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ABSTRACT

The University of Manchester
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Doctor of Philosophy
Multi-Functional Epoxy/Graphene Nanoplatelet Composites

2016

Graphene nanoplatelets (GNP) with thickness of 6 ~ 8 nm and lateral dimension
of 5 um (M5) and 25 wm (M25) have been used to prepare epoxy composites. Epoxy
composites were fabricated initially by shear mixing to investigate the effects of filler
type on the structure and properties of composites. The complex viscosity of GNP-
epoxy mixture was found to increase by almost three orders of magnitude going from
the neat epoxy to the 8 wt.% loading, leading to difficulties in their processing.
Scanning electron microscopy of the composites showed that both fillers aggregated
at high loadings with the M25 buckling more easily due to its larger diameter, which
compromises its aspect ratio advantage over MS, resulting in only slightly better
mechanical performance. Polarized Raman spectroscopy revealed that both M5 and
M25 were randomly distributed in the epoxy matrix, After adding M5 and M25
fillers, the storage modulus increase with the filler loadings, however, the glass
transition temperature (T,) drops slightly after initial incorporation, then rises with
further filler addition attributed to the pin effects of filler aggregations. In terms of
electrical property, M25 has lower percolation (1 wt.%) than M5 composites due to its
bigger aspect ratio, which enable M25 to form a conductive network more efficiently.
Furthermore, M25 composites also have slightly better thermal and mechanical
properties over that of M5 composites. However, the difference is not significant
considering the aspect ratio of M25 is five times of that of MS5. The reason is that the
aggregation and buckling of M25 compromise its advantage over M5. Due to the
better performance of M25 as filler, M25/epoxy composites were prepared by shear
mixing, solvent compounding and three-roll mill. Samples made by solvent
compounding display the lowest percolation threshold (0.5 wt.%), related to its
relatively uniform dispersion of M25 in matrix, resulting in higher thermal
conductivity and better mechanical properties. Water uptake in a water bath at 50 °C
took 75 days to be saturated. Higher loaded samples have lower diffusion coefficient
because of the barrier effects of GNP fillers, but have higher maximum water
absorbed, which is owing to filler aggregation. Properties test of aged and unaged
specimens show thermal conductivity of the aged was enhanced due to water’s higher
thermal conductivity than epoxy resin matrix, while electrical performance was
compromised due to the swelling effects caused by absorbed water. The mechanical
properties of aged samples also dropped slightly due to plasticization effects.
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Chapter 1 Introduction and Aims

CHAPTER 1 INTRODUCTION AND AIMS

Nanoscience and nanotechnology have become increasingly important with
their applications in chemical, electrical, biomedical and many other fields. However
these applications strongly depend on the synthesis of nanomaterials with various
shapes, sizes and properties, as well as incorporating them into complex architectures
[1]. One of the most promising areas for the application of nanomaterials is polymer
nano-composites, where a polymer matrix incorporates nano-scale fillers [2].
Polymers, both synthetic and natural, play an essential and ubiquitous role in
everyday life because of their broad range of properties. However, polymers have
significant drawbacks such as low modulus and strength [3], and insulating electrical
properties, which limits its potential applications in many fields. Therefore, improving
the electrical and thermal properties of a polymer by the addition of suitable fillers to
expand its application to the field of devices and other electronics is of great
significance. In addition, polymers, used as structure materials, usually have a high
possibility to be exposed to various environments involving high temperature and
humidity, which has great effects on the physical and mechanical properties of the
polymer matrix. Therefore, the water uptake property needs to be enhanced for

practical applications.

The Toyota research group’s [4] work on polymer nano-composites with large
mechanical property enhancement using montmorillonite as filler in a Nylon-6 matrix,
opened a new dimension in the fields of materials. Since that early work, there has
been much research interest in polymer nanocomposites which use inorganic
materials as nanofillers with potential applications in the automotive, aerospace,
construction and electronic industries [5-9]. Thus far, most of the research has been
focused on natural layered materials, such as layered silicates or synthetic clay
(layered double hydroxide), which however has quite poor electrical and thermal
conductivity and cannot meet the requirements for applications in some electrical
fields [10-11]. Therefore, in order to overcome these disadvantages, some carbon-
based materials have been introduced into the polymer composites, such as carbon
black (CB), carbon nano-fiber (CNF), carbon nanotubes (CNTs) [12-15]. Amongst
them, CNTs has been proved to be the most effective filler to enhance the mechanical

and electrical properties [16-19]. However, the high production cost of CNTs
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establishes an obstacle for the mass preparation of CNTs-based functional
composites. Furthermore, the high viscosity increase of a polymer matrix with a
relatively low addition of CNTs limits their processability. Thus another carbon based
material, graphene, which was discovered recently [20] has become the hot topic in

this research field due to its highly conductive property and low production cost.

Graphene, has attracted tremendous attention in recent years owing to its
exceptional thermal, mechanical, and electrical properties [21-23]. Graphene nano
platelets (GNPs), consists of 10’s layers of graphene, to give a thickness of 1-15 nm
and graphene-based materials also possess excellent electrical and thermal
conductivities along with high modulus [24]. GNPs, as a graphene-based material,
have been widely used in academia as composite reinforcement to improve electrical
[25-28], mechanical [26, 29-32], and thermal [33-35] properties. However, these
properties have a close relationship with the number of graphene layers stacked in
GNPs, their aspect ratio and the preparation methods of composites [36-37].
Relatively little systemic work has been done about the effects of filler dispersion and

types, and preparation methods on the performance of resulting nano-composite.

In this PhD project, in order to study the effects of different fillers and
preparation methods on the properties of composites, two types of GNPs (M5 and
M25) with different aspect ratios were used to prepare epoxy/GNPs composites.
Three different formulating methods (shear mixing, solvent-assisted compounding
and three-roll mill blending) will be applied to fabricate composite samples. It was
expected that the inclusion of GNPs would improve the mechanical, thermal and
water-up take properties of epoxy resin, which are critical for expanding its
applications in many fields. The dispersion, orientation of fillers in the epoxy matrix
and structure of the nano-composite was characterized by optical microscopy,
scanning electron microscopy (SEM), rheometer, Raman spectroscopy and X-ray
diffraction (XRD), and thermal, mechanical and electrical performance will be tested
via impedance spectroscopy, tensile test, dynamic mechanical thermal
analysis (DTMA), and steady state thermal conductivity measurement to see the
relationship between structure and properties. Finally, samples prepared by shear

mixing will be immersed in distilled water to measure their water uptake properties
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and property characterizations will be carried out to study the effects of absorbed

water on properties.

In this thesis, Chapter 2 is the literature review of the previous work on
graphene and graphene-based nano-fillers and their polymer composites. Chapter 3
described the experimental process for composite and test sample preparation, and the
background of characterization methods applied in this project. The dispersion and
orientation are discussed in details in chapter 4. Chapter 5 mainly focuses on
mechanical properties characterized by DMTA and tensile tests. Chapter 6 is the
focus of this thesis, addressing thermal and electrical conductivity, and theoretical
models and an equivalent circuit have been used to study structure of composites.
During the last chapter, water uptake behaviour was measured, and the effects of
long-time aging on mechanical, thermal and electrical properties have been

investigated.
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CHAPTER 2 LITERATURE REVIEW

2.1 Discovery and Properties of Graphene

Graphene is a two-dimensional sheet of sp>-hybridized carbon and is one of the
strongest and stiffest known materials. It has attracted considerable research interest
despite of its short history. Graphene can be visualized as the basic material for the
other dimensional sp2 materials. As illustrated in Figure 2.1, OD fullerenes, 1D
carbon nanotubes and 3D graphite can be obtained by wrapping up or stacking

graphene [1].
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Figure 2.1 Structure of graphene and other carbon materials. Adapted from [1].

The unique structure and symmetry of graphene gives rise to its exceptional
physical and chemical properties [2]. For example, the electronic properties of
graphene have a very close relationship to its number of layers (Figure 2.2 [3-4]).
Monolayer and bilayer graphene are both zero-gap semiconductors. However, for
three or more layers, the conduction and valence bands begin to overlap [3] and when
the number of layers is 10 or higher the electronic properties tend to that of bulk
graphite.
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Figure 2.2 Electronic band structure of graphene and bulk graphite [3-4].

Monolayer graphene has a very high charge carrier mobility, (< 15,000 cm*/Vs),
even at room temperature [1]. The mobility, though, is strongly affected by the
underlying substrate, with the highest mobility of > 200,000 cm?/Vs at electron
densities of ~2x10'"' ecm™ being achieved by suspending the graphene layer [5].
Furthermore, graphene can show a Quantum Hall Effect (QHE) at room-temperature,
giving the possibility of the development of new QHE resistance standards [6].

Lee et al. measured the elastic modulus and intrinsic tensile strength of a free-
standing monolayer graphene sheet using atomic force microscopy and calculated the
in-plane Young’s modulus to be about 1.0 TPa, and the intrinsic strength of bulk
graphite to be 130 GPa [7], very close to that predicted by theory [8]. These properties
mean the graphene is the strongest known material, although for bulk graphite
materials the strength is limited by defects and grain boundaries. In addition,
graphene has a very high surface area (2600 m” g'), aspect ratio, thermal conductivity
(3000-5000 W m'K™"), electromagnetic interference (EMI) shielding ability,
flexibility, transparency, and low coefficient of thermal expansion (CTE) [9-13]. All

24



Chapter 2 Literature Review

of these superb properties give graphene the advantages to act as a preferred nano-

filler over other carbon-based materials.
2.1.1 Synthesis of Graphene

Graphene was first isolated by the mechanical exfoliation of graphite using
Scotch Tape® at the University of Manchester in 2004 [3]. This method can give a
nearly perfect structure of single layer of carbon atom and is suitable for laboratory
research but does not yield sufficient quantities for applications such as composites.
In order to overcome this disadvantage, several other graphene preparation methods
have been developed [10-12, 14-16], including the liquid phase exfoliation of natural
graphite or graphite intercalation compounds (Figure 2.3) [17], rapid heating of
graphene intercalation compounds, chemical vapour deposition (CVD), using
ethylene to discompose on nickel surfaces [18], electric arc discharge, plasma
enhanced CVD (PE-CVD), epitaxial growth on insulating surfaces such as silicon
carbide (SiC), un-zipping of carbon nanotubes (CNTs), and the chemical (and
electrochemical) reduction of graphite oxide [19-26]. The latter is currently most
commonly applied in the composite literature due mainly to its high yield and low
cost. Among them, liquid exfoliation and mechanical exfoliation yield the best quality
graphene, possessing the best mechanical and electrical properties. However, pristine
graphene is unsuitable for polymer composite fabrication due to its high tendency to
aggregate in a polymer matrix [27-28]. Chemical routes such as the reduction of
graphite oxide produce graphene with side groups, like hydroxyl and carboxyl groups,
which will facilitate dispersion and stabilization of graphene to prevent aggregation
[28-29]. After chemical functionalization, it can enhance the interfacial interactions
with polymer matrix.

