispersion methods, such as powerful sonication mixing or high-shear
mechanical blending, significant attention has been given to functionalizing GNP to match surface
chemistries between GNP and the polymeric material [107]. Two main strategies have been

implemented to modify GNP, i.e.,

(1) Producing new functional groups (such as the hydrophilic/hydrophobic groups) to GNP
backbone by covalent bonding through chemical reactions [108].

(1) Attaching small molecules on the surface of GNP by non-covalent coupling through
physical stabilization, including surface adsorption, micelle formation, electrostatic
interaction, hydrogen bonding, and n—r interactions [104, 109].

The former approaches (covalent bonding method) include oxygen plasma treatment [29],
oxidizing with acid [110], and some ‘grafting to’ and ‘grafting from” methods [111]. Compared
with the non-covalent method, these functional groups may help to form strong and stable
interfacial bonding between GNP and polymer by building covalent linkages, significantly
improving the load transfer to nanofillers and the thermal stability of PLA [112-114]. However,
the chemical reactions may convert the hybridization state of GNP from sp? carbon atoms to sp*
configuration carbon, and produce structural defect sites on the surface, thus disrupting electron
paths and damaging the structural integrity of GNP [115, 116]. Thence, properties related to the
transport of electrons, phonons, and other quantum effects are deteriorated [117-119]. Moreover,

this method may generate toxic wastes, equipment corrosion, and health hazards because of the



use of strong acids (such as the mixture of sulphuric acid and nitric acid) and some dangerous
organic solvents [108, 120]. Therefore, to keep the high intrinsic conductivities of GNP and avoid

the mentioned problems, as an alternative, non-covalent functionalization should be adopted.

This approach is carried out by building n—r stacking interactions or van der Waals force between
the wrapped surface of GNP with the functional groups of dispersing surfactants or the well-
defined polymers [116, 121]. Meanwhile, this functionalization approach is more accessible, non-
destructive, and no disruption of electron or phonon conjugation compared to covalent one,
although the stabilizing effects are limited. Graphene nanosheet (GNS) have been non-covalent
functionalized by pyrene poly(glycidyl methacrylate). The thermal conductivity of modified
GNP/epoxy is about 20% higher than that of pure GNP reinforced epoxy samples at 4phr (parts
per hundred), due to the homogeneous dispersion of GNP and improved interaction between GNS

and epoxy polymer [122].
1.6.2 The effect of GNP alignment

In addition to improving the interfacial interaction, creating aligned nanofillers can be an effective
way to improve thermal conductivity. Compared with randomly dispersed nanofillers, phonon and
heat transfer are more accessible along the pathway in the filler alignment direction. Moreover,
because of interactions between nanoparticles, quasi-continuous transport pathways for heat flow
may be established within the polymer matrix at higher filler loading. Therefore, thermal
conductivity along the alignment direction may substantially increase because of the reduction of
contact resistance between adjacent nanofillers and interfacial thermal resistance (ITR) [123, 124].
Moreover, beneficial filler alignment effects may allow reducing nanofiller loading needed for a

specific thermal conductivity, which in turn may reduce product cost.

Notably, GNP exhibits anisotropic thermal conductivity, with a much higher intrinsic “in-plane”
(~3000 to 5000 W/mK) than “through-the-thickness” value (~10 to 20 W/mK) [125]. Thus,
controlling the GNP orientation may take full advantage of the excellent in-plane thermal

conductivity, as an efficient heat flow along the alignment direction [126, 127].

The alignment of GNP in a polymer matrix can be achieved by several approaches, such as melt-
extrusion, injection, milling or compression [126, 128-133], self-assembly [134, 135], mechanical

stretching [136], and electric or magnetic fields [137-141]. Among these methods, magnetic and
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electric-field alignment are attractive because of the ability to achieve filler orientation in any
desired direction. However, surface modification of GNP with magnetic nanoparticles is necessary,
or a powerful external magnetic field may need to be applied, which are complicated processes
and may increase cost. Besides, the low breakdown voltage of polymer results in a limited usage

of the electric field approach to align GNP fillers [142].

Of the aforementioned methods, hot compression force induced alignment is an attractive
alternative for laboratory research because it is a rather straightforward fabrication process for
actual polymer components. Besides, nanofiller surface modification is not a requirement, and the
manipulation process is less technologically complicated compared to using electric and magnetic
field. Moreover, this method can be conducted for series production. Wang et al. [131] fabricated
GNP/cellulose nanocrystal papers using hot-compression processing. Morphology studies of the
samples exhibited a high degree of GNP alignment after hot-pressing. At 75 wt% GNP loading,
the samples’ in-plane thermal conductivity reached 73 W/mK, compared to values of 1.2 W/mK
and 47 W/mK in the through-plane direction and that of unpressed paper, respectively. In the study
of Ding [143], polystyrene/graphene nanocomposites were prepared by solution mixing and hot-
pressing techniques. The samples indicated distinct anisotropic thermal conductivity relating to

the through-plane and in-plane directions.
1.7 Objective of this thesis

The review of the technical literature on improving the thermal conductivity of PLA polymer
revealed that studies from only four research groups have been reported using GNP as the nano-
reinforcement [85, 144-146]. Therefore, a need exists to investigate the effect of GNP on thermal
and electrical conductivities of PLA nanocomposites. Moreover, three of these four groups
prepared the GNP/PLA nanocomposites using melt compounding rather than by a solution mixing
method. The latter is the simpler method for fabricating polymer nanocomposites. Moreover, small
filler particles can typically be dispersed well during solution blending as opposed to melt
compounding [147, 148], which may be a benefit for improving conductivity. Thus, the structures
and properties of GNP/PLA nanocomposites prepared by solution mixing were comprehensively
examined in the present study. Moreover, the improvement of thermal conductivity in the research
of Lin et al. [146] was only modest, with a value of 0.77 W/mK at 30 wt% modified GNP. Based

on knowledge of the affecting factors on thermal conductivity of polymer nanocomposites, some
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novel ideas or methods were applied in this thesis to significantly improve thermal conductivity.
Besides thermal conductivity, electrical conductivity and electromagnetic interference shielding
effectiveness were investigated to broaden the industrial and commercial application of

biodegradable PLA polymer.
The objectives of this thesis work are therefore to:

1) Investigate the feasibility of hot-compression-induced alignment of pure GNP (pGNP) in
PLA nanocomposites.

2) Apply non-covalent modification to functionalize GNP (fGNP) for improved compatibility
between GNP and PLA.

3) Study and compare the macroscopic properties and microstructure of PLA-based

nanocomposites reinforced by fGNP and pGNP, respectively.
1.8 Structure of this thesis

There are five chapters in this thesis. The experimental approaches used in the research, including
the preparation process of GNP/PLA nanocomposites, the method for GNP surface modification,
and the properties characterization of samples, are described in Chapter 2. The structure testing of
pGNP and fGNP powder, the microstructure, and macroscopic properties of pGNP/PLA and
fGNP/PLA nanocomposites are discussed in Chapter 3. A study summary of the thesis is included

in Chapter 4, and some research directions for future work are presented in Chapter 5.
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Chapter 2 - Experimental Methodology

2.1 Experimental procedures

The materials, experimental procedures, and characterization techniques applied in this work are
presented in Chapter 2, such as the functionalization of pure GNP, the preparation of GNP/PLA

nanocomposites, and the testing of microstructure and macroscopic properties of the samples.

2.1.1 Materials

Commercially available type of graphene nanoplatelets (trade name xGNP-M15) was bought in
XG Sciences Inc. (Lansing, MI, USA). This grade of GNP is described to have average thickness
of 6 to 8§nm and a lateral dimension of 15 um, with in-plane thermal conductivity of
3000 W/mK and through-plane value of 6 W/mK. The electrical conductivity in the in-plane
direction is 107, compared with 10?> S/m in the through-plane direction. Commercial poly(lactic
acid) (PLA, type 4043D) was purchased from Filabot Co., Ltd. (Barre, VT, USA). The pellets are
transparent and are described to have a specific mass of 1.25 g/cm’®, melting temperature of 150 to

180°C and decomposition temperature ~250°C, with the chemical structure shown in Figure 2.

CHj (0]
(0] )\ OH
HO \Hlﬁn\o ﬁ/
O O

Figure 2. The structural formula of PLA polymer.

For GNP functionalization, tannic acid (TA), supplied by Fisher Scientific (Ottawa, ON, Canada),
was used as interfacial modifier, with the structure illustrated in Figure 3. ACS reagent grade
chloroform and other chemical materials, all purchased from Fisher Scientific, were used as

delivered without any treatment.

11



Figure 3. The structural formula of tannic acid (TA) molecular.

2.1.2 Preparation of functionalized GNP (fGNP)

A predetermined amount of pure graphene nanoplatelet (pGNP) was firstly dispersed in
chloroform by magnetic stirring for about 10 minutes. Tannic acid (mass ratio of pGNP/TA at 5:1)
was then added into the GNP/chloroform suspension under vigorously magnetic stirring for about
60 minutes at ambient temperature in the fume hood. Subsequently, the mixture was treated with
an ultrasonic processor (type Q500 sonicator, Qsonica, Newtown, CT, USA) within a pause mode
(40 seconds on/20 seconds off) at an output power of 50 to 60 W for 60 minutes. During sonication,
the beaker was immersed into an ice bath to maintain the mixture temperature below 10°C,
preventing quick evaporation of chloroform. After that, the suspension was further magnetic stirred
for 4 to 5 hours at room temperature. The obtained suspension underwent vacuum filtration with
a polyvinylidene difluoride filter (0.22 um pore size, Durapore™ hydrophilic, MilliporeSigma,
Burlington, MA, USA). Subsequently, the dark material collected on the membrane was washed
three times by deionized water/isopropanol mixture (volume ratio 3:1) to remove unreacted tannic
acid. The last step was to dry the material at 80°C overnight, resulting in the non-covalent

functionalized GNP (f{GNP), according to schematic illustrated in Figure 4.
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Figure 4. The schematic illustration of preparation of f{GNP with tannic acid (TA).