In this project, the GNP used is produced predominantly by the rapid heating of
graphene intercalation compounds. This route is non-oxidizing so the resultant
material has a pristine graphitic surface of sp> carbon molecules that makes it
especially suitable for applications requiring high electrical or thermal conductivity,

but also leads to difficulty in producing uniform dispersions in a polymer matrix.
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Figure 2.3 Several methods of large scale production of graphene, which allow a wide range

in terms of size, quality and price for any particular applications. Novoselov et al. [30].

2.1.2 Graphene Oxide

Graphene oxide (GO) is the most common form of functionalized graphene and
tends to be formed directly from graphite as part of the exfoliation process. The
Hummers method is mostly used for synthesis of GO, by using a combination of
potassium permanganate and sulfuric acid [12]. A proposed structure of GO is shown
in Figure 2.4 [31-33]. Owing to the side groups on the surface of GO sheets like
hydroxyl, diol, and carboxyl groups, it can be easily dissolved in water [34] and many
organic solvent and stay stable for long time, which is different from pristine
graphene. The solvent and the extent of surface functionalization determine GO’s
solubility and the maximum dispersibility, which is critical for processing and further

derivatization [12].
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Figure 2.4 Models of the basal plane of GO (a) [33] and (b) [31]. (c) Digital pictures of as-

prepared graphite oxide dispersed in water and other organic solvents using sonication [32].

Graphene oxide, with its disrupted sp” structure, is electrically insulating that
limits its applications. Therefore reduction is one of the most important reactions for
GO [12], which can restore the sp” network and hence increase the electrical
conductivity.

However, when the reduction of GO is carried out in solution, the process
usually leads to precipitation of graphite nano-sheet irreversibly. Therefore, in order
to stabilize reduced GO, some covalent modifications are usually carried out by taking
advantage of the side group, such as the carboxylic acid group [35-36] and epoxy
group [37-38]. Apart from that non-covalent functionalization [39] is also commonly
applied [40-41].

GO is the most commonly used starting material for covalent modification,
hence the possibility of developing reduction methods that can largely eliminate
residual oxygen functionality whilst adding chemical functionality for large-scale

production of graphene.
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2.1.3 Chemical Functionalization of Graphene

Pure graphene has a strong tendency to aggregate in the polymer due to the van
der Waals interaction between individual graphene sheets and the weak interaction
between graphene and polymers. This aggregation affects the homogeneous
dispersion of the graphene in a matrix and lowers the strength of the graphene-
polymer interface. Since the physical properties of aggregated graphene sheets are
inferior to pristine graphene, the degree of reinforcement in the composites are not as
high as expected for truly dispersed monolayer sheets [42-43]. Functionalization of

graphene is a promising way to improve its solubility and stability in polymer matrix.
2.1.3.1 Covalent Functionalization

Covalent functionalization of pristine graphene forms covalent adducts with the
sp” carbon structures in and typically requires reactive species, like nitrenes, carbenes,
and arynes as shown in Figure 2.5.

Functionalization, through lowering the surface energy of the graphene can
stabilize graphene dispersions [44-47]. In order to apply graphene in electronic and
photonic fields, opening a band gap in graphene is needed, which can be achieved by

basal plane functionalization [48-50].
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Figure 2.5 Several reactive intermediates of radicals, nitrenes, carbenes, and arynes used in
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graphene functionalization. These reactive species covalently modify graphene through free

radical addition, CH insertion, or cycloaddition reactions [51].

Wang et al. [51] reported that the covalent functionalisation of graphene could
be beneficial for their uniform dispersion in the epoxy matrix even at a high filler

loading (Figure 2.6).
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Figure 2.6 lIllustration of interaction between graphene fillers and APTS, and the

incorporating process of modified-graphene nanoplatelets into the epoxy matrix. Wang X et

al. [51].

Yang et al. presented a method to obtain polydisperse chemically-converted
graphene sheets (p-CCQG) (as shown in Figure 2.7) that are covalently functionalized
with ionic liquid, which can stay in water, dimethylformamide (DMF), or dimethyl

sulfoxide (DMSO) stably [38].
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Figure 2.7 The preparation process of p-CCG [38].
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Considerable work has been done on the covalent modification of graphene [52-
56]. This method gives a strong bond between functional group and graphene, but
sometimes it causes some damage to the sp” structure and leads to the decrease of

electrical properties.
2.1.3.2 Non-covalent Functionalization

Figure 2.8 [57] shows non-covalent functionalization of graphene by attaching
polymers chain and small-molecules and the structure of adsorbates commonly used.
The lack of functionality on the smooth surface of pristine graphene makes it difficult
to obtain covalent modification, thus non-covalent functionalization is a widely used
method to modify the surface of graphene [57], and is critical to the stabilization of

proteins, DNA-protein, organic supramolecules, and functional nanomaterials [58-

63].
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Figure 2.8 Schematic of noncovalent functionalization of graphene using polymers and small-

molecule adsorbates. Adapted from [57].
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Apart from n- 7, a significant amount of work on noncovalent functionalization
of graphene via van der Waals and ionic interactions between graphene and a

functionalized molecule has been carried out [64-68].
2.2 Characterisation of Graphene

2.2.1 Raman Spectroscopy

Raman spectroscopy is a very useful and powerful tool to characterize the
structure of carbon-based materials [69] including the behaviour of electrons and

phonons in graphene [70-71].
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Figure 2.9 Typical Raman spectrum for graphene edge, showing the main Raman features,

the D, G and G’ bands [71].

Graphene prepared by different methods will have different Raman features.
The chemically reduced graphene shows extensive defects, which will be clearly
reflected by the peak around 1350 cm™ (D band) in Raman spectra (Figure 2.9) [71].
D band is characteristic of defects and disorders. While graphene prepared by CVD
usually shows no/small D band; liquid phase production, and mechanical exfoliation
of graphite exhibit no defects, which shows these graphene have a better structure
than chemically reduced graphene oxide [72-73]. Graphene, regardless of production
route, exhibits a peak at around 1580 cm™ (termed as G band).

Apart from the D band and G band, there is a peak around 2700 cm™ (G’ band)

originating from a second-order process. Since the G’ band is approximately twice the
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D band frequency, some literature prefer to call it the 2D band. G’ band is a very

important Raman feature that is strongly dependent on the number of the layers of

graphene in the sample.
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Figure 2.10 The Raman spectra for various layers of graphene on quartz (a) and on a SiO,

(300 nm)/Si substrate (b). The enlarged 2D band regions with the curve fitting are shown in

panel (c) and (d) [74].

For monolayer graphene, the 2D band is single sharp peak, while there are two

peaks of this band in graphite. Furthermore, the G band intensity of monolayer

graphene is lower than that of bi-, tri-, or multi-layer graphene and increases in

wavelength linearly with increasing number of layers, as is shown in Figure 2.10 [74].

For bilayer graphene, the 2D band is much broader and up-shifted compared to

monolayer graphene. Hence, Ferrari et al. deduced that Raman spectroscopy could

clearly distinguish between a single layer, bilayer, and several layers (<5 layers) [75].
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Apart from that, several recent papers have established that the Raman bands of
monolayer graphene shift during deformation. The shift of 2D band can be applied to
test the interfacial stress transfer of graphene/polymer composites [76-78].

Generally, there are several common methods having been adopted to apply
strain to the graphene [79]. One is to deposit graphene on a substrate which can be
achieved by chemical functionalization or piezo positioners treatment [80]. Second
method is to use the difference of thermal expansion coefficients of the substrate and
graphene to induce strain by thermal processes [81-82]. One of the most common
methods is to couple the graphene onto a flexible substrate and to stretch or bend

directly [76-78, 83].
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Figure 2.11 (a) The 2D band of monolayer graphene at unstrained, 0.78% strain and with
strain released. (b) The 2D band position shift versus applied strain for monolayer and tri-

layer graphene [83].

Ni et al. [83] deposited graphene onto a flexible PET film and applied a uniaxial
tensile strain up to ~0.8% (as shown in Figure 2.11). They found the 2D band shifted
to lower frequency linearly as the uniaxial strain was applied, with the slope of ~-27.8
cm™/%.

Gong L et al. [76] used Raman spectroscopy to monitor stress transfer in a
system consisting of a thin polymer matrix layer with a mechanically exfoliated
monolayer graphene using the stress-sensitivity of the graphene 2D band. For the first
time it was reported that the possibility to map the deformation of graphene

monolayer in a polymer composite.
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Another use of the Raman technique is to use polarized Raman spectroscopy to
characterize a carbon filler’s orientation based on the knowledge that the intensity of

the Raman bands depends upon the direction of laser polarization [84].

2.2.2 Atomic Force Microscopy
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Figure 2.12 Thickness of graphene measured using AFM. Adapted from [85-86].

Atomic force microscope (AFM) is one of the most used methods for
identifying single layer graphene and to measure the thickness of few layer graphene.
The thickness of graphene prepared by various methods is around 0.34nm (Figure
2.12) [85-86].

2.2.3 X-ray Diffraction

X-ray diffraction (XRD), when compared with Raman spectra and AFM, is not
a perfect method to characterise graphene, but still very useful. In an XRD pattern (A
= 1.542 A), pristine graphite shows a basal reflection (002) peak at 26 = 26.6° (d
spacing = 0.335 nm). After oxidation to form GO, the dyj, spacing increases to 0.79
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nm (20 = 11.2°) due to the functional groups and the intercalation of water molecules
and generation of oxygen functionality in the interlayer spacing of graphite. No
apparent diffraction peak but a straight line in the XRD pattern is obtained (Figure
2.13) when GO is completely exfoliated to a single layer of GO. After reduction of
GO into graphene, the XRD pattern of as-obtained graphene shows exactly the same
XRD pattern as that of single-layer GO, suggesting the periodic structure of graphite

has been restored [87].
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26 (°)
Figure 2.13 XRD intensity profiles of graphite, GO and individually exfoliated graphene

sheets [87].

Therefore, when GO or graphene are used as fillers to prepare composites, the

XRD pattern is a good tool to characterize the dispersion of the fillers in the matrix.
2.2.4 Transmission Electron Microscopy

TEM can image materials at a very high resolution due to the small de Broglie
wavelength of electrons, making examining detail even as small as a single column of
atoms possible. Therefore, TEM can be used to confirm the thickness of a graphene

sample.
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The Figure 2.14 [88-89] shows typical TEM and high-resolution transmission
electron microscopy (HRTEM) images of graphene and the corresponding small area
electron diffraction (SAED) patterns. From Figure 2.14 (c) and (d), we can clearly see
an electron transparent graphene flake, indicating single-layer or few layer graphene.
The edges of the suspended film sometimes fold back, allowing for a cross-sectional
view, from which HR-TEM can be used to approximate the number of layers. Figure
2.14 (a, b and f) shows clearly few layers graphene sheets. The SAED pattern of
monolayer graphene (Figure 2.14e) exhibits the typical six-fold graphene symmetry.