2.1.3 Preparation of GNP/PLA nanocomposites

Before any processing steps, the as-received PLA and GNP powder were heated at 80°C more than
12 hours to minimize residual moisture. GNP/PLA nanocomposites were prepared via solution
mixing method using chloroform as the solvent, followed by hot compression. The predetermined
amount of GNP was dispersed in chloroform (concentration of 1 to 20 mg/mL), subjecting the
suspension to ultrasonication with a cylindrical tip probe at an output power of 50 to 60 W with
40 second pulses alternating with 20 second rest periods for 3 hours. In this manner, a stable
GNP/chloroform suspension was obtained. To prevent overheating and solvent evaporation, the
beaker containing the suspension was immersed in an ice bath during the sonication process
(shown in Figure 5a and Figure 30 in Appendix A). Continuously refilling the bath with fresh ice
was required to maintain the desired cooling. At the same time, the PLA/chloroform solution
(concentration of ~0.08 g/ml) was prepared by slowly pouring chloroform into a three-neck round-
bottom flask prefilled with PLA. The flask content was then subjected to vigorous magnetic
stirring at ambient temperature until forming a transparent solution, as depicted in Figure 5a' and

Figure 31 in Appendix A.

After finishing GNP dispersion, the prepared PLA solution was added gradually into the
GNP/chloroform suspension. The GNP/PLA/chloroform mixture was then homogenized by
mechanical stirring at 950 rpm for 60 minutes (Figure 5b and Figure 32 in Appendix A). Further
sonication in the ice bath for about 60 minutes was performed (Figure 5c¢) before the mixture was
poured into a custom-made steel mold. The applied sonication time (1 h) is based on other works
[149, 150]. Before filling the cuboid mold (Figure 35 in Appendix B) with the mixture, all walls
of the mold were coated with a release agent (Frekote 700 NC, Henkel Corporation, Diisseldorf,
Germany). Then the GNP/PLA/chloroform mixture was left overnight in a fume hood at ambient
conditions in order to evaporate the bulk of the solvent (Figure 5d and Figure 33 in Appendix A).
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A vacuum oven was subsequently used to remove any remaining chloroform in the
nanocomposites for 5 to 12 hours at about 120°C. The resulting GNP/PLA nanocomposite plate
was sectioned into smaller pieces, which were placed into a cylindrical steel mold with a diameter
of 100 mm for hot compression molding (Figure 36 in Appendix B). The mold walls were also
treated with the release agent. The smaller pieces were then shaped into the circular disc (with
thicknesses ranging 2 to 4 mm) using a four-column Carver hydraulic press (model 4386, Wabash,
IN, USA), as shown in Figure 5e and Figure 34 in Appendix A. During the hot-press, the material
was preheated at 145°C for 5 minutes and then pressed at 15 MPa for 3 minutes. The mold was

finally slowly cooled to the ambient temperature (20 to 30°C) in air under the applied pressure.

After compression molding, the prepared GNP/PLA nanocomposite specimens were then stored
in sealed plastic bags and cut into the specific shape for characterization. Neat PLA plates were
also fabricated in a similar process for the sake of comparison. Samples with different pGNP and
fGNP loadings (4 wt%, 6 wt%, 8 wt%, 12 wt%, and 16 wt%) were prepared, which were
designated as ‘x-pGNP/PLA’ and ‘x-fGNP/PLA’, respectively, where ‘x’ represented the weight
percentage of pGNP and fGNP relative to PLA. For example, the sample with 4 wt% loading of
pGNP and fGNP is designated as 4-pGNP/PLA and 4-fGNP/PLA, respectively.

14



(@)
(a)
ma  t
GNP sonication, Dispersion of PLA with

cooling in ice bath magnetic stirring

(b) | + ()

B

Mechanical stirring Sonication of GNP-PLA

GNP-PLA suspension suspension in ice bath

¥

P

(d)

. (e)

LJ
(]

Pouring and evaporating of Hot pressing
solvent in steel mold GNP/PLA samples

Figure 5. Fabrication processes of GNP/PLA nanocomposites.
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2.2 Sample characterization

2.2.1 X-Ray diffraction

X-ray diffraction (XRD, Ultima IV, Rigaku, Tokyo, Japan) was applied to assess the crystal
structure of pGNP and fGNP powders and the stacked state (single or multi-stacked layer) of GNP
in PLA nanocomposites. Diffraction patterns were collected at 26 angles ranging from 10° to 40°
at a scan rate of 5°/minute and scan step size of ~0.05°. Scans were performed at 40 kV and 44 mA

with Cu-Ka irradiation (A = 1.542 A).
2.2.2 Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) of pGNP and f{GNP were performed to investigate
their chemical structures. 32 scans were recorded at wavenumbers from 400 to 4000 cm™ at a
resolution of 4 cm™ using an FTIR spectrometer (Nicolet 8700, Thermo Fisher Scientific, Waltham,
MA, USA). Before FT-IR measurements, f{GNP and pGNP powders mixing with potassium

bromide were pressed into pellets.

2.2.3 Morphology characterization

Transmission electron microscopy (TEM) images of GNP/PLA nanocomposites were obtained
using a JEM-ARM200CF S/TEM (JEOL, Tokyo, Japan) electron microscope performed at 200 kV
accelerating voltage. TEM slices (90 nm in thickness) were sectioned using an ultramicrotome
(model Ultracut 701704, Reichert-Jung/Leica Microsystems, Wetzlar, Germany) in the through-

thickness direction.

Scanning electron microscopy (SEM) of tensile-fractured surfaces of GNP/PLA samples was
conducted using a Zeiss Sigma Field Emission Scanning Electron Microscope (FE-SEM) with
EDX & EBSD (Carl Zeiss Microscopy, Jena, Thiiringen, Germany). Before the SEM observations,
the sample surfaces were coated with gold (Leica ACE600 Carbon/Metal coater). Gold-coated

samples for SEM testing are shown in Figure 6.
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Figure 6. Gold-coated tensile fractured specimens for SEM testing.

2.2.4 Thermal conductivity testing

The thermal conductivity of GNP/PLA samples was tested at atmospheric pressure by a transient
plane source (TPS) device (type 2500S, Thermtest, Fredericton, NB, Canada) with a Kapton sensor
(model 5465, Thermtest). The sample dimensions were 35 mm by 35 mm by 4 mm. The sensor
was placed between two samples (as shown in Figure 37 in Appendix C), and measurement time
and heating power were set before testing to obtain the maximum axial and radial depth but to be
still within the boundaries of the sample. Four samples were tested for each GNP loading to obtain
averaged thermal conductivity values. It is required to supply the specific heat capacity of the
tested materials for measuring the anisotropic thermal conductivity. Samples with a mass of 5 to
10 mg, prepared in platinum pans, were heated from 0°C to 50°C in a differential scanning
calorimeter (DSC, Mettler Toledo, Switzerland), under dry nitrogen flow (50 mL/minute) at a
heating ramp of 10°C/minute. Three separate runs were performed, i.e., empty pan, sample, and
sapphire reference (Perkin Elmer, Shelton, CT, USA) for calculating the heat capacity. The
volumetric heat capacity for each GNP loading was calculated using the value of the averaged

specific heat capacity and density.

2.2.5 Dynamic mechanical analysis

The thermo-mechanical property of PLA and GNP/PLA nanocomposites was characterized by
dynamic mechanical analysis (DMA 8000, Perkin-Elmer, Waltham, MA, USA). Tests were
performed in single-cantilever mode at the frequency of 1 Hz, with deformation of 0.05 mm and a

ramp of 2°C/minute from ambient temperature to about 130°C. Rectangular sample strips had a
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gauge length of ~10 mm (total length of ~20 mm), a width of ~5 mm and thickness ranging from
2 to 4 mm. The dynamic storage and loss modulus (£’ and £, respectively) and damping factor
(tan 0) were recorded as a function of the temperature. The temperature at tan 0 peaks was

considered as the glass transition temperature (7).

2.2.6 Thermal analysis

The thermal stability of pure PLA and PLA nanocomposites was characterized using
thermogravimetric analysis (TGA, Q500, TA Instruments, Lindon, UT, USA). Samples with a
mass of about 5 to 10 mg were isothermally treated at 30°C for 5 minutes. Then, specimens were

heated to 470°C at an increasing rate of 10°C/minute under nitrogen flow (25 ml/minute).

The thermal transition of PLA samples was studied using differential scanning calorimeter (DSC,
TA Instrument, DSC-Q 1000, New Castle, DE, USA) under nitrogen atmosphere (60 mL/min).
The 5 to 7 mg samples were sealed in standard Tzero aluminum pans, and the same empty
encapsulated aluminum pan was used as the reference. The thermograms were recorded following
a heating-cooling-heating procedure. The specimens were firstly heated to 180°C from 30°C at a
heating ramp of 10°C/min and then kept isotherm at 180°C for 5 minutes to eliminate the anterior
thermal memory of samples. The system was then cooled to 30°C at a cooling ramp of 20°C/min,
kept at 30 °C for 3 minutes. The temperature of the system was finally heated again to 180°C at a
heating rate of 2°C/min in the second heating scan. Only the results in the second heating scan

were considered for evaluating the thermal characteristics of the GNP/PLA nanocomposites.

2.2.7 Tensile properties

The mechanical properties of PLA and GNP/PLA samples were carried out in accordance with the
[SO527-2:1BB standard. Dumbbell shaped samples were prepared by cutting the compression-
molded sheet using a waterjet cutter. Measurements were conducted using a dual column Instron
5966 Universal Testing Machine (Norwood, MA, US), with a constant crosshead rate of 0.1
mm/min at room temperature. For every composition, tests were conducted in triplicate to obtain

the average and standard deviation of tensile strength, elongation at break, and Young’s modulus.
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2.2.8 Electrical conductivity measurements

The electrical conductivity of compression-molded GNP/PLA nanocomposites were measured
using two different testing devices. When the electrical conductivity of samples is higher than
1072 S/m, the ESP four - pin probe (type: MCPTPOSP) coupled with the Loresta GP (model: CP-
T610) resistivity meter (Mitsubishi Chemical Co., Japan) was applied. When the electrical
conductivities is smaller than 1072 S/m, the testing was employed on a Keithley 6517A

electrometer.

2.2.9 Electromagnetic interference (EMI) shielding

EMI shielding of the nanocomposites was analyzed in the X-band frequency range (8.2 to
12.4 GHz) with an Agilent E5071C wave guided network analyzer (ENA series, Keysight
Technologies, Santa Rosa, CA, USA) coupled with a rectangular waveguide WR-90. During the
measurements, the rectangular specimens under test (average length x width x thickness of 25 mm
x 14 mm x 2 mm) were sandwich-placed between the two standard X-band waveguides WR-90
of the network analyzer. The analyzer sent a signal incident to the material, and then the relevant
scattering parameters (S-parameters) were detected and recorded by the wave receivers. For each
formulation, at least three specimens were tested. At least three samples were tested for each GNP

loading during the EMI characterization process.
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Chapter 3 - Results and Discussions

The structural analysis of the fGNP and pGNP powders, and the discussion of properties of
fGNP/PLA and pGNP/PLA nanocomposites are presented in this chapter.

3.1 FT-IR characterization of pGNP and fGNP powders

The aromatic rings of tannic acid molecules can form non-covalent bonds with GNP by n—n
stacking interactions [146]. As shown in Figure 7 of the FT-IR spectra, the peaks at 1200 cm
(phenolic O-H stretch vibration), 1320 cm™! (ester C-O stretch vibration), and 1707 cm™! (C=0

stretch vibration) were the characteristic chemical groups of tannic acid [151, 152].
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Figure 7. FT-IR spectra of tannic acid molecules.
From the FT-IR spectra of pGNP and fGNP, shown in Figure 8, the characteristic sharp peak at
3430 cm ! was attributed to the stretching vibrations of O-H. Notably, the peaks at 1320 cm ! and
1705 cm™! of tannic acid molecules were only presented on fGNP surface, indicating the
absorption of tannic acid molecules on the surface of unmodified GNP. Moreover, the intensity of
some peaks (such as 2924, 2854, 1630, 1112 cm™') in fGNP curves were increased due to the

introduction of tannic acid [152].
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Figure 8. FT-IR spectra of pGNP and fGNP powders.

3.2 XRD analysis of pGNP and fGNP powders

XRD analysis was conducted to characterize the crystal structure of pristine pGNP and fGNP. The
diffraction patterns of pGNP and fGNP, as shown in Figure 9, all demonstrate a peak at 20 of
~26.5°, which is associated with the doo> graphitic plane with d-spacing of 0.34 nm [153]. The
intensity of this peak for f{GNP decreased sharply, indicating f{GNP was much less ordered than
pGNP [154].
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Figure 9. XRD patterns of pGNP and fGNP powders.
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3.3 Morphology of PLA nanocomposites

The SEM morphology studies may provide information about the nanofillers dispersion state in
the polymer nanocomposites and the interfacial bonding between them. Figures 10a), b) and c)
show SEM morphologies of the tensile-fractured cross-section of pure PLA, 4-pGNP/PLA, and
4-fGNP/PLA samples, respectively. As indicated in Figure 10a), the tensile-fractured surface of
neat PLA exhibited a smooth and featureless characteristic without any polymer yielding lines
under the tensile loading. Compared with the image of 4-fGNP/PLA sample, more stacked
nanoplatelets (the blue circles), and micro-holes as the result of pGNP pullout from PLA surfaces
(green rectangles) were shown in Figure 10b) for the PLA nanocomposite with pGnP. As seen in
the image of Figure 10c), most of the fGNP nanofillers were embedded in the PLA matrix after
tensile loading. These characteristics for pGNP/PLA and fGNP/PLA samples might suggest
improved interfacial strength between fGNP and PLA matrix after the non-covalent
functionalization. Moreover, it was found that GNP nanofillers were aligned in the polymeric
matrix (the red arrows) in pGNP/PLA and fGNP/PLA nanocomposites. It is conceivable that

nanofillers may overlap and interconnect under the intense compression loads during hot pressing.

While not directly evident in SEM images, the interfacial compatibilizer tannic acid may
significantly promote surface interactions between the PLA matrix and fGNP nanofillers, based
on the theoretically reactions depicted in Figure 11. On the one hand, n—n interactions between
GNP and the aromatic tannic acid can form stable features of tannic acid on the surface of f{GNP.
On the other hand, the presence of active functional phenolic hydroxyl groups on the structure of
tannic acid may result in chemical interactions, i.e., hydrogen bonding with the PLA matrix to
promote interfacial adhesion [146]. In contrast, interfacial reactions are likely much less prominent

between pGNPs and the PLA matrix.
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Figures 12a to 12e show representative TEM images of pGNP/PLA (Figures 12a; to 12e1) and
fGNP/PLA nanocomposites (Figures 12a to 12e»), respectively, corresponding to 4 wt%, 6 wt%,
8 wt%, 12 wt%, and 16 wt% GNP loading. Notably, the TEM images also indicate nanofiller
alignment above 6 wt% GNP. It was hypothesized that GNP alignment was facilitated by the
intense compression and excluded volume effects between adjacent GNP nanofillers during hot
pressing [130, 155]. Noting some visible holes in the micrographs, it is presumed these to be
artifacts of the ultramicrotomy process. The dispersion of f{GNP in the PLA matrix appears to be
more homogenous, and interconnected pathways between adjacent nanofillers seem to be more

significant.
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Figure 12. TEM images of a1) 4-pGNP/PLA, b1) 6-pGNP/PLA, c) 8-pGNP/PLA, d;) 12-
pGNP/PLA, e1)16-pGNP/PLA and az) 4-fGNP/PLA, b2) 6-fGNP/PLA, c2) 8-fGNP/PLA, d2) 12-
fGNP/PLA, e2)16-fGNP/PLA.
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3.4 DSC analysis of PLA nanocomposites

The crystallinity degree () of neat PLA and GNP/PLA specimens is calculated using the following
equation.

AH,, — AH,,

= x 1

X

In this formula, AHn and AH.. are the enthalpies of melting and cold crystallization of samples
respectively, AHS, is the melting enthalpy of 100% crystalline PLA (set as 93.0 J/g [156]), and ¢ f

is the weight fraction of GNP relative to PLA matrix.

The DSC curves of pGNP/PLA and fGNP/PLA nanocomposites with GNP loading are depicted
in Figures 13 and 14, respectively. All these thermograms show the thermal behavior of glass

transition, cold crystallization, and double melting of samples.
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Figure 13. DSC thermograms of pGNP/PLA samples versus temperature for different filler

loadings.

26



16-fGNP/PLA

m2

A~
o B \
12 FG.\JP.PL{\/// .

S : B Py
-fGNP/ AN i
—_ BMGNPPLA S N\

6-fGNP/PLA

Heat flow exo up (W/g)

T d T T T T T T T r T g T T
40 60 80 100 120 140 160

Temperature ('C)

Figure 14. DSC thermograms of f{GNP/PLA samples versus temperature for different filler

loadings.

Data derived from the curves in Figures 13 and 14 for glass transition temperature (7g), cold
crystallization temperatures (7c), melting temperatures (7w), exothermic enthalpy of cold
crystallization (AH.c), and endothermic enthalpy of melting (AHm) of pPGNP/PLA and fGNP/PLA

nanocomposites are summarized in Table 2 and Table 3, respectively.