-1-120 -~
. ) R
0-110 -1010
e

Figure 2.14 Graphene thickness analysis. High-resolution TEM images of the folded
graphene edge, where the dark lines indicate the number of layers of (a) 3, (b) 28 and 3-5 (f).
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(c, d) Bright-field TEM images of a folded graphene sheet and multilayer graphene, both
deposited from NMP, (e) Electron diffraction pattern of the graphene sheet with the peaks
labelled by Miller—Bravais indices Adapted from [88-89].

2.3 Preparation Methods of Polymer/Graphene Composites

According to the literature, there are three main routes to prepare
polymer/graphene composites: In-situ polymerization, solution blending and melt
mixing [90]. The advantages of each technique as well as their disadvantages are

discussed below.
2.3.1 In-situ Polymerization

In-situ polymerization can benefit both the dispersion of graphene in a polymer
matrix and the interaction between them. It is based upon the functionalization
techniques discussed in section 2.1.3. Typically graphene or modified graphene fillers
are swollen in a liquid monomer. A suitable initiator is then added and the
polymerization is initiated by either heating or radiation. During this method, the
monomer is polymerized in the presence of the filler, to give the strongest interaction
amongst the three methods. As a result, composites fabricated by this method usually
have better mechanical properties and thermal conductivity compared to solution
compounding and melt blending. The drawbacks are that (i) it will consume
considerable amount of electrical energy during dispersion process, (ii) relatively poor

dispersion of fillers in matrix and (iii) low productivity.
2.3.2 Solution Compounding

Solution compounding is when the polymer is first dissolved in a suitable
solvent, followed by addition of graphene or modified graphene fillers. After mixing,
the solvent is removed from the system and the polymer containing graphene fillers is
then moulded to the final shape.

This technique results typically in a low electrical percolation threshold. In this
method, the dispersion of graphene and polymer in the solvent is critical in
controlling the final microstructure, as well as the process used to remove the solvent.

Pure graphene from mechanical exfoliation is difficult to disperse in a solvent, which
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is the reason for the modification of graphene. Chemically reduced graphene or
modified graphene can be easily dispersed in various solvents (for example water,
acetone, DMF and toluene) owing to the weak forces between the layers. During the
dispersion process, the polymer absorbs onto the exfoliated sheets such that when the
solvent is removed, the resulting of nanocomposite consist of sheets well dispersed in
the polymer [91].

The main advantage of solution compounding is that it allows the synthesis of
nano-composites using polymers with low polarity [16]. The disadvantage is the use
of large amounts of solvent and its removal, which is not environmentally friendly

and is energetically costly.

2.3.3 Melt Blending
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Figure 2.15 The incorporation process of exfoliated graphene sheets (FGS) into polymer by
(a) solvent technique and (b) melt blend technique. Adapted from [87].

Melt blending is a desirable fabrication method for the industrial production of
polymer/graphene nano-composites, as it is a continuous and environmentally
friendly process, with no solvent used [16, 87]. Graphene or modified graphene is
directly mixed with the polymer matrix (usually thermoplastic polymer) in molten
state to form composites. Traditional mechanical blending equipment such as internal
mixers, extruders, and two-roll mills can be adopted for the melt blending process
[87, 92]. The main shortcoming of this method is the poorer dispersion of fillers in

matrix than that achieved by the other two techniques.
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2.3.4 Combination of Mixing Techniques

As mentioned above, the three fabricate methods have both advantages and
disadvantages. Therefore, in order to harness the virtues of each and mitigate their
drawbacks, some polymer/graphene composites have been prepared by a combination
of two of more methodologies. In the case of epoxy resin, due to the rapid increase of
viscosity upon solvent removal, the combined method becomes necessary (as shown

in Figure 2.16) [93] and is a promising route for composite fabrication.
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Figure 2.16 Combination of various preparation methods to disperse GNP into an epoxy

matrix. [93].
2.4 Properties of Polymer/Graphene Composites

2.4.1 Mechanical Properties

Graphene is the stiffest material ever measured with in-plane elastic modulus of
approximately 1.1 TPa. Thus, when incorporated into a polymer it is expected to
reinforce the mechanical properties of the resultant composite. The very large
modulus values, along with the large surface areas of the platelets, allow graphene or
modified graphene fillers to act as the main load-bearing component of a polymer
composite. Figure 2.17 and Figure 2.18 provide an example of the reinforcing effect

of foliated graphene/poly(ethyleneoxide) (PEO) nano-composites [87].
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Figure 2.17 Stress-strain curves for (a) solvent blended and (b) melt blended poly(ethylene

oxide)/graphene composites [87]. (c) Tensile modulus of solvent blended or melt blended

composites made of thermally reduced graphene oxide (TRG)/linear low density polyethylene
(EG-8200) and TRG/ linear low density polyethylene grafted with maleic anhydride (EG-

8200-MA) [94].
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Figure 2.18 Young’s modulus of poly(ethylene oxide)/graphene composites as a function of

graphene volume fraction [87].

It can be clearly seen in Figure 2.18 that the modulus increases with the addition

of graphene, but the enforcement is not as much as expected given the extraordinary

intrinsic modulus of graphene. This difference between predicted and observed

performance is probably due to the wrinkled structure of thin graphene sheets which

reduces their effective modulus [95].
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The mechanical properties of composites have some relationship with the
fabrication methods. Mahmoud et al. found that that solvent compounding is more
effective at enhancing the mechanical performance than melt blending and suggested
that this may be due to the blending reducing the platelets aspect ratio due to filler
attrition during the process (Figure 2.17 and Figure 2.18). Kim ef al. [94] carried out

a comparative study of the effects of blending methods, and found out that solvent
based blending more effectively dispersed these exfoliated carbon sheets than did
melt compounding. Also a higher degree of dispersion of fillers in the matrix was
achieved using the solvent technique. There is evidence that, in general, nanofillers
(including CNTs) which appear uniformly dispersed on a short length scale may
aggregated at a larger scale, thus acting as a stress concentration, leading to weak
mechanical performance [96].

The effective reinforcement of graphene may also be limited by the interfacial
adhesion between fillers and matrix [97-98], which influences the stress transfer
effectiveness. Incompatibility between the filler and matrix may lower stress transfer
due to low interfacial force, resulting in a poor composite modulus. AFM and Raman
spectroscopy are the main tools in the literature used to measure the interfacial
adhesion. Due to the nearly perfect structure of pure graphene obtained by mechanical
exfoliation, the interfacial adhesion between graphene and polymer is relatively low.
Modification of graphene with small molecules or groups is a promising route to
promote stronger interfacial adhesion, because it usually creates covalent or non-
covalent bonds with the matrix.

Besides the reinforcement of modulus, improvements in fracture toughness,

fatigue strength, and buckling resistance have also been reported [93, 99-100].
2.4.2 Electrical Percolation Threshold and Conductivity

Most polymers are electrically insulating, limiting their applications in many
areas. Whereas graphene has an extremely high conductivity, and thus is expected to
improve a polymer’s bulk conductivity when incorporated into polymer matrix.
Researchers suggest that one of the most promising potential applications of
graphene/polymer composites is in the packaging of devices and other electronics. In
order to make an insulating polymer matrix into a electrically conductive composite,

the conductive fillers must form a network and the concentration of fillers must be
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above a value called the electrical percolation threshold [101]. Percolation theory
assumes that this network is a random, space-filling network. As shows in Figure
2.19, when the electrical percolation threshold has been achieved the conductivity
usually increases by several orders and the increase in conductivity as a function of

filler loading can be modeled by a simple power-law expression:

oc = or($ — )" 2.1

where ¢ is the filler volume fraction, ¢. is the percolation threshold, of is a
proportionality constant, o, is the composite conductivity and ¢ is a universal
exponent (22 for a randomly 3D dispersion of filler and ¢ < 2 for 2D dispersion)

[102].
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Figure 2.19 Specific conductivity of polystyrene composites filled with reduced graphene
oxide functionalized by phenylisocyanate as function of filler volume fraction, and the power-

law of conductivity above the percolation threshold ¢. [103].

Actually for the dispersed fillers, it is not necessary to connect with each other
directly to form a conductive network, as current can tunnel between fillers coated
with polymer, and this tunneling resistance is said to be a limitation in the composite

conductivity [104].
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This formation of a percolated network is found to affect the electrical,
mechanical and rheological properties, with each having their own threshold. Unlike
the influence on mechanical properties, uniformly dispersed fillers may not
necessarily yield the lowest electrical percolation [96], as the polymer coated on the
surfaces of uniformly dispersed filler particle prevents direct contact between
particles. In fact, by far the lowest electrical percolation threshold achieved for a
graphene/polymer composite (approximately 0.15 wt.%) was observed when the filler
was not uniformly dispersed in the matrix, but rather segregated from the matrix to
form a conductive network [105]. However, such aggregation may compromise the
mechanical properties of the bulk composites.

In addition, the alignment of fillers also has a close relationship with the
percolation threshold. When the fillers are aligned in the matrix, the percolation
threshold may increase due to the decreasing contact effectiveness. When
polycarbonate and thermal reduced graphene oxide (TRGO)/polyester composites
were compression moulded with aligned platelets, it shows a percolation threshold
about twice that of annealed samples with randomly dispersed platelets [106].

As mentioned before, the large aspect ratio of graphene is a great advantage
over other fillers and that includes the area of percolation threshold. Aspect ratio is
the dominant factor affecting percolation threshold and confirmed by theoretical
models [107] and experiments [108]. Higher aspect ratio yields better electrical
properties (lower percolation threshold). Wrinkled, broken, restacked or folded
graphene conformations may also raise the electrical percolation threshold [109].

A summary of the highest electrical conductivity and ¢, of graphene/polymer
composites from the literature is listed in Table 2.1, in comparison with the ¢, of

CNT/ polymer composites fabricated using the same methods [110].

It is clearly shown that thermal reduced graphene oxide (TRGO) and chemically
reduced graphene oxide (CRGO) are most commonly used as fillers in polymer

composites, which is mainly because of their lower production price.

Table 2.1 Electrical percolation threshold (¢.) and other electrical parameters of

graphene/polymer composite from the literature [110].