Table 2. Thermal properties of neat PLA and its pGNP-based nanocomposites

Sample Ty Tee AHcc T T2 AHn  Crystallinity

(0 (0 gy (O O (/g (%)

PLA 57.24 118.03 26.08 150.75 155.84 28.76 2.88
4-pGNP/PLA 57.73 117.11 25.17 150.63 156.58 33.18 8.97
6-pGNP/PLA 57.5 115.12 25.15 149.89 156.56 32.88 8.84
8-pGNP/PLA  58.00 11548  24.67 15024 156.52 31.04 7.44
12-pGNP/PLA  58.15 107.03 28.32 148.64 156.62 33.52 6.35
16-pGNP/PLA  57.5 103.87 3035 148.03 156.48 33.46 3.98
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Table 3. Thermal properties of neat PLA and its f{GNP-based nanocomposites

Tg Tee A]"[cc T T2 AHn Crystallinit
Sample o o o o o
§9) O dJg (O O Jg y (%)
PLA 57.24 118.03  26.08 150.75 155.84 28.76 2.88

4-fGNP/PLA 57.77 119.14  25.09 151.34 156.54 33.23 9.11

6-fGNP/PLA 57.90 117.91 22.6  151.07 156.21 30.49 9.03

8-fGNP/PLA 58.13 113.48 26.13 14942 156.26 33.27 8.35

12-fGNP/PLA 58.24 112.86  24.84 150.02 156.03 31.26 7.84

16-fGNP/PLA 58.20 109.68  24.53 149 156.15 29.94 6.92

As presented in Tables 2 and 3, the crystallinity (2.88%) of pure PLA was low. Values increased
to 8.97% and 9.11% for 4-pGNP/PLA and 4-fGNP/PLA nanocomposites, respectively. The
increased crystallinity may be due to the a nucleation effect of GNP nanofillers, which can
facilitate the crystallization process and induce the growth of crystallites [157]. Slightly larger
value for fGNP/PLA nanocomposites can probably be attributed to the formation of uniform
crystalline structure. Although the crystallinity (3.98%) for 16-pGNP/PLA was the smallest among
all nanocomposites, it was still higher than that of PLA. The decreased crystallinity at high GNP

loading may result from poor dispersion of GNP.

As seen from Figures 13 and 14, the cold-crystallization temperatures exhibited a downward trend
with increasing GNP concentration, which indicates that the addition of GNP might promote the
extent of cold crystallization and accelerate the crystallization kinetics of PLA polymer [158, 159].
From Table 2 and Table 3, the glass transition and melting temperatures of all PLA samples were
found to have no considerable change. The similar melting temperature (7m1 and 7m2) of
fGNP/PLA and pGNP/PLA nanocomposites suggests the lamellar thickness of these samples was
almost identical [160, 161].

According to Figures 13 and 14, it becomes apparent that neat PLA and PLA nanocomposites are
characterized by bimodal or shoulder-shaped melting behavior. The characteristic peaks were
attributed to either melt recrystallization of a-crystals structures, heterogeneous crystal phases, or

polymorphism [83]. The melting temperature (7m1) was slightly decreased while 7> was a
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marginally increased compared with the peaks of neat PLA. Because of the nucleation effect of
GNP, imperfect crystals that formed at the primary phase of cold crystallization would melt at a
lower temperature (7mi1). The higher perfect crystals developed at the secondary phase of cold

crystallization would melt at high temperature (7m2) [162].
3.5 XRD analysis of PLA nanocomposites

The XRD method was employed to evaluate the crystal structure of PLA and the exfoliation state
of GNP within the polymer. The diffractograms of pure PLA and nanocomposites for pGNP/PLA
and fGNP/PLA are depicted in Figure 15 and Figure 16, respectively. The comparisons of
pGNP/PLA and fGNP/PLA samples with the same GNP loading are illustrated in Figures 17a),
b), and c), respectively. Note that, in order to clearly show the relative intensity of diffraction peaks,
only XRD results for nanocomposites with 4 wt%, 6 wt%, and 16 wt% GNP loading are plotted.
The other XRD curves are provided in Figures 38 and 39 in Appendix D.
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Figure 15. XRD patterns for neat PLA and its representative pGNP/PLA nanocomposites.
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Figure 16. XRD patterns for neat PLA and its representative f{GNP/PLA nanocomposites.
As seen in Figures 15 and 16, the profiles of pGNP-based and fGNP-based nanocomposites were
similar. The intense peak at 20 = 26.5° was assigned to the doo> diffraction plane of GNP with a
d-spacing of 0.34 nm. Moreover, the relative intensity of this peak became more robust with
increased GNP loading. Based on Bragg's Law (i.e., 2dsinf=nA), the d-spacing of peak at 26.5° for
all GNP/PLA samples was the same with that of GNP powders, suggesting that pGNP and fGNP
were not subjected to polymer intercalation after ultrasonication and mechanical stirring steps

during the fabrication process of PLA nanocomposites.

The neat PLA exhibited only a broad diffraction distribution from approximately 26 = 12° to 20°
with maximum intensity but no obvious peak at about 16.7°, which demonstrates the amorphous
structure of PLA polymer. With GNP incorporation, an apparent peak appears at 16.7° in PLA
nanocomposites, indicating distinct crystallinity with neat PLA. Besides the prominent peak at
16.7°, additional minor peaks can also be observed for GNP/PLA nanocomposites. For example,
the peaks occurring at 20 of 15.0°, 16.7°, 19.0° and 22.5° were characteristic of the stable planes
of semi-crystalline a phase crystals of PLA matrix, corresponding to (010), (110) and (200), (203)
and (015) planes [163, 164], respectively. Based on XRD results, only a-phase crystals of PLA
presented in the GNP/PLA nanocomposites. Thus the double melting endotherms observed in
Figures 13 and 14 of Section 3.4 were due to melt recrystallization and not the result of

polymorphism.
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As shown in Figures 17a), b), and c), the relative peak intensity at 26.5° of pGNP/PLA was stronger
than that of f{GNP/PLA counterparts at the same nanofiller loading, which may be due to more
aggregation of pGNP than fGNP particles [147]. Besides, the non-covalent adsorption of tannic
acid onto the surface of GNP may increase the disordered stacking structures of f{GNP, which was

shown in the XRD results of f{GNP and pGNP powders in Section 3.2.
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Figure 17. The comparison of XRD profiles of pPGNP/PLA and f{GNP/PLA nanocomposites at
different GNP loading a) 4 wt%, b) 6 wt%, and c) 16 wt%, including the neat PLA sample.

3.6 Thermal conductivity of PLA nanocomposites

The thermal conductivities of GNP/PLA specimens were measured with the TPS analyzer in cross-
plane and in-plane direction. As shown by TEM images in Figure 12, GNP exhibited a preferential
orientation, especially for high GNP loadings. The filler alignment appears to be accompanied by
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the formation of preferred continuous thermal conduction networks along the alignment direction,
thus permitting efficient phonon transport and heat flow [165, 166]. Therefore, it would be
expected high thermal conductivity in the specimen planar direction associated with the alignment

of GNP.

Indeed, the experimental results of GNP/PLA nanocomposite presented in Figures 18 and 19
supported this notion. At room temperature (25 °C), with a thermal conductivity of 0.21 W/mK,
neat PLA can be considered a thermal insulator. The in-plane thermal conductivity of PLA
nanocomposites nonlinearly increased with increasing GNP fraction, exhibiting a two-stage trend.
For example, upon slowly rising to 0.81 W/mK and 0.67 W/mK for 6-pGNP/PLA and 4-
fGNP/PLA nanocomposites, the thermal conductivity then increased at a higher rate, reaching up
to 3.41 W/mK and 3.56 W/mK for 12-pGNP/PLA and 8-fGNP/PLA nanocomposites,
respectively. The thermal conductivity in the through-thickness direction remained between
0.21 W/mK and 0.58 W/mK. For both pGNP and fGNP based nanocomposites, the in-plane
thermal conductivity was higher than that in through-plane direction. Pronounced anisotropic
thermal conductivity can be observed beyond 4 wt% fGNP and 6 wt% pGNP. For example, the
anisotropy index (the ratio of in-plane to through-plane thermal conductivity) was about 18.5 and
21.6 for the 16-pGNP/PLA and 16-fGNP/PLA, respectively, further corroborating GNP alignment
in the PLA matrix.

For heat conduction in polymer nanocomposites, phonons are the dominant transfer mechanism.
Along the in-plane direction, heat transfer was mainly dominated by GNP-GNP linkages [143].
As shown in Figure 12 of TEM images, at low filler concentrations, GNP particles were suggested
to be spatially separated with little to no interfacial contacts, which would maximize ITR effects
and thus reduce heat flow. Increasing GNP loading led to greater filler alignment and an increased
formation of continuous thermal conduction networks, allowing for more effective phonon transfer
along these pathways because of the lower thermal and contact resistance. While, in the through-
plane direction, heat flow continues to be dominated by graphene-polymer-graphene linkages
[143], which was actively obstructed because of the significant thermal resistance effects
associated with the insulating behavior of PLA polymer. Therefore, thermally conductive
pathways were discontinuous, and GNP fillers had only a minor influence on the through-thickness

thermal conductivity.
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Figure 18. In-plane and through-plane thermal conductivity of pGNP/PLA nanocomposites
versus pGNP loading.
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Figure 19. In-plane and through-plane thermal conductivity of f{GNP/PLA nanocomposites
versus fGNP loading.

At any given content of GNP, the in-plane thermal conductivity value for fGNP/PLA
nanocomposites was higher than that of pGNP/PLA counterparts. With 16 wt% fGNP, the in-plane
thermal conductivity was enhanced to 8.65 W/mK, which is 1.46 and 43.2 times that of 16-
pGNP/PLA nanocomposite and neat PLA, respectively. After non-covalent modification, an
enhanced interfacial adhesion between fGNP and PLA may promote the more uniform dispersion
of f{GNP in the PLA matrix compared with pGNP. Improved bonding and dispersion may reduce

phonon scattering between the f{GNP-PLA interface and induce ease phonon transport between
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GNP nanofillers, and hence, thermal conductivity was effectively improved [119]. A variety of
previous thermal conductivity studies of GNP/PLA nanocomposites are summarized in Table 4
[85, 144-146]. It can be concluded that thermal conductivity values in this work are at a higher

level.