Filler type Matrix b, Highest o ¢, of CNT ref
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(s/m) composites

TRGO PAG6 7.5 wt.% 0.71x107 12 [112]
wt. %

In situ CRGO

n
w

0.1 vol% 1 [103]

TRGO

n
w

0.33 vol% 3.49 0.5vol [115]

‘

TRGO iPP <5 wt.% 0.02 <5 [112]
wt.%

TRGO PU 2 wt.% 0.0492 [87]

Acid functionalized- PVDF foam 0.5 wt.% 10.16 [119]
graphene

TRGO PC 2.5 wt.% 0.1 2.5 [112]
wt.%

Microwave-exfoliated PC 1.3 wt.% 2.5%x107 [120]
GO

CRGO Epoxy 0.52vol% 10 [122]

TRGO PLA 3=5wt% [124]

Xie et al. [126] proposed that graphene is more effective in terms of improving
conductivity than CNTs because of their large specific surface area. However, that is
not observed experimentally when comparing electrical conductivity between

graphene and CNT-based composites.
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Table 2.1 shows electrical conductivity from 10 to 72 S m™ for reduced
graphene oxide/polymer composites and a ¢, ranging from 0.1 vol% to 7.5 wt.%.
Stankovich et al. [103] has achieved the lowest ¢. (0.1 vol% in-situ CRGO). However,
it is still much higher than for CNT/ epoxy composites with a percolation of 0.0025
wt.% [127].

Some factors may shed light on these results. Firstly, graphene, as a thin 2D
filler, is easier to aggregate than MWCNTs due to its larger surface area and plane-to-
plane attractive forces. Secondly, the 2D structure is apt to wrinkle, and even roll into
a tube-like structure, resulting in a lower aspect ratio. Finally, for 2D graphene it is
more difficult to form a conductive network than for 1D CNTs. Therefore, in order to
make the most out of graphene extraordinary properties, an effective fabrication
method to avoid graphene rolling, keeping them flat and preventing them from

restacking should be proposed.
2.4.3 Thermal Conductivity

With the progress of miniaturization in device components, the problem
associated with heat transfer in the electronics has aggravated, bringing an urgent
need for improved thermal interface materials (TIMs). Current TIMs are mainly
polymer or grease composites with thermally conductive particles such as alumina or
silver, requiring very high vol.% of filler to achieve thermal conductivity values of
1-5 W m 'K which will reduce their mechanical performance. A number of nano-
materials have been developed as candidates to improve the thermal conductivity of
polymer composites, especially carbon based materials, like CNTs have emerged as
an efficient filler due to their exceptional thermal conductivity (~ 3000 W m'K!
along the tube axis) and high aspect ratio [128]. However, the production cost of
CNTs is a limiting factor for their industrial applications. Compared with CNTs, the
graphene not only has similar intrinsic thermal conductivity but is more importantly,
very cost-effective. Furthermore, the sheet-like geometry of graphene materials may
lead to lower interfacial thermal resistance, improving thermal conductivity more than

CNTs in polymer composites [129].
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Figure 2.20 Thermal conductivity increment of epoxy-based composites. Graphitic fillers:
graphitic micro particles (GMP), graphene nanoplatelet (GNP) exfoliated at 200 °C (GNP-
200) and 800 °C (GNP-800), carbon black (CB), and purified single wall carbon nanotubes
(SWNTs) [128].

The factors affecting thermal conductivity are similar to those of electrical
conduction. Direct contact of fillers reduces thermal resistance, increasing thermal
conductivity. Thermal conductivity in composites has been modeled with percolation
theory [130]. Since phonons are the primary mode of thermal conduction in polymer
composites, bonding between fillers and matrix will promote higher thermal
conductivity, like covalent bonding [131]. Functionalization of graphene to improve
bonding with the matrix is a promising route, but like electrical conduction, the
functionalised group may compromise the intrinsic thermal conductivity of graphene.

Literature shows that the method of preparation has a significant impact on the
resultant filler dispersion, leading to different thermal conductivity of the final
composite. Chandrasekaran et al. [132] reported on epoxy/graphene nanoplatelets
composites fabricated by three-roll milling and sonication combined with high speed
shear mixing. The conductivity of their composites increased only slightly above the
pure matrix, considering the high thermal conductivity of fillers. The percentage of
increase in thermal conductivity was only 11 % for 1.0 wt.% and 14 % for 2.0 wt.%
filler loading. No thermal conductivity percolation was observed for these samples.
While Shtein er al.[133] demonstrated a significant enhancement of thermal
conductivity from 0.2 W m'K™' for neat epoxy to 12.4 W m'K™' for 25 vol.% filler
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loading composites (Figure 2.21). This thermal conductivity value corresponds to a
6800 % enhancement over the neat polymer, an outstanding value for filler compared
to traditional filers. This ultrahigh increase was achieved by using GNPs with large
lateral dimensions and low defect densities and applying a high compression forces
during the dispersion to bring adjacent particle together.

Apart from increasing thermal conductivity of a polymer matrix, graphene
fillers also can improve composite thermal stability, confirmed by a significant

number of reports [16,134-136].
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Figure 2.21 Thermal conductivity of epoxy/graphene nanoplatelets (GNP) composite as a
function of (a) GNP lateral dimension and loading (p), (b) GNP grade (H;s, M;s and C,) and
o [133].

2.4.4 Gas Barrier Properties

The incorporation of graphene nanosheets can significantly reduce gas

permeation through a polymer composite compared with the neat matrix polymer.
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When a network of graphene forms in the matrix, it can largely decrease gas
permeation by a mechanism of the “tortuous path”, which slows molecular diffusion
in a way shown in Figure 2.22 [98].

As can be seen from Figure 2.22, the orientation of the graphene platelets plays
an important role in gas barrier function. Well-aligned graphene nanosheets may
further enhance barrier properties in the perpendicular direction, while higher aspect

ratios of platelet leads to increased barrier resistance [98].

Figure 2.22 [llustration of formation of a ‘tortuous path’ of platelets inhibiting diffusion of
gases through a polymer composite (Nielson model). Adapted from [98].

2.4.5 Water Uptake of Polymer Matrix Composites

Polymer carbon composites, used as structure materials, usually have a high
possibility to be exposed to various environments involving high temperature and
humidity. Much research has been conducted to study the effects of water absorption
on the physical and chemical properties of polymer composites. Most of the results
showed that both the physical and mechanical properties of composite materials can
be strongly affected by hydrothermal ageing, affecting the composite performance in
service [137].

Water absorption in polymer-matrix composites can cause plasticization of the
polymeric matrix leading to a significant reduction of the glass-transition temperature
(Ty) [138]. Apart from that, water absorbed can seriously affect the fiber—matrix

interfacial interaction, causing polymer degradation [139], with a concurrent swelling
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and lowering of T, [140]. It has been proposed [141] that the transport of moisture

below the Tg comprises of three stages :

i.  Diffusion of water through the bulk of the polymer network.

ii.  Absorption of moisture on the surface of vacuoles that define the excess

free volume of the glassy structure.

iii.  Through hydrogen bond formation between hydrophilic groups

associated with hydroxyl or amine groups attached to the polymer chain

and the water molecules.

There are many factors affecting the way composite materials absorb moisture,

including temperature, filler volume fraction, reinforcement orientation, filler nature

(that is, permeability, polarity, density), area of exposed surfaces, diffusivity, and

surface protection [134].

2.0

1.5

0.5

0.0

------- *--0.1% CNT
--0-- 0.25% CNT
—m— Epoxy resin

10 15 20 25

(Ageing time)"2(h1/2)

Figure 2.23 Water uptake behaviour of epoxy resin and nano-composites reinforced with

CNTs [140].

Carbon nanofillers, due to their hydrophobic properties and barrier effect in a

polymer matrix, are expected to reduce the water absorption after addition to a

polymer matrix. Prolongo et al. [142] reported that carbon nanotubes can significantly

decrease the water absorption and water diffusion coefficient by 20-30 % (Figure

2.23).
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This decrease is higher than expected for composites reinforced with CNT due
its 1D nature. The author reasoned that this could be associated with the barrier
properties of nanofillers in epoxy matrix [143], which form tortuous paths, hindering
the water progress and decreasing the diffusion rate. At higher filler loading, the
enhancement of their hydrothermal ageing behaviour decreased, which was related to
the aggregation of the fillers in the matrix, introducing micro-scale voids for water
molecules. However, there is also research [140] which showed that the water uptake
was increased after adding carbon filler. It found that the higher the wt.% CNT
content, the higher the water uptake. This supports the reasoning that the addition of
CNTs into an epoxy matrix leads to an increased interfacial region, serving as a route
for higher water uptake.

It is expected that the incorporation of graphene nanoplatelets will decrease the
water uptake considering the hydrophobic nature of GNP surface that tends to
immobilize some of the moisture, which inhibits the water permeation into the
polymer matrix [144].

Various models have been proposed to describe the kinetics of water diffusion.
Most favoured treatments are based on Fick’s law. According to the Fickian diffusion
law, the diffusion coefficients are easily calculated from the moisture-uptake profiles

with Fick’s second law:

M -D(2n+1)%m%t
2= 1-3E, xp [T
Moo (2n+1)2m2 412

(2.2)

where M, is the water absorption at time t, M is the equilibrium water absorption, L
is the sample thickness, and D is the diffusion coefficient. At very short times, where

M, /M, is less than 0.5; Eq. (3) can be approximated as follows:

M _ 4 [pe
et e 23)

This equation is derived under the assumption that the diffusion coefficient D is

a constant and is easily rearranged to reveal that the initial slope in a plot about the

percentage water uptake M, versus V't curve:

_ Mgz —Mpq

m ., L
D =G (s (2.4)

From Figure 2.23, water uptake is linearly proportional to v/t at the initial stage.
Using the equilibrium-uptake data and Eq. (4), the diffusion coefficients D are

determined from the slope of the initial linear portion of the water uptake curve.
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CHAPTER 3 EXPERIMENTAL

3.1 Materials

Graphene nanoplatelets (GNP), Grade M, from XG Sciences were used as the
fillers in this project. These Grade M nanoparticles have an average thickness of
approximately 6-8 nm (18-24 layers of graphene) and possess a typical surface area of
120 to 150 m*/g. Three grades with different particle diameters are available with M3,
MI15 and M25 having 5, 15 or 25 microns diameter respectively. These particles are
effective at providing barrier properties, while their pure graphitic composition makes
them excellent electrical and thermal conductors. Unlike many other additives, GNP
can improve mechanical properties such as stiffness, and surface hardness of the
matrix material [1-5].

GNP can be easily mixed with almost all polymers, and can be an active
ingredient in inks or coatings as well as an excellent additive to plastics of most types
[6]. The manufacturing processes are non-oxidizing, so the as-received material has a
pristine graphitic surface of sp> carbon molecules that makes it especially suitable for
applications requiring high electrical or thermal conductivity (as shown in Table 3.1).

Table 3.1 Data sheet of GNP.

Parallel to surface  Perpendicular to surface

Density (g/cm’) 2.2

Carbon content (%) >99.5

Thermal conductivity (W/mK) 3,000 6
Thermal expansion (m/m/°K) 4-6 x 10°® 0.5-1.0 x 10°®
Tensile Modulus (GPa) 1,000 N/A
Tensile Strength (GPa) 5 N/A
Electrical Conductivity (S/m) 10’ 10?

Only the M5 and M25 grades were used as fillers in this project due to time

restraints.
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The epoxy used in this project was Araldite LY 556%, a formulated resin for
structural composites from Huntsman Advanced Materials. It is a pre-polymer based
on the diglycidyl ether of bisphenol A (DGEBA) (Figure 3.1a) [7]. The hardener used
in this study was XB 3473 (Huntsman Advanced Materials), which contains
diethyltoluenediamine (80 % ~ 92 % concentration) and 1,2-diaminocyclohexane (4
% ~ 10 % concentration) (Figure 3.1b). During the curing process, the epoxide groups
of the DGEBA react with the amine groups from the XB 3473 and crosslink to form a

three-dimensional, thermosetting network.

a)

o CH HH Y cH, H o
A\ U aWasseaWs nWassie
H H CH, H O Hln CH, H H
H
DGEBA

b)
CHs CHs NH,
/@ENHz HZNIjiNHZ NH
—C C—-CH H;C-C C-CH
2 NH, T2 : * H, Hy
Diethyltoluenediamine 1,2 - Diaminecyclohexane

Figure 3.1 Chemical structure of DGEBA (a) and the components in the hardener (b) [7].

3.2 Preparation Methods

Three different routes for preparation the polymer/graphene nanoplatelets
composites were compared:

1. Shear Mixing: Shear mixing is used to disperse, or transport, a minor phase or
ingredient (liquid, solid, gas) into a major continuous phase (liquid), with
which it would normally be immiscible. A high shear mixer with blade is used
to blend epoxy and GNP in a beaker. The main advantage of shear mixing is
its simplicity and time saving. The disadvantage lays in the relatively poor

dispersion of the filler in the matrix.
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2. Three-roll mill mixing: A three-roll mill uses shear forces created by three
horizontally positioned rolls rotating at different speeds relative to each other,
in order to mix, refine, disperse, or homogenize viscous materials fed into it
[8]. The epoxy and graphene nanoplatelets mixture was poured directly into a
three-roll-mill for uniform mixing.

3. Solution Compounding: Usually, a solvent which has a good interaction with
both filler and polymer matrix is used to assist the dispersion of a filler in
composites. During the mixing process, mixture will be heated to remove
solvent. The advantage of solution compounding is that it can produce
uniform filler dispersion and good interfacial interaction between the filler and
matrix. The disadvantages are that the solvent used makes it not environment

friendly and energy-consuming during solvent evaporation.

3.3 Preparation of Composites

Figure 3.2 Digital images of the mould with 5 mm thick polytetrafluoroethylene plate between

the two Smm steel plates.

Figure 3.2 is the mould used for preparing bulk composite samples. It consists
of three layers, and using PTFE layer benefits the removal of the samples from metal
mould due to the weak contact force between the composites and PTFE.

The three processing methods used for composites fabrication were as follows:
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Shear mixing: the weight of graphene nanoplatelets, epoxy and hardener needed for
preparation different filler loading epoxy/GNP composites were calculated and
weighed. The GNP was then poured into a beaker (50 ml) of epoxy, stirred using a
shear mixer (IKA eurostar 40 Stirrer) with an anchor stirrer (3 cm in diameter) for 1
hr at a rotation rate of 2000 rpm. The hardener (weight ratio of hardener and epoxy is
23:100) was added to the epoxy and the mixture stirred for a further 5 mins at the rate
of 2000 rpm. The mixture was held in an oven at 80°C under a vacuum for 10 mins in
order to degas it, and then transferred to a mould and left to rest at atmospheric
pressure for 30 mins so that any remaining gas was released. Finally, the system was
cured by placing the mould in an oven, and raising the temperature to 140 °C at heat
rate of 3 °C/min and then held for 10 hrs. The oven was then cooled down to room
temperature naturally and the sample taken out.

Three-roll mill: The same shear mixer used in shear mixing was used to pre-mix
the epoxy and GNP for 5 mins at 2000 rpm at room temperature. The mixture was
then poured into a three-roll mill (Torrey Hills T65 (2.5 x 5) Lab model) and mixed at
a rate of 40 rpm, 80 rpm and 160 rpm respectively for the slow roll, middle roll and
fast roll. The two gaps between three-rolls were kept the same. The mixture was then
collected and the hardener added by shear mixing for 5 mins at 2000 rpm. The same
degasing and curing process was then used for process 1 above.

Solvent-assisted mixing: The weighted epoxy, graphene nanoplatelets and
chloroform (30 ml) were put in a 50 ml beaker, and stirred using a magnetic stirrer at
the rate of 1000 rpm. During the stirring, the mixture was heated to 100 °C to remove
the solvent. The mixture was weighed every two hours until the weight didn’t change
for three consecutive measurements. The hardener was then added over a five minute
period whilst the mixture was stirred. The same degasing and curing process was then
used for process 1 above.

It was found that the resin viscosity increased with increasing filler amount until
at some point, it became difficult to fabricate a composite part. Thus, a maximum of 8

wt.% GNP was used.
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3.4 Characterization of Filler and Epoxy Nano-composites

3.4.1 Optical Microscopy

Optical microscopy is one of the most basic tools to magnify images of small
samples. It is simple, but still quite useful for characterizing the dispersion of fillers in
a matrix. In this project samples were viewed under an Olympus BH-2 optical
microscope using and %10, x20 and x50 objective lens. The software AxioVision Rel.
4.8 was used to capture and adjust (exposure, contrast, saturation etc.) the images.

The two sides of the samples for optical microscopy need to be paralleled to
each other to ensure good focusing. Therefore, during preparation, the surface was
ground using abrasive paper of different coarseness (400, 800, 1200 then 2500).

Finally, a polishing process was applied to give a high-quality surface finish.
3.4.2 Atomic Force Microscopy and Sample Preparation

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very
high-resolution type ofscanning probe microscopy (SPM), with demonstrated
resolution on the order of fractions of a nanometer, more than 1000 times better than
the optical diffraction limit. It is a powerful and easy tool to identify the thickness of
the fillers used in experiments. AFM images were obtained using a Dimension 3100
AFM (Bruker) in the tapping mode in conjunction with the “TESPA’ probe (Bruker).

Sample preparation for AFM was as follows: GNP were put into ethanol, and
then sonicated at 70% power (maximum power of 820 W) for 0.5 hrs to fully disperse
the graphene nanoplatelets. After that, more ethanol was added to dilute the mixture
until it was almost transparent. Then a capillary glass tube was used to transfer the
graphene nanoplatelets suspension onto a 1 cm % 1 cm silicon substrate which was

placed in a clean vacuum oven to dry.
3.4.3 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe vibrational,
rotational, and other low-frequency modes in a system. Raman spectroscopy is
commonly used in chemistry to provide a fingerprint by which molecules can be
identified. In this project, Raman plays a vital role as a non-destructive technique to

detect the presence of GNPs in composites, and to investigate the crystallinity of the
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GNPs. Furthermore, Raman can provide information about the orientation of fillers in
the matrix and the stress transfer efficiency from the matrix to the fillers. Raman
spectroscopy can be performed at room temperature and ambient pressure, and the
resultant spectra can be acquired within minutes. The technique is based on the
characteristic of inelastic scattering that occurs when a monochromatic light (usually
a laser source) interacts with a sample [9]. The incident light excites an electron into a
higher virtual state and then the electron decays back to a lower level, emitting a
scattered photon. When the energy of the scattered photon is lower than that of the
incident photon, it is defined as Stokes scattering, whilst anti-Stokes scattering occurs
when the energy of the scattered photon is higher than that of the incident photon,
which is much less usual than Stokes scattering. If the incident and the scattered
photons have the same energy, then the scattering is known as elastic Rayleigh
scattering. Rayleigh scattering is filtered out during analysis to prevent saturation of
the CCD. Figure 3.3 shows an energy diagram of Stokes Raman scattering and anti-

Stokes Raman scattering.

1 Virtual State
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Figure 3.3 Diagram showing the energy level for Raman scattering, adapted from ref [10].

The Raman shift (cm™) for a band is defined as the difference in the incident
wavenumber and scattered wavenumber (equation 3.1) and its proportion to the
energy of the vibrational states in the sample. In graphene, the Stokes phonon energy
shift caused by laser excitation creates two main peaks in the Raman spectrum: G
(1580 cm™), a primary in-plane vibrational mode, and 2D (2690 cm™), a second-order
overtone of a difference in plane vibration, D (1350 cm™) [11]. D and 2D peak
positions are dispersive (dependent on the laser excitation energy). NB these are the

positions quoted from a 532 nm excitation laser, as the 2D mode is dispersive. The D
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mode is related to structural defects and impurity, while the G band is related to the

sample’s crystallinity.
Raman shift (cm™t) = —— — —2 (3.1)

Aincident /’Lscattered

In this study, Raman was performed using a Renishaw Raman Spectrometer
with a HeNe excitation laser (632.8 nm wavelength). Prior to performing Raman
experiments, the spectrometer was calibrated using the 520 cm™ band of silicon and
instrument setting of 100% of the laser power with high gain on the CCD and an
exposure time of 10 s with 1 accumulation). The peak was fitted using WIRE™
software. If the peak value was outside the 519 ~ 521 cm™ range, the calibration
offset would be set.

For a powder sample, a small amount of GNP were placed on a glass slide and
then compressed by another glass slide to make a smooth surface in case the rough
surface contaminates the lens. For composite samples, the samples were cut from the
bulk composite and ground with 800-grade emery paper. A HeNe laser (632.8 nm
wavelength) was used with 10 % laser power to minimize the heating in the samples.
The typical collection setting for the instrument were high gain on the CCD, and 5
acculations with a exposure time of 10 s). At least 5 regions were investigated from

each sample examined to understand the variation within it.
3.4.4 Thermal Gravimetric Analysis (TGA)

TGA is commonly used to study materials that exhibit either mass loss or gain
due to decomposition, oxidation, or loss of volatiles (such as moisture). It is an
especially useful technique for the study of polymeric materials.

In this study, a TA Instrument TGA Q500 was used to obtain information on the
thermal stability of the materials used and the composites. The powder sample
(around 15 mg) was heated from 20 °C to 800 °C at the heating rate of 10 °C/min
under a nitrogen atmosphere. In a desired temperature range, if a species is thermally
stable, there will be no observed mass change. Negligible mass loss corresponds to
little or no slope in the TGA trace. TGA also gives the upper limit for the temperature
at which a material may be used, in that beyond this temperature the material will

begin to degrade.
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3.4.5 Scanning Electron Microscopy

A scanning electron microscopy (SEM) is a type of electron microscope that
produces images by scanning a focused beam of electrons across a sample. The
electrons interact with the atoms in the sample, to produce various signals that can be
detected and which contain information about the sample's surface topography and
composition. Due to its wide range of magnification, from about 10 times (about
equivalent to that of a powerful hand-lens) to > 500,000 times, (about 250 times the
magnification limit of the best light microscopes) SEM has become one of the most
popular techniques to study surfaces. In this project, SEM was very important for
analysis of the fillers dispersion and interfaces between the fillers and the matrix.