There are several contributing factors for the observed higher thermal conductivity. Referring to
the work by Lin et al. [146], one of differences is that in their experiments a coagulation process
was incorporated after mixing the GNP suspension and PLA solution, whereas in the present work,
an evaporation method was performed. The evaporation process may promote the alignment of
GNP in the polymer matrix due to the excluded volume effect and steric hindrance between
adjacent GNP particles [155, 167]. Moreover, the lower viscosity of the chloroform/PLA solution
in this study, compared to the N, N-dimethylformamide (DMF)/PLA solution in the work of Lin
et al. [146] may have promoted a more homogenous dispersion of GNP nanosheets in the

nanocomposites, which may further reduce phonon scattering at the GNP/PLA interface.

The higher thermal conductivity may also be attributed to the larger size of GNP nanosheets
(~15 pum) used in this study compared to the smaller size (~3-6 wm) in the work of Lin el at. [146].
As shown in the study by Wang and Drzal [94], the thermal conductivity (0.38 W/mK) of
polyethersulfone/epoxy composites reinforced by larger GNP (~5 um) is higher than the value
(0.28 W/mK) of composites reinforced by smaller GNP (less than 1 um). The higher thermal
conductivity in the case of large-sized GNP may be ascribed to a lower GNP/GNP and
GNP/polymer contact resistance, more interconnected thermal conductive networks, and ease of

phonon diffusion at the GNP/polymer interface [94].

Cooling of hot-pressed samples was conducted in this study by leaving the mold at the powered-
off Carver hydraulic press, termed herein the “slow-cooling” method. Slow-cooling can impart
higher crystallinity and more perfect crystals, which would ease phonon transport, thus leading to
higher thermal conductivity [168]. The thermal conductivity of GNP/UHMWPE (ultra-high
molecular weight polyethylene) nanocomposites prepared by slow-cooling reached to
4.624 W/mK at 21.4% volume fraction of GNP, compared to value of about 4.1 W/mK for the
counterparts prepared by a “fast-cooling” method (direct cooling away from the Carver hydraulic

press) [168].
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Table 4. The comparison of thermal conductivity for GNP/PLA nanocomposites in previous

literature and this work

Filler Thermal
Matrix Filler content conductivity Preparation method Ref.
(wt%) (W/mK)
hBN:24.7
PLA GNP and hBN 2.77 Melt compounding [144]
GNP:21.7
PLLA GNP 5 0.94 Melt mixing [145]
. o
PLA GNP 30 0.61 Solution mixing [146]
coagulationthot-press
PLA GNP 12 0.664 3D Printing [85]
Non-covalnet
PLA GNP 16 2 65 modification+solution ~ This

mixing+ work
evaporation+hot-press

PLLA: Poly(L-lactide), hBN: Hexagonal boron nitride

3.7 Thermal stability of PLA and GNP/PLA nanocomposites

The thermal stability of samples is investigated via the TGA method. Figures 20 and 21 depict the
thermal degradation behaviors for pPGNP/PLA and fGNP/PLA nanocomposites, respectively. To
clearly show the change of thermal stability, only TGA results for nanocomposites with 4 wt%,
8 wt%, and 16 wt% GNP loading are plotted, and the other TGA curves are provided in Figures
40 and 41 in Appendix E.
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Figure 20. TGA curves of neat PLA and pGNP/PLA nanocomposites.
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Figure 21. TGA curves of neat PLA and fGNP/PLA nanocomposites.

For quantitative evaluation, some characteristic temperatures, i.e., 75%, T10%, 150%, Imax, and char
yields (%) at 400°C are summarized in Table 5 and Table 6, where 75, T10%, and Ts0% are defined
as the thermal decomposition temperature at the weight loss of 5%, 10%, and 50%, respectively.

And, Tmax represents the temperature of the maximum weight loss rate.
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Table 5. TGA data of pristine PLA and pGNP/PLA nanocomposites

Char residue

Sample Tsu Q) Tw(0) T (°C) T (C) (575500 °C
Pure PLA 331 342 368 373 1.2
4-pGNP/PLA 336 345 369 374 5.2
6-pGNP/PLA 341 348 372 377 7.1
8-pGNP/PLA 343 350 372 376 7.2
12-pGNP/PLA 343 351 373 376 115
16-pGNP/PLA 342 351 373 378 15.3

Table 6. TGA data of pristine PLA and f{GNP/PLA nanocomposites

Char residue

Sample Tso (°C) Diow(°C)  Tsou (°C)  Tmax CC) 94y a1 400 °C
Pure PLA 331 342 368 373 12
4-fGNP/PLA 338 347 371 376 5.3
6-fGNP/PLA 341 350 373 377 8.2
8-fGNP/PLA 344 352 373 376 8.9
12-fGNP/PLA 346 354 375 378 12.2
16-fGNP/PLA 347 355 378 381 15.8

Observing the degradation thermograms in Figures 20 and 21, they resemble a one-step

decomposition process, showing decomposition commencing at about 300°C and rapidly

continuing until about 400°C.

For neat PLA, the Ts% and Tmax appeared at 331°C and 373°C, respectively, with an ash content of

1.2% at 400°C. With the addition of GNP, Tsv, Tho0%, Ts0%, and Tmax all shifted towards higher

temperatures compared with the corresponding temperature of neat PLA, confirming somewhat

higher thermal stabilities. For example, the 75, of nanocomposites incorporating 12 wt% fGNP
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and pGNP were 346°C and 343°C, with an increase of 15°C and 12°C compared to pure PLA,

respectively.

The retardation of thermal degradation after GNP inclusion presumably stems from several effects.
Firstly, the inherent thermal stability of GNP platelets is high. Besides, the high aspect ratio, and
2-D structure of aligned GNP may impart a mass barrier effect by increasing the escape paths of
volatile pyrolyzed products, effectively restraining the release of these decomposition materials
[169]. Also, GNP can form a char layer acting as a heat barrier effect during the thermal
degradation process, which may further inhibit the heat transfer between the volatile gas and
undecomposed PLA matrix [29]. Recorded higher Tmax temperatures of nanocomposites supported

the notion of mass and heat barrier effects of GNP.

Comparing the data in Table 5 and Table 6, adding fGNP into the PLA matrix displayed more
improved thermal stability compared to samples reinforced with pGNP for the same GNP loading.
The higher thermal conductivity of f{GNP/PLA nanocomposites may be more favorable in terms
of external heat energy transfer and dissipation than pGNP/PLA samples. Moreover, because of
the enhanced fGNP/PLA interfacial compatibility, more homogeneous dispersion of f{GNP could
further limit the heat accumulation in the PLA matrix [170].

3.8 Thermo-mechanical properties of PLA nanocomposites

Long molecular chains endow polymers with viscoelastic behavior, combining the characteristics
of a viscous fluid (loss modulus) and elastic solid (storage modulus). Therefore, studying a
polymer’s viscoelastic properties is important to assess its usability for intended applications.
Moreover, the storage modulus of polymer nanocomposites is closely related to the interfacial
bonding between the nanofillers and polymer matrix [171]. Consequently, DMA was conducted

in this study to assess the viscoelastic properties of GNP/PLA nanocomposites.

The storage modulus (£'), damping factor (tan J), and loss modulus (£") for the pGNP/PLA and
the fGNP/PLA samples are displayed in Figures 22 and 23, respectively, as a function of
temperature. To clearly show the change of values, only DMA results for nanocomposites with 6
wt%, 12 wt%, and 16 wt% GNP loading are plotted, and the other DMA curves are provided in
Figures 42 and 43 in Appendix F.
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For quantitative comparison, the E' values of each sample at the temperature of 40°C and 70°C are
listed in Table 7 and Table 8, along with glass transition temperature. Recalling the peak

temperature of tan J plots is herein considered to be the 7, of samples.
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Figure 22. Dynamic mechanical properties of neat PLA and pGNP/PLA nanocomposites as a

function of temperature: a) storage modulus, b) loss factor, and c) loss modulus.
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Table 7. Storage modulus at different temperatures (40°C, 70°C) and glass transition temperature

of PLA and pGNP/PLA nanocomposites

Storage modulus £’ (GPa) Glass transition
Sample
40°C 70°C temperature 7 (°C)
Pure PLA 4.6 0.65 66.7
4-pGNP/PLA 6.6 2.3 68.7
6-pGNP/PLA 8.0 3.1 68.2
8-pGNP/PLA 8.3 3.6 69.4
12-pGNP/PLA 8.6 3.9 69.7
16-pGNP/PLA 10.6 5.0 68.4

Table 8. Storage modulus at different temperatures (40°C, 70°C) and glass transition temperature

of PLA and f{GNP/PLA nanocomposites

Storage modulus £’ (GPa) Glass transition
Sample
40 °C 70 °C temperature 7 (°C)
Pure PLA 4.6 0.65 66.7
4-fGNP/PLA 6.9 3.3 68.9
6-fGNP/PLA 8.0 3.6 69.2
8-fGNP/PLA 8.3 3.7 69.1
12-tGNP/PLA 8.7 4.4 71.7
16-tGNP/PLA 12.1 54 70.1

As depicted in Figures 22 and 23, both the storage modulus and the loss modulus of PLA
nanocomposites were higher than that of neat PLA. Besides, the storage modulus substantially

increased with GNP contents increase over the full temperature range studied, regardless of
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functionalization. An increased storage modulus of nanocomposites can improve the load-bearing
ability by effectively transferring the load to GNP nanofillers from PLA polymer. The
enhancements in storage modulus possibly were attributed to a mechanical reinforced capability

imparted by stiff GNP and increased crystallinity of PLA with GNP addition [83, 172, 173].

At the same GNP loading, the storage modulus enhancements of samples reinforced by f{GNP were
more pronounced than that of counterparts containing pGNP (which is consistent with the trend of
Young’s modulus discussed in Section 3.9). For example, as listed in Table 7 and Table 8, at
16 wt% filler inclusion and 40°C, E' increased by a factor of 2.3 and 2.6 over neat PLA (4.6 GPa)
to 10.6 GPa and 12.1 GPa for pGNP/PLA and fGNP/PLA nanocomposites, respectively. At a
higher temperature, such as the rubbery region (70°C), the storage modulus of 12-fGNP/PLA
increased to 4.4 GPa, showing an about 1.13 times reinforced performance compared with that of
12-pGNP/PLA (3.9 GPa). The higher reinforcing effect may be attributed to the enhanced fGNP-
PLA adhesion strength, which can further hinder the chain motivation around f{GNP and improve
the load transfer capability [171, 174]. As shown in Figure 22a) and Figure 23a), a gradual
decrease in storage modulus was ascertained with rising temperatures for all tested materials. And
the samples exhibited a sharp drop in storage modulus between 60°C and 70°C, indicating the

transition from a glassy to a rubbery state.

Glass transition temperatures of the samples, as derived from tan 0 peaks, were found to increase
with the addition of GNP, enhancing up to the maximum of 71.7°C for 12-fGNP/PLA compared
to 66.7°C for neat PLA. Compared with pGNP-based samples, the slightly higher T, values of
fGNP-based systems may be ascribed to the more significant restriction effect on PLA chains
mobility under the load due to robust bonding interactions between fGNP and polymer matrix and
more uniform dispersion of fGNP [175]. As depicted in Figure 22¢) and Figure 23c), the loss
modulus of GNP/PLA nanocomposites became slightly broader, indicating an extension of the
glass transition region, owing to the increased motion limitation of PLA chain and additional

energy dissipation [83, 176].

Comparing the 7, obtained by DMA and DSC technique, it is found that the 7, of all samples in
DMA analysis is notably larger, which may be due to different sample sizes used between these
two methods [177]. During DMA testing, the heat transfer hysteresis may happen in the bulk

cuboid sample. While during DSC operation, only about 5 mg samples were used, constituting a
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relatively small sample weight and size. Thus, the transition of smaller-scaled polymer chain
motion may occur at a lower temperature. The difference in 7, for DMA and DSC testing was

consistent with previous works [81, 178].
3.9 Mechanical properties of PLA nanocomposites

Tables 9 and 10 present the experimental results (with mean and standard deviation) of the
elongation at break, tensile strength, and modulus of PLA nanocomposites. The representative
stress-strain plots of pure PLA and GNP/PLA samples are shown in Figure 24, and others are
presented in Figures 44 to 54 in Appendix G (where number of test replicates is indicated as “1”,
“27,“3”, and so on; for example, the four replicates of 16-fGNP/PLA are termed “16-fGNP/PLA-
17, “16-fGNP/PLA-2”, “16-fGNP/PLA-3” and “16-fGNP/PLA-4").
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Figure 24. Tensile stress-tensile strain curves for PLA and some GNP/PLA nanocomposites.

It is observed from Tables 9 and 10 that Young's moduli of PLA nanocomposites showed a steadily
increasing trend compared with pure PLA, meaning the material became stiffer with GNP loading.
Generally, the enhancement of Young's moduli was more pronounced in fGNP/PLA
nanocomposites than for pGNP-based counterparts. For example, the modulus increased from 2.21
GPa of pure PLA to 2.65 GPa and 2.90 GPa for nanocomposites with 8 wt% pGNP and fGNP,
respectively. The modulus reached to a maximum of 3.51 GPa for 16-fGNP/PLA, which is an
improvement of 1.59 and 1.05 times over neat PLA and 16-pGNP/PLA, respectively. The modulus

enhancement of f{GNP/PLA nanocomposites is attributed mainly to the high intrinsic stiffness of
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GNP and the strong interfacial interactions between fGNP and PLA matrix. Notably, despite
higher mean values for fGNP/PLA samples some overlaps exists considering standard deviations
for fGNP/PLA and pGNP/PLA samples. Therefore, statistical analysis (such as t-testing) should

be performed in the future work.

Table 9. Mechanical properties of pure PLA and pGNP/PLA nanocomposites

Tensile strength Elongation at break Young's modulus

Samples (MPa) (%) (GPa)
PLA 374517 1.7020.09 2.2140.03
4-pGNP/PLA 307418 1.2540.20 2.4740.05
6-pGNP/PLA 275425 1.0820.27 2.5840.18
8-pGNP/PLA 26.842.5 1.01£0.10 2.6540.02
12-pGNP/PLA 19.842.3 0.63+0.09 3.1640.14
16-pGNP/PLA 18.140.8 0.54£0.04 3.34£0.16

Table 10. Mechanical properties of pure PLA and f{GNP/PLA nanocomposites

Tensile strength Young's modulus

Samples Elongation at break (%)

(MPa) (GPa)
PLA 37.4+1.7 1.70+0.09 2.21+0.03
4-fGNP/PLA 36.2+1.3 1.41+0.11 2.57+0.14
6-fGNP/PLA 32.542.0 1.18+0.07 2.76+0.14
8-fGNP/PLA 29.7+1.2 1.10+0.03 2.95+0.07
12-fGNP/PLA 22.3+0.8 0.68+0.07 3.28+0.23
16-fGNP/PLA 21.4+1.6 0.61+0.05 3.56+0.05

Similar to the previous analysis in Section 3.3, the phenolic hydroxyl groups across the surface of

fGNP may form hydrogen bonding with the PLA chain, thereby improving interfacial
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compatibility to produce more efficient stress transfer from matrix to fGNP phase [179]; therefore

the reinforcing effect was stronger for f{GNP/PLA nanocomposites.

Based on the data in Table 9 and Table 10, an inverse trend for tensile strength and elongation at
break for PLA nanocomposites was observed compared to the Young’s modulus, i.e., tensile
strength and elongation at break were reduced as the GNP content rose from 4.0 wt% to 16.0 wt%.
The observed trend in tensile strength and elongation at break is consistence with the works by
Narimissa et al. [180, 181]. Adding 16 wt% pGNP and fGNP caused a decrease of tensile strength
from 37.4 MPa of pristine PLA to 18.1 MPa and 22.5 MPa, respectively. The increasing
deterioration in tensile strength for pPGNP/PLA samples may be attributed to an insufficient stress

transfer resulting from weak PLA-pGNP interfacial adhesion and agglomeration of pGNP.

Table 9 shows that the elongation at break value of PLA was 1.7%, which is in the same order of
magnitude with data (i.e. 3.5%) reported by Narimissa et al. [180]. The addition of GNP decreased
the elongation at break, indicating a toughness decrease of PLA polymer. At 16 wt% GNP loading,
the ultimate values of elongation at break reduced to respective 0.54% and 0.64% for pGNP/PLA
and fGNP/PLA samples, corresponding to a decrease of 68.2% and 62.3% compared to neat PLA,
respectively. The increase in embrittlement behavior upon the addition of GNP could be ascribed

to the prohibition of PLA chain mobility and relaxation by the rigid characteristics of GNP [182].
3.10 Electrical conductivity of PLA nanocomposites

For polymer nanocomposites, at a critical amount of conductive particles, there is a dramatic rise
in electrical conductivity (usually several orders of magnitude). The minimum content of

nanofillers required to result in this sudden jump is called the percolation threshold.

The electrical conductivity of PLA nanocomposites versus pGNP and fGNP loading is illustrated
in Figure 25. The electrical conductivity of neat PLA was about 107'* S/m; hence, PLA can be
considered an electrical insulator. As expected, the conductivity of PLA nanocomposites increased
with GNP incorporation. It is interesting to note that the change rate was significantly different

below and above 6 wt% pGNP loading.

At content less than 6 wt%, conductivity gradually increased from 1.34x107* S/cm (neat PLA) to
1.6x107 S/cm of 6-pGNP/PLA nanocomposites. Further adding pGNP, reaching a critical

concentration between 6 wt% and 8 wt%, the electrical percolation threshold emerged, with a
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dramatic increase by three to four orders of magnitude to the value to 0.0015 S/cm for 8-
pGNP/PLA. Therefore, it was conjectured that electron conduction networks were established
within the PLA at 6 wt% to 8 wt% pGNP weight fraction. When pGNP content was more than
12 wt%, the rate of electrical conductivity rise slowed. As the inclusion of 16 wt% GNP, the
conductivity of pPGNP/PLA (0.5 S cm ™) and fGNP/PLA (0.8 S cm™!, corresponding to an electric
resistivity of 1.25 Q/cm) was more than 13 orders of magnitude higher than that of pure PLA. The
percolation threshold of fGNP/PLA nanocomposites also appeared in the range between 6 wt%
and 8 wt% fGNP.