SEM samples must be of an appropriate size to fit in the specimen chamber and
are generally mounted rigidly on a specimen holder stub. For conventional imaging in
the SEM, specimens must be electrically conductive, at least at the surface,
and electrically grounded to prevent the accumulation of electrostatic charge at the
surface.

Sample preparation was as follows: For the filler powder samples, a few mg of
GNP was sonicated in acetone to disperse it uniformly until it is almost transparent.
After that, several drops of the liquid were transferred to a 1 cm x 1 cm gold-coated
silicon substrate and dried in a vacuum oven. The composites were frozen in liquid
nitrogen and then broken by a gripper. Some of the samples with low graphene
nanoplatelets loadings are almost insulating. Therefore, gold coating (using an
Edward S150B Sputter Coater) was applied to all samples and silver paint (Agar
scientific Ltd. Unite, Batch No.0439) was used to connect the surface to the sample
Stub. The topography of the samples was viewed using a Philips XL 30 field emission
gun SEM (FEGSEM) at a 10kV acceleration voltage.

3.4.6 X-ray Diffraction

X-ray Diffraction (XRD)is a powerful tool for studying the atomic and
molecular structure of a crystalline material. By measuring the angles and intensities
of the incident X-ray beams diffracted by atoms in a crystal, a crystallographer can
produce a three-dimensional picture of the density of electrons within the crystal.

From this electron density, the mean positions of the atoms in the crystal can be
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determined, as well as their chemical bonds, their disorder and various other
information.

The theory is based on the Bragg model of diffraction (Figure 3.4). The beam
coming from upper left causes each scatterer to re-radiate a small portion of its
intensity as a spherical wave. If scatterers are arranged symmetrically with a
separation d, these spherical waves will be in sync (add constructively) only in
directions where their path-length difference 2dsinf equals an integer multiple (n) of
the wavelength 4 (as shown in equation 3.2). In that case, part of the incoming beam
is deflected by an angle 26, producing a reflection spot in the diffraction pattern.

2dsinf = nl 3.2)

Figure 3.4 Bragg model of diffraction.

A reflection is said to be indexed when its Miller indices have been identified
from the known wavelength and the scattering angle 20. Such indexing gives the
length and angles of the unit-cell, as well as its space group.

In this project, XRD (X’Pert X-ray diffractometer) was carried out using a Cu
Ka radiation source (A = 1.542 A) to identify the d spacing of fillers as received and

fillers in the matrix prepared through three different methods.
3.4.7 Dynamic Mechanical Thermal Analysis

Dynamic mechanical thermal analysis (DTMA) is a technique used to study the
viscoelastic behaviour of polymers. This approach can be used to locate the glass
transition temperature (T,) of the material, as well as to identify transitions
corresponding to other molecular motions, data which is critical for the application of

69



Chapter 3 Experimental

polymer composites. T, is one of the most important and representative parameters of
the chemical and physical properties of polymer matrix composite materials [12] and
gives information about the mechanical properties of a composite material, the
chemical structure of its matrix and the materials performance under specific
environmental conditions.

During DMTA, a sinusoidal stress is applied to a specimen and the strain in the
specimen is measured, allowing one to determine the complex modulus (E*). For
viscoelastic polymer composite materials, there is a phase lag, § between the input

stress and output strain, which is defined as follows [13]:

__ Stress

E* = Strain (3-3)
E' = E*cosé 3.4
E" = E*sind (3.5
tand =2 (3.6)

During where E’ is storage modulus, £’ is loss modulus. DMTA temperature of
the sample and/or the frequency of the stress are often varied, leading to variations in
the complex modulus; the physical and thermodynamical properties of a sample are
measured as a function of the temperature. The deformation is kept low to avoid
changing the structure of the substance (the deformation is always kept within the
linear viscoelastic range).

At the T, the E’ decreases dramatically and the loss modulus reaches a
maximum, and the ratio of loss modulus to storage modulus is defined as tan §, which
reaches its peak value. The temperature when tan 6 reaches its peak is viewed as the
T, of a polymer. DMTA can also determine changes in storage modulus to study the
load transfer from matrix to fillers.

All of the DMTA experiments in this work were performed using a TA
Instruments Q800. Specimen dimensions for DMTA were ~ 35mm x 10mm x 1-
3mm. The dimensions value inputted into the DMTA machine software were
averaged values of at least three measurements at different points on a specimen.
Single-cantilever bending mode at 1 Hz were applied for all specimen, over a
temperature range of room temperature to 200 °C at a heating rate of 5 °C/min. The

stress was varied such that the strain was kept constant at 1% throughout the
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experiment. The curves of E’, E”, tan 6 were displayed as a function of temperature

via Universal Analysis software.
3.4.8 Tensile Testing

Tensile testing [14] is probably the most fundamental type of
mechanical test. Tensile tests are simple and relatively inexpensive. During the test, a
sample is subjected to a controlled increasing elongation until failure. The properties
that are directly measured are load and change in length. In particular, the Young's

modulus, and yield strength can be determined from these measurements.. The results

can be applied for quality control of materials for different purposes, and can be used
to predict a material’s reaction under other types of forces.

Uniaxial tensile testing is the most commonly used technique for obtaining the
mechanical characteristics of isotropic materials. The most common testing machine
used in tensile testing is the universal testing machine. This type of machine has
two clamps; one is fixed and the other is adjusted for the length of the specimen and
driven to apply tension to the test specimen. Alignment of the test specimen in the
testing machine is critical, especially for brittle materials. If the specimen is
misaligned, either at an angle or offset to one side, it will dramatically skew the
results.

For tensile testing of epoxy/graphene nanoplatelets composites, an extensometer
was mounted onto the specimens to ensure the accurate measurement of strain. The
samples were left in the mechanical testing room, in which the temperature was set at
23 + 0.1 °C and a humidity set at 50 + 5 %, for at least 24 h prior to mechanical
testing. Tensile testing was carried out using an Instron-1122 universal testing
machine. The machine was equipped with a 1 N load cell and the crosshead speed
was set at 0.5 mm/min. At least 5 composite samples for each loading were tested.
The strain measurements were measured with clip on extensometer. The results were

averaged.
3.4.9 Water Uptake Measurement

Water uptake measurements determine the relative rate of absorption of water
when a sample is immersed, and the weight percentage of water absorbed when

saturated. The results of these tests can act as a guide to the proportion of water
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absorbed by a material and consequently, in those cases where the relationships
between moisture and electrical or mechanical properties, dimensions, or appearance
have been determined, as a guide to the effects of exposure to water or humid
conditions on such properties; and second, as a control test on the uniformity of a
product.

In this project, the standard test method used to measure water uptake of this
resin/GNP composite is ASTM-D570. An analytical balance capable of reading
0.0001 g and an oven capable of maintaining uniform temperatures of 50 +3°C and of
105 to 110°C were used for these tests. The test specimens were disks with 50.8 mm
in diameter and 3.2 mm in thickness. Permissible variations in thickness were + 0.18
mm for hot-molded and + 0.30 mm for cold-molded or cast materials. The surface
was polished with 1200 abrasive paper. Three specimens for each loading were
prepared. The oven containing distilled water was heated to 50°C, then all of the
specimens were immersed directly in the water. All of the samples were removed
from the water after 1, 2, 4, 8, 24 and 48 hrs, and wiped free of surface moisture with
a dry cloth. Specimens were allowed to cool down for a short period of time (~ 3
mins) before weighting. The effect of removing the specimens from the chamber for a
short period of time on the measurement of weight gains was shown to be negligible.
All of the specimens were weighed to the nearest 0.001g, and then immediately
replaced in the water. The weightings were repeated at the end of the first week and
every two weeks thereafter until the increase in weight per two-week period, as
shown by three consecutive weightings, averaged less than 1 % of the total increase in
weight or 5 mg, whichever was greater; the specimen was considered to be
substantially saturated. The difference between the substantially saturated weight and

the dry weight was considered as the water absorbed when substantially saturated.
3.4.10 Thermal Conductivity Measurement

GNPs have excellent thermal conductivity, and are expected to improve the
thermal conductivity of epoxy/GNP composites significantly. The degree of
enhancement depends on the loading, dispersion, and orientation of fillers, and its
interaction with the epoxy matrix. Thermal conductivity measurements are used to
detect the property of a material to conduct heat. In this study, a Fox 50 from

LaserComp was used, which is one of the most advanced instruments to measure
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thermal conductivity in moderate range. The Fox 50 Heat Flow Meter is an accurate,
easy-to-use instrument for measuring the thermal conductivity according to ASTM
C518 and ISO 8301. Samples are placed between two plates in the test stack and a
temperature gradient is established over the thickness of the material. The upper plate
remains stationary while a pneumatic drive positions the lower stack to assure reliable
contact between the sample and the transducer, which helps to minimize interfacial
resistance. The general principle of the Fox heat flow meter instruments is based on

one-dimension equation of the Fourier—Biot law:

q=-A%) (3.7)

where ¢ is heat flux (W/m?) flowing through the sample, 2 is its thermal conductivity
(Wm'K™") of the sample, dT/dx is the temperature gradient (Km™) on the isotherm
flat surface in the sample.

If a flat sample is placed between two flat isothermal plates with the plates
maintained as different temperatures, eventually an uniform one dimensional
temperature filed is established within the sample volume (size of the plates is
supposed to be much larger than the thickness of the sample). The temperature field
gradient within the sample is equal to the difference between temperatures of its
surfaces AT (AT = Thot surface —Icold surface) divided by its thickness Ax, because in this
case the average temperature gradient dT/dx is equal to —AT/Ax. The thermal
resistance of the flat sample Ryumpe 1S equal to its thickness Ax(m) divided by its
thermal conductivity 4:

Rsampie = Ax/2  (m’K W) (3.8)

Basic heat flow meter measurements conflate the sample’s thermal resistance
with the thermal contact resistance of the sample/transducer interface. This interfacial
resistance can often be greater than the bulk thermal resistance of the sample, leading
to a calculated thermal conductivity that is lower than its true value. The Fox 50 heat
flow meter using WinTherm software is able to measure the sample resistance and
interface resistance independently, using a two-thickness procedure of calibrations

and tests.
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3.4.11 Oscillating Shear and Rotational Shear Rheometer

Adding of fillers into an epoxy resin matrix can cause the viscosity to rise,
which will affect its handling, processing, and applications. For example, more energy
will be consumed and inhomogeneous mixing were likely to occur; leading to poor
composite properties, especially for mechanical performance [15]. For carbon
nanotube/epoxy composites, some reports showed that a elastic gel network had
formed [16] and the viscosity was increased to a large extent, making their processing
as composite matrices much more difficult [17]. So it is necessary to test the rheology
of epoxy/GNP composite.

A Thermo Scientific Haake MARS (Modular Advanced Rheometer System)
was used to perform all the rheological studies on epoxy suspensions. All
measurements were performed at room temperature using 35 mm aluminum
disposable parallel plates with a 0.8 mm gap. All of the rheological parameters were
calculated and displayed via Haake Rheowin software.

Both the dynamic and steady shear experiments followed closely the methods
described by Kinloch et al [18]. The flow properties of the suspensions were studied
using the rheometer in rotational mode. The shear rate (y) was increased in a stepwise
manner from 0.005 to 1000 s and the sample was held at each step for 60 s. Values
of shear stress (1) and shear viscosity (1) were recorded for each shear rate.
Rheological characterisation was also performed under dynamic oscillatory mode to
assess the structure formed by GNP reinforcements within the linear viscoelastic
region (LVR). A dynamic strain sweep test (0.5 — 500 % strain) was first applied to
the samples to determine the LVR region. Once this region was identified, a
frequency sweep test over a range of 0.1 to 100 (rad/s) was performed at constant

strain.
3.4.12 Impedance Spectroscopy

GNPs, as carbon fillers, possess extraordinary electrical properties with
conductivity of 10’ S/m parallel to surface or 10> S/m perpendicular to surface. The
main purpose of this project is to improve the electrical conductivity of epoxy resin
composites by adding GNP to form a conductive network.

Impedance spectroscopy measures electrical conductivity by applying an

alternating current (ac) to a material, and detecting its response. Electrical impedance
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(Z) 1s the complex ratio of voltage applied to current for an ac current. Impedance can
be viewed as an extension of the concept of resistance to AC circuits. It possesses
both magnitude and phase, while resistance has only magnitude. In a direct
current (DC), there is no distinction between impedance and resistance; the latter can
be thought of as impedance with zero phase angle (0).

Impedance, as a complex quantity, consists of two parts, resistance (R) and
capacitance (C). The former one forms the real component (Z’) of impedance; the

latter forms the imaginary part (Z’’). Their relationship is as shown in Figure 3.5

Imaginary

ZII

» Real
ZI

Figure 3.5 An impedance vector diagram.

Z=7"+j2" (3.9)
Z' = |Z|cosO (3.10)
7" = |Z|sind G.11)
6 = tan~1Z (3.12)

As we can see, if 8= (0°, the material is a pure resistor and if = 90° it is a pure
capacitor. In most cases, a composite material is a combination of both components
where 0° < 8 < 90°. In analysis of the impedance of a material, two types of plots are
often used, the Nyquist plot and the Bode plot. A Nyquist plot is a parametric plot of a
frequency response used in automatic control and signal processing. Generally, the
real part of impedance (Z’) is plotted on the x-axis while the imaginary part (Z’’) is
plotted on the y-axis. The shape of a Nyquist line can be used to estimate the
equivalent circuit for the materials and get a rough idea about the electrical
components (resistor or capacitor) and their arrangements (series or parallel). A Bode

plot is a graph of the frequency responses of magnitude and phase in an electrical
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system. Usually two plots are combined to form a Bode plot. The Bode magnitude
plot expresses the magnitude of the frequency response, and a Bode phase plot,
expresses the phase shift. Both quantities are plotted against a horizontal axis
proportional to the logarithm of frequency. These plots can show you directly the
trend of impedance in the circuit with frequency. In the case of the series

arrangement, the corresponding Nyquist and Bode plots are as shown in Figure 3.6.

R1 c1 10
(a) VAN i} (b 100
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Figure 3.6 Nyquist (a) and Bode plots (b) for a resistor and a capacitor connected in series,

simulated by Zview sofitware.

Accordingly, the equations to represent the circuit shown in Figure 3.6 may be

written as:
Z*(w) = Z'(w) +jZ" (w) (3.13)
Z'(w) =Ry (3.14)
7"(w) = ﬁ (3.15)

In the case of a resistor and capacitor connected in parallel, then the

corresponding Nyquist line is shown in Figure 3.7.
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Figure 3.7 Nyquist and Bode plots for an ideal capacitor (C = 1uF) (a) and (b) the
impedance of resistor and capacitor connected in parallel (R = 100Q, C = [uF), simulated

using Zview software.

The circuit equations derived from such an arrangement are as follows:

L= L =Imta g parallel (3.16)
VA Zr1 Zca ZR1tZca
Therefore
Z* — ZR1XZc1 (3.17)
ZR1tZcy

Based on the plots from the impedance data, equivalent circuit models can be
proposed, providing information about the structure of composites.

A NumetriQ PSM1735, connected to an Impedance Analysis Interface (IAl),
was used to measure the impedance of composite samples. The TAI is an accessory

that can provide a wide range of shunts (1 mQ - 500 MQ) that enabled the
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measurement of samples of various resistances. The NumetriQ PSM1735 supplied the
voltage and displayed the data obtained. The measurements were carried out with a
four terminal Kelvin connection with a Kelvin clip, which can eliminate the effects of
contact resistance on the results. The instrument was turned on for at least thirty
minutes to warm up prior to a measurement. A resistor of known value was first
tested to verify that the instrument was working correctly. Data acquisition was
performed in Inductor-Capacitor-Resistor (LCR) mode. Each sample was measured
five times. The parameters of frequency, impedance, inductance, capacitance, phase,
tan 0, and Q factor and resistance were listed separately in different columns. A
frequency range of 1 to 10° Hz with voltage (rms) amplitude of 1.0 V was used for all
experiments. Rectangular composite specimens were cut from bulk samples and
ground with fine abrasive paper. Silver paint was then applied to both ends and left it
to dry for a few minutes, to minimize the contact resistance. Two conductive copper
wires were connected to both ends by silver-loaded epoxy adhesive. The samples
were kept in oven for 20 hours at 60 °C to dry the adhesive.

The specific conductivity of the composite is defined as in equation 3.18, where
[, w, and h represent the length, width and thickness of the rectangular specimens for
impedance test. To measure the sample specific conductivity, the dimensions needed
to be taken into consideration. These dimensions were measured at three different

points of each sample.

1 l
R wxh

(3.18)
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CHAPTER 4 STRUCTURAL
CHARACTERISATION OF M5 AND M25 EPOXY
COMPOSITES

4.1 Introduction

This chapter focuses predominantly on the characterization of the dispersion
and orientation of the fillers in the polymer composites prepared by shear mixing.
Then a comparative study will be presented for samples fabricated by three-roll mill

and solvent-assisted compounding.
4.2 Raman Characterisation of GNP

Three grades of graphene nanoplatelets from XG Sciences™, M5, M15 and
M25, were used as fillers in this thesis. It is therefore important to characterise
independently the as-received GNP using Raman, AFM, XRD and SEM. These data
were then compared to the company’s own datasheet.

The Raman spectroscopy data provided by the product manufacturer (Figure

4.1b) shows a very small D band, indicating a nearly defect-free structure.

a) b)
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Figure 4.1 Raman spectroscopy of M5, M15 and M25 (a) obtained from experiment and (b)
the data of grade M graphene nanoplatelets adapted from XG Sciences data sheet.

Raman spectra of the XG nanoplatelets (Figure 4.1) had the D, G and 2D bands
expected for sp® materials with a high degree of crystallinty. M25 possessed the
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highest G/D ratio out of the samples, possible due to its large size meaning that there
was less chance that an edge of the platelet was under the laser spot. Whereas the M5
and M15 had more edges compared to the basal plane due to their smaller diameter.
The 2D bands for the samples were comprised two peaks with the lower wavenumber
being less intense, which is more characteristic of graphite than graphene, confirming
that the platelets were > 10 layers thick. These Raman spectra were consistent with

the datasheet.
4.3 AFM Characterisation of GNP

AFM was used to measure the thickness of graphene nanoplatelets fillers. The
red dash lines in Figure 4.2b and d are drawn manually for the average of the height
by eliminating effects of sharp noises. It is found that M5, and M25 have similar
thickness of 4 ~ 7 nm, indicating a thickness of 10 ~ 20 layers of graphene (Figure
4.2). The diameters of the flakes were found to be consistent with the manufacturer’s

data sheet with M5 and M25 having around a diameter of approximately 10 pm, and

25 um respectively.

40

b

|ty

-10

Height (nm)

T T T
-2 0 2 4 6 8 10 12 14 16

Position (um)

30 nm
: 20

Height (nm)

T T T T T T
0 5 10 15 20 25 30

Position (um)

Figure 4.2 AFM images and height profiles of M5 (a) and M25 (b). The red dash lines in (b)
and (d) are a guide to the eye.
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4.4 Preliminary Characterisation of the GNP/epoxy
Composites Produced by Shear Mixing

4.4.1 Rheology of Epoxy-GNP Dispersions

Figure 4.3 shows the modulus data for the epoxy containing the M5 and M25
measured during a strain sweep, in which the strain was increased stepwise and the
moduli measured at each strain step. G’ and G” represent the elastic and viscous
response of the sample, respectively. In the case of neat epoxy, G’ decreased by over
two orders of magnitude with increased strain up to the highest strain limit (y = 1000
%), indicating a typical shear thinning response. Shear thinning properties can provide
desirable attributes to a suspension, such as stability when at rest but ease of
application or pouring when a stress is applied, which is good for dispersion and
processing. The G” however was constant throughout the whole range of y tested. G”
dominated over G’ in the neat epoxy, suggesting liquid-like behaviour and no internal
network formation in the epoxy. The 1 wt.% M5 and M25 samples had similar trends
to the neat epoxy. However, the addition of 3 wt.% and 5 wt.% the GNPs into epoxy
changed slightly the behaviour of G” with the appearance of small plateaus at low
strains. These plateaus mean that G’ was independent of y demonstrating some
internal structure has been formed which remained stable under low shear. This
plateau region is known as the linear viscoelastic region (LVR), in which the sample’s
response is independent of the strain applied. The elastic structure was fragile and
broken upon the application of a small increase of strain. G” was found to dominate
over G’ until 8 wt.% of the M25 GNP had been added to epoxy, for which a crossover
between G’ and G” occurred. This crossover characterises the transition from elastic
to viscous behaviour the strain at which is occurs is known as the crossover strain, Yy,
[1-2].

Figure 4.3 shows the dependency of G’ and G” with strain amplitude as
measured by oscillatory shear measurements for dispersions of MS5/epoxy and

M25/epoxy.
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Figure 4.3 The dependency of G’ and G’ with strain amplitude as measured by oscillatory

shear measurements for dispersions of M5/epoxy (a) and M25/epoxy (b). The experiments

were conducted at room temperature and a fixed frequency of 1 rad/s.