Comparing to the same nanofiller loading, the electrical conductivity of f{GNP/PLA was higher
than that of pGNP/PLA, which may be attributed to better dispersion of f{GNP within the polymeric
matrix and the increased contact area between the overlapping surfaces of f{GNP. Therefore, more

interconnected electron conduction networks may be formed, favoring electron transfer. It should
be noted that electrical resistivity of ~1.25 Q/cm is low enough for potential applications in

electrostatic and electromagnetic dissipation area or other electronic devices requiring high

electrical conductivity [183].
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Figure 25. The electrical conductivity of GNP/PLA nanocomposites. Error bars represent the

standard deviation.

There are two dominated electron transport modes for the electrical conductivity of polymer
nanocomposites [184, 185]. One is called leakage current, and in that, nanofillers contact each

other to form interconnected pathways inside the polymer. Then electrons can migrate across these
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networks. The other is tunneling current, and for that, there is no physical contact between the
nanofillers. But the distances between these fillers are small for quantum mechanical electron

transfer effects to occur in which electrons ‘tunnel’ from one particle to nearby ones.

At low GNP loading, the number of conductive pathways is limited since the distance between
nanofillers is larger than the tunneling distance and nanoparticles are surrounded and separated by
polymer chains. Thus, electrons transport and electrical contact between nanofillers hardly occur.
As a result, conductivity increases only slightly with GNP content increase. With GNP
concentration rising to above 6 wt%, the sharp jump in electrical conductivity could be ascribed
primarily to the rapid increase in electron migrating and hopping [186]. The determining
conduction mechanism for the further remarkable rise in charge conduction has been attributed to

the leakage current effect instead of tunneling conduction [187].

At high GNP loading, particle-particle contacts are more accessible, and much denser electron
conduction networks are formed between the connected GNP nanofillers, which may significantly
increase the leakage current. TEM images in Figure 12 may confirm the rationale for this
supposition. Below 6 wt% GNP, the nanoparticles were surrounded by PLA chains, whereas for
higher loadings, physical contacts between them were significantly increased, which was supposed

to assist the movement of electrons within the polymer nanocomposites.
3.11 Electromagnetic interference shielding effectiveness

The electromagnetic interference (EMI) shielding effectiveness (SE), expressed in decibel, is
commonly applied to assess the shielding ability of materials to attenuate incident electromagnetic
radiation energy. The value of total EMI SE (SET) of a material can be used to evaluate the
shielding efficiency in the electromagnetic microwave. The higher SEt represents less transmitted

energy and more efficiency in shielding waves.

Figures 26 and 27 display SET values of pGNP/PLA and fGNP/PLA nanocomposites, respectively,
over the X-band frequency range of 8.2 to 12.4 GHz. The higher the GNP content, the larger the
SET. For instance, the SET of 8-pGNP/PLA and 8-fGNP/PLA varied between 8.4 dB to 13.2 dB
and 13.3 dB to 15.8 dB, respectively. Adding 12 wt% GNP endowed nanocomposites with an
average SET value 0f20.7 dB and 27.9 dB for pGNP/PLA and f{GNP/PLA, respectively, which are

both higher than that of the required minimum value (20.0 dB) for commercial electromagnetic
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interference shielding products [188]. When fGNP content increased to 16 wt%, SET reached a
maximum and average value of 43.99 dB and 40.61 dB, respectively. The average SET of 37.81
dB (16-pGNP/PLA) and 40.61 dB (16-fGNP/PLA) represents 99.979% and 99.991% blockage of

incident EMI radiation, respectively.

40 “(444«««4«4««”“
<<<<4<
. JUPPPPPPPPPPPPRELLLN o
_ +  4-pGNP/PLA
4+ 6-pGNP/PLA
. v 8-pGNP/PLA
- + 12-pGNP/PLA
: < 16-pGNP/PLA
o 25
)
% PN AR AA e P PO PR R St a e
=
k5]
= 151
“ZIIIII:x [
] xxxxl'v'v' MAAAAL R vy
10 u“.“u“u“““:“II:”'“”““
4 AAdadaasa,,
LR I PRI PRSP I LSRR
[ : , I I
: s 10 e 25
Frequency (GHz)

Figure 26. The SEt of pPGNP/PLA nanocomposite as a function of frequency and pGNP
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Figure 28. The comparison of SEt of pPGNP/PLA and fGNP/PLA nanocomposite.

The remarkable shielding features of PLA nanocomposites may be ascribed to the significant
improvement in electrical conductivity (revealed in Figure 25) and the formation of many
interconnected conductive networks (shown in Figure 12). These networks may increase the
interactions between the mobile charge carriers and incident radiation [187], thus leading to
enhanced attenuation of the electromagnetic microwave. Moreover, the layered structure resulting
from the GNP alignment in the PLA matrix may cause effective multi-reflection and multi-
absorption of the incident waves [189]. The more enhanced shielding effectiveness for {GNP/PLA
nanocomposites may be because of higher electrical conductivity and the better dispersion of f{GNP

in the PLA matrix.

While SET is a significant parameter, two important contribution mechanisms of the total EMI
shielding performance, the absorption and reflection effects, should be further quantified.
Therefore, the reflection shielding effectiveness (SEr) and absorption shielding effectiveness (SEA)
were calculated separately according to directly obtained scattering parameters (S11, S21 or S12 and
S22) [190]. Total electromagnetic interference shielding effectiveness is set as the logarithm of the

ratio of incident microwave power to transmitted counterparts.

SEg = 10 x log (=) = 10 x 1og(1_|5111|2) =10 x 1og(1_|;22|2) (1)
SE4 = 10 x log (1) = 10 x log (%) - 10 x 1og(1|;'f22|22'2) 2)
SEr =10 x log(7) with 1 =R + T + 4 3)
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Where I, R, T, and A4 are the incident, reflected, transmitted and absorbed power counterparts,
respectively. The incident electromagnetic power is divided into reflected, absorbed, and

transmitted power.
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Figure 29. The value of SET, SEA, and SER at different fGNP loading. Error bars represent the

standard deviation.

Results of frequency-averaged SEt, SEa, and SEr with different fGNP loadings are shown in
Figure 29, with further data for pPGNP/PLA nanocomposites depicted in Figure 55 in Appendix H.
As indicated in Figure 29, the SET, and SEA all became larger with increasing GNP loading. By
comparing the values of SEa and SER, it was worth noting that for any GNP concentration, the
average SEa was higher than SEr. For example, as shown in Figure 29, at 12 wt%, the average
SEA and SER were 24.32 dB and 3.59 dB, respectively. At low fGNP content (less than 8 wt%),
SEA indicated only a slight change from 6.19 dB at 4 wt% to 11.22 dB at 8 wt% loading. As f{GNP
concentration increased to 12 wt% and 16 wt%, SEa data demonstrates a significant increasing
trend, while the increment for SEr was negligible as compared to SEa. For instance, SEa increased
from a value of 11.22 dB to 35.25 dB (214% increments), with f{GNP addition rising from 8 to 16
wt%, whereas SEr was raised from 2.74 dB to 5.36 dB (increased only by 95.6%) for the same
change in fGNP content. Thus, for 16 wt% fGNP, there was a much smaller contribution to EMI
shielding effectiveness from reflection (13.2%) than that contributed by absorption (86.8%).

It was evident that absorption shielding dominated EMI shielding behavior, indicating most of the
incident energy was converted to heat among all GNP contents [191], regardless of

functionalization. Because of the 2-D structure, large surface area, and alignment morphology of
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GNP, the interactions between the mobile charge carriers and incident radiation were significantly
increased, resulting in efficient wave absorption. This absorption-dominated shielding behavior
showed superiority in commercial EMI shielding applications of PLA nanocomposites compared
with the conventional reflection-dominated counterparts because the reflected electromagnetic
microwaves can affect or even damage the functionality of the vulnerable electronic or electric

components [192].
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Chapter 4 - Conclusions

The presented study was undertaken to prepare multifunctional graphene nanoplatelets
(GNP)/polylactide (PLA) sustainable nanocomposites with high conductivities and comparable
mechanical properties by aligning GNP in the polymer matrix. To improve the dispersion of GNP
and GNP/PLA interfacial adhesion, a tannic acid modifier was used to non-covalent modify pure
GNP (pGNP) to obtain functionalized graphene nanoplatelets (fGNP). The fGNP/PLA and
pGNP/PLA nanocomposites were prepared in a two-step scalable fabrication process, i.e.,
solution-blending followed by hot compression molding, at various GNP weight fractions up to
16 wt%. The crystal structure and chemical groups of f{GNP and pGNP powders were assessed. In
addition, the morphologies, structures, thermal properties (including the thermal transition,
thermal stability, and thermo-mechanical behavior), electrical and thermal conductivities,
electromagnetic interference shielding effectiveness and mechanical strength of GNP/PLA

nanocomposites were systematically investigated.

FTIR testing revealed the successful absorption of tannic acid molecules on the surface of GNP
by m—m interactions, while XRD analyses indicated fGNP was much less ordered than pGNP
powder. Consequently, the relative peak intensity at 26.5° of pGNP/PLA was stronger than that of
fGNP/PLA counterparts at the same nanofiller loading. The amorphous form of pure PLA was
changed to a semi-crystalline state in nanocomposites due to an efficient nucleation ability of GNP

nanofillers.

An enhanced interfacial bonding and better dispersion for fGNP in the PLA matrix were
conjectured by the SEM and TEM measurements. Moreover, after the hot-compression process,
indications of GNP alignment in nanocomposites were ascertained, especially for high filler

loadings, as indicated by TEM analysis and thermal conductivity testing.