For all the loadings, there is no dramatic increase of G’ or G”, which means no

rheology percolation was observed. There is no big difference between the M5 and

M25 epoxy suspensions, except that the viscosity of M25/epoxy mixture is higher

than that of M5 due to M25’s larger aspect ratio.
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Figure 4.4 Frequency sweep measurements conducted within LVR (y = 0.2%), showing G’
and G” vs. frequency for M5 (a) and M25 (b)/epoxy composites, and their complex viscosity
(m*) of M5 (c) and M25 (d)/epoxy composites.

A frequency sweep was carried out on the samples within LVR (as shown in
Figure 4.3a) to provide information regarding the structure of the dispersion [3-5].
Based upon Fig 4.3, it was decided that a strain of yo= 0.2 % was appropriately within
the LVR. The modulus behaviour and complex viscosity (#*) of epoxy composites
obtained under the frequency sweep are shown in Figure 4.4. The #* and dynamic
modulus of epoxy composites both increase significantly with incorporation of stuff
M5 and M25. The rheological behaviour was similar for all the samples with a GNP
loading of < 7 wt.% with G” and G” values increasing with frequency and G’ < G”.
These spectra are typical for a viscous dispersion. However, for the 7 wt.% sample, G’
is almost equal to G” and independent of frequency whereas G” only slightly
increases and then only at very high frequency. The moduli for the 8 wt.% samples
were independent of frequency. These data show that a stable, elastic internal network
formed at loadings > 7 wt.%, leading a solid-like elastic behaviour.

It can be concluded overall that the GNPs formed an elastic network within the
epoxy upon increasing loadings. The complex viscosities of M5 and M25
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composites, increased by two and three orders of magnitude respectively upon 8wt.%
filler loadings. The #* of 8 wt.% M25/epoxy composite is independent of frequency,

showing an elastic behaviour.
4.4.2 XRD Characterization of GNP and Composites

The XRD patterns (as shown in Figure 4.5) of the M25 samples showed a
strong peak at 26 = 26.54° (corresponding to a d spacing = 0.336 nm) which is from
the basal reflection of (0 0 2)) and identical with pristine graphite. Pure epoxy gave a
strong peak around 26 = 18° and a weak and broad peak around 26 = 43°, which show
epoxy is amorphous. The XRD patterns of the composite were obviously a
combination of the spectra of pure GNP and epoxy, indicating that shear mixing and

curing process have no effect on the crystal structure of the M25 graphene

nanoplatelets.
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Figure 4.5 XRD patterns of GNP M25 (b), pure epoxy (a) and composite samples (b) with 2, 5
and 8 wt.% M25 graphene nanoplatelets loading.
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4.4.3 Optical Characterization of the Composites
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O
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Figure 4.6 Typical optical micrographs of the GNP/epoxy composite samples. (a) is of the
uncured, liquid system where (c) is of the cured composite. (b) and d) are digitally processed
versions of (a) and (c) respectively where a cut-off mask has been applied. Scale bar is 50

um. (e) Raman spectrum one of the white regions in (c).

Figure 4.6 a and c show optical images of the uncured and cured epoxy-GNP
dispersions respectively. To aid analysis of the images a dark mask using a threshold
brightness value was applied to enhance the contrast for easier viewing of the
dispersion of M25. Raman spectroscopy confirmed that the white regions in the
masked images (b and d) were aggregates of the nanoplatelets, with the Raman

spectrum showing the typical D and G bands (Figure 4.6e). Henceforth in the
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following discussion, dark mask applied images will be used to compare the

dispersion and distribution of GNP.

Figure 4.7 Typical dark masked optical images for uncured (a, ¢ and e) and cured (b, d and f)
M25/epoxy composites with 1 wt.% (a,b), 5 wt.% (c,d) and 8 wt.% (e,f). All of the images

have the same scale bar 50 um.

It should be noted that the loading is discussed in weight fraction, while the
white and black part areas represent (projected) volume fraction. Thus Table 4.1
quotes not the weight, but the volume fractions of the compositions calculated by
using the density of the GNP and the epoxy. The percentage of light pixels (i.e.
aggregates) was found to increase very slightly after curing when compared with

uncured samples. Furthermore the percentage of the white pixels was found to be
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similar to that overall volume percentage of platelets in the sample, suggesting that all

the platelets are represented by the white regions.

Table 4.1 ImageJ analysis of the ratio of the number of white to black pixels in the dark

masked optical images in Figure 4.7.

Black part area (%) White part area (%)

[ o)

1wt.% (0.5.2 vol.%) 99.4 06

Before curing

1 wt.% After curing 99.4 0.6
0, 0,

5 wt.% (Z.(?4 vol.%) 976 4

Before curing

5 wt.% After curing 97.5 2.5
0, 0,

8 wt.% (4.2.9 vol.%) 95.7 43

Before curing

8 wt.% After curing 95.4 4.6

a: volume fraction of fillers

In the literature [6-7], researchers found that nanofillers tend to attract one
another due to the van der Waal’s forces and Coulomb’s attractions to form
aggregates within the uncured polymer, which is not the case in this project. The
white parts are uniformly dispersed in the epoxy matrix before curing. But after
curing, the white regions are aggregated (Figure 4.7 b, d and f), similar that reported
previously by Tang et al. [8]. Tang suggested the high temperature for curing induces
the graphene nanoplatelets sheets to aggregate. This may be due to the decrease in the
polymer’s viscosity at the high temperatures prior to the crosslinking. Aggregation is
still a significant challenge for preparation nano composite materials, which will have
great impact on the final performance, especially mechanical properties.

Apart from aggregation, some researchers [9-10] have also reported that large
graphene nanoparticles prefer to settle at the bottom of an epoxy composite moulding

due to gravity during the curing treatment. They observed this phenomenon by taking
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optical micrographs of cross-section taken at different depths of the sample (Figure

4.8).

Figure 4.8 Applied mask of graphite/epoxy composites at different sample depths: top (a),
middle (b) and bottom (c), ref [10].

Figure 4.9 Typical optical images of M25/epoxy composites with loading of 1 wt.% (a, b), 5
wt.% (c, d) and 8 wt.% (e, f). Left images: Top side. Right images: Bottom side of the

composites.

In order to evaluate the potential settling of the GNPs in this work, optical
images of the top and bottom surface of composites were obtained (Figure 4.9). No

significant difference was found between the top and bottom surfaces. For example,

89



Chapter 4 Basic Characterization of M5 and M25 Epoxy Composite

analysis using ImagelJ found that the white areas in Figure 4.9¢ and f were 0.53 vol%
and 0.46 vol% respectively. It was decided that since no significant difference was
found between top and bottom surfaces, there was no need to go to the difficulty of
examining a middle slice of the sample. The difference in the settling behaviour
between this thesis and the literature can be explained by the GNP having a larger
dimensions than that in the reports (<10 pm and 4.5 pm for [9] and [10]), making it
more difficult to move in the viscous epoxy system, preventing self-stratification.
Also the preparation procedure is different. In this project, degasing is done at 100 °C

for 15 mins, which is beneficial for degasing and keep the GNPs uniformly in matrix.

Figure 4.10 Optical images of micro voids within samples containing (a) Iwt.% and (b)
8wt.% M25 GNP.
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Figure 4.10 shows micro voids (pointed out by blue arrows) formed in the
composites at both low and high GNP loadings due to the formation of gas bubbles.
These voids are dispersed unevenly in the composites, mainly along GNP aggregates,
which may act as a restriction to gas to removal during degasing. As can be seen, the
8 wt.% loading specimen had more and larger voids than the 1 wt.% loading
composite. (NB the scale bar is different in the two images). This observation
indicates that the GNP loading and mixture viscosity had significant impacts on the
formation of micro voids.

Micro voids were mainly generated during the high rate shear mixing process.
After blending, various methods were attempted to remove the bubbles. These

methods included:

i.  Ultrasounding the mixture in a sonic bath at a temperature of 40 °C. This work
worked for the low viscosity mixtures (< 3 wt.%). However, when the mixture
became higher viscosity, it took a long time to get rid of the bubbles, during
which curing occurred and increased the viscosity even more. In addition,
sonication may damage the GNPs and reduce their aspect ratio.

il.  Spraying acetone on the surface of the mixture while it was sonicated, with the
aim of decreasing the surface tension and hence making the degassing easier
and quicker. However, the improvement was not significant, and it may affect
the properties of composites.

iii.  Sonication at a high temperature (65 °C) in order to lower the viscosity, but

the increased temperature led to a higher curing rate.

Eventually, vacuum degassing was selected as the optimum method to degas the
samples. Vacuum degassing at room temperature worked well for mixtures with < 4
wt.% nanoplatelets but was not satisfactory at the higher loadings. Hence the vacuum
was applied at a 100 °C over a short time (15 min). 15 min was far from long enough
time to remove all the gas trapped in the higher viscous mixture, and the remaining
gas formed micro voids after curing. The samples with the higher loading had the
highest void volume fraction due to their higher viscosity. The micro voids may
disrupt the GNP network formed in the epoxy matrix and hence have a significant
influence on the electrical, thermal and mechanical properties, which will be

discussed in the following chapters.
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4.4.4 SEM Characterization of GNP and Composites
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Figure 4.11 SEM images of M5 (a), M15 (b) and M25 (c). Note the scale bars are different

for clearer view.

SEM was conducted to provide further information about the shape and
structure of GNP. Figure 4.11 shows SEM images of the GNP nanoplatelets on a
silicon substrate. The dimensions of M5, M15 and M25 were found to be 5~7 um, 13
~17 um and 23~27 pum respectively upon multiple measurements, which is reasonable
consistent with the data provided by the manufacturing company. The GNPs were
found to have a wrinkled surface, reduces the GNPs’ rigidity and may result in a
lower aspect ratio. Also some graphene nanoplatelets can be observed in the images,
especially in Figure 4.11d due to van der Waals force between the nanoplatelets. The
thickness is in the micron scale, which is much thicker than expected (6-8 nm
thickness), leading to greatly reduced aspect ratio than the data from the
manufacturer. During composite preparation, no pre-treatment was done to further
exfoliate the as-received GNP, this may dramatically affect the resulting electrical and
thermal performance, because aspect ratio is critical for forming conductive networks

in the epoxy matrix.
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Figure 4.12 SEM images of fracture surfaces of (a) pure epoxy, and M25/epoxy composites
prepared by shear mixing with loadings of (b) 0.8 wt.%, (c) 2 wt.%, (d)5 wt.%, (e) 8§ wt.%,
and (f) an enlarged area of M25 GNP in the composite with 2 wt.% loading.

The fracture surface of neat epoxy was reasonably