For both pGNP and fGNP based nanocomposites, the in-plane thermal conductivity was
substantially higher than that in the through-plane direction due to the formation of preferred
continuous thermal conduction networks along the alignment direction and diminished interfacial
thermal resistance. The specific anisotropic thermal conductivity can be observed beyond 4 wt%
fGNP and 6 wt% pGNP. For example, the anisotropy index (the ratio of in-plane to through-plane
thermal conductivity) was about 18.5 and 21.6 for the 16-pGNP/PLA and 16-fGNP/PLA,
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respectively. Because of reduced phonon scattering at the fGNP-PLA interface and easy phonon
transport, thermal conductivity was effectively improved for fGNP/PLA nanocomposites
compared with pGNP/PLA counterparts. With 16 wt% fGNP, the in-plane thermal conductivity
was enhanced to 8.65 W/mK, which is a 1.46 and 43.2 times of 16-pGNP/PLA nanocomposites
and neat PLA, respectively. With substantially improved thermal conductivity, oriented GNP/PLA
nanocomposites may meet the requirements for commercial use in components requiring thermal

management functionality.

Furthermore, the enhanced thermal stability was more pronounced because of the higher thermal
conductivity of f{GNP/PLA samples and the more homogeneous dispersion of f{GNP. In addition,
improved Young's and storage moduli of f{GNP/PLA nanocomposites were attributed to the strong
interfacial interactions by forming hydrogen bonding between PLA and fGNP, which can ensure
more efficient stress-transfer from matrix to fGNP phase. An increased modulus can improve the
load-bearing ability of nanocomposites. But, tensile strength and elongation at break were reduced,

which was attributed to the high intrinsic stiffness of GNP.

As expected, the electrical conductivity of PLA nanocomposites also increased with GNP
incorporation, displaying the formation of percolating networks between 6 wt% to 8 wt% GNP.
The conductivity at 16 wt% fGNP was detected to be 0.8 S/cm (corresponding to an electric

resistivity of 1.25 /cm), which was an increase of more than 13 orders of magnitude over pure
PLA. It should be noted that electrical resistivity of ~1.25 Q/cm is low enough for potential

applications requiring electrostatic dissipation or other electronic devices requiring electrical
conductivity. EMI shielding performance of PLA nanocomposites was also explored. When GNP
content increased to 16 wt%, an average total shielding effectiveness 0f37.81 dB (16-pGNP/PLA)
and 40.61 dB (16-fGNP/PLA) represents 99.979% and 99.991% blockage of incident EMI
radiation, respectively, which are both larger than the required minimum value (20.0 dB) for
industrial EMI shielding products. Among all GNP contents, absorption shielding was the primary

shielding mechanism.

The demonstrated high-performance of bio-based PLA nanocomposites may create new
opportunities for these materials with high commercial and industrial demand and thus decrease

the dependency on petroleum-based products in the future.
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Chapter S - Suggested Future Studies

5.1 Incorporating two or more nanofillers into the polymer matrix

Besides modifying PLA polymer with only individual type of GNP, simultaneously combining
two or more different nanofillers into the polymer matrix may be an effective strategy for realizing
high thermal conductivity enhancement. Synergistic effects between different fillers may construct
more efficient three-dimensional conductive networks in the nanocomposites [96, 193]. For
example, continuous hybrid interconnected networks can be formed by bridging the two-
dimensional GNP with one-dimensional CNT if using a combination of CNT and GNP in the
polymer nanocomposites [96]. Inspired by this notion, a future study direction can focus on
alignment of synergistic nanofillers in the polymer, including different dimensional nano-
reinforcement (such as zero- and one-dimensional nanoparticles and GNP), various aspect ratios
of GNP, and different two-dimensional nanofillers (such as graphene oxide and GNP, or boron
nitride and GNP). Furthermore, the microstructure and other macroscopic properties, such as the
thermal, mechanical properties, and electrical conductivity, should be explored to understand the

synergistic effect thoroughly.
5.2 Using analytic modeling to assess the thermal conductivity

An experiment can directly provide values for various properties, but experimentation is typically
time and cost consuming. It is therefore desirable to develop theoretical models to estimate and
predict the properties and reveal underlying mechanisms. Existing models for thermal conductivity

published in the technical literature can be categorized into two groups.

1) Model based on the idea that nanofillers are randomly distributed in the nanocomposites:
These powerful models include the Maxwell-Eucken model [194], Bruggeman
model [195], and Halpin-Tsai model [196]. Moreover, some researchers have proposed
analytical approaches for predicting the thermal conductivity of GNP/polymer
nanocomposites [197].

2) Models considering the alignment distribution of nanofillers in the nanocomposites: Such

models include the effective medium approximation theory [198, 199], the model
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presented in studies of Balandin et al. [200, 201] and the Lewis and Nielsen model [202-
204].

Schemes for modeling thermal conductivity can be divided into two possible tasks.

1)

Comparing the values of thermal conductivity obtained from existing analytical models

and experimental results to evaluate their effectiveness.

2) Based on the analysis of theoretical and experimental values, developing a new modeling

approach to assess the thermal conductivity of GNP/PLA nanocomposites. Many factors
should be considered in the theoretic model, including the thermal conductivity of
nanofillers and matrix, the microstructure, the interfacial thermal resistance between
nanofillers and polymer matrix, and the volume fraction, geometric dimension, orientation

of nanofillers.

5.3 Further study of mechanical properties

)

2)

In this study, elongation at break of neat PLA and GNP/PLA nanocomposites was found
to be comparatively low, which may be ascribed to the hot-compression preparation
method. After hot-pressing, the bottom surface of sample is smoother than the top surface,
which may influence the elongation at break due to surface roughness effects. The effect
of roughness on the mechanical properties (especially the elongation at break) should be
examined.

In this study, some overlap between the range of test data was observed for the mechanical
properties for f{GNP/PLA and pGNP/PLA samples at the same filler loading (such as
tensile strength, elongation at break and Young’s modulus). At this point, it is thus not
clear if certain properties of fGNP/PLA are statistically significantly different from
pGNP/PLA for the same filler loading. Therefore t-testing or similar statistical analysis
should be conducted.
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Appendix A - Nanocomposite Fabrication Equipment

Figure 30. The sonication of GNP under the ice bath.

Figure 31. The magnetic stirring of PLA dispersion.

Figure 32. The mechanical stirring of GNP/PLA/chloroform mixture.
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Figure 34. Hot pressing GNP/PLA samples.
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Appendix B - Hot-Pressing Processing Equipment

I—

Figure 35. The shape of the custom-made cuboid steel mold.

(a) 44 ¢4 G

Figure 36. The shape of the custom-made cylindrical steel mold
a) The separate part of the hot-pressing mold, with (4) male die, the female die consisting of (1)
cavity, (2) bottom, and (3) screws b) the shape of the whole mold combing the female die and

male die.
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Appendix C - Thermal Conductivity Testing Equipment

Figure 37. The process to sandwich the Kapton sensor with the two samples

a) the Kapton sensor (1) and two test specimens (2), b) putting one of the specimens under the
sensor, ¢) putting the other one of the specimens above the sensor, d) the two parts of the holder
(the bottom (1) and the top (2)) for compacting the sandwiched sensor, €) connecting the two
parts of the holder with the screws in (3) of d), f) putting the holder into the cavity to maintain

the testing temperature.
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Appendix D - XRD Analysis Data
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Figure 38. XRD pattern for neat PLA and its representative pPGNP/PLA nanocomposites.
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Figure 39. XRD pattern for neat PLA and its representative f{GNP/PLA nanocomposites.
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Appendix E - TGA Analysis Data
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Figure 40.TGA curves of neat PLA and pGNP/PLA nanocomposites.
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Figure 41. TGA curves of neat PLA and fGNP/PLA nanocomposites.
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Appendix F - DMA Data
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Figure 42. Dynamic mechanical properties of neat PLA and pGNP/PLA nanocomposites

as a function of temperature: a) storage modulus, b) loss factor, and c) loss modulus.
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Figure 43. Dynamic mechanical properties of neat PLA and f{GNP/PLA nanocomposites

as a function of temperature: a) storage modulus, b) loss factor, and c) loss modulus.
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Appendix G - Tensile Testing Data

Tensile stress (MPa)

r— r Tt~ 111 117"
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Tensile strain (%)

Figure 44. Representative stress-strain curves for neat PLA.
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Figure 45. Representative stress-strain curves for 4-pGNP/PLA nanocomposites.
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Figure 46. Representative stress-strain curves for 4-fGNP/PLA nanocomposites.
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Figure 47. Representative stress-strain curves for 6-pGNP/PLA nanocomposites.
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Figure 48. Representative stress-strain curves for 6-fGNP/PLA nanocomposites.
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Figure 49. Representative stress-strain curves for 8-pGNP/PLA nanocomposites.
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Figure 50. Representative stress-strain curves for 8-fGNP/PLA nanocomposites.
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Figure 51. Representative stress-strain curves for 12-pGNP/PLA nanocomposites.
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Figure 52. Representative stress-strain curves for 12-fGNP/PLA nanocomposites.
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Figure 53. Representative stress-strain curves for 16-pGNP/PLA nanocomposites.
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Figure 54. Representative stress-strain curves for 16-fGNP/PLA nanocomposites.
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Appendix H - EMI Shielding Test Data
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Figure 55. Values of SE1, SEA, and SER at different pGNP loading.

Error bars represent standard deviations.
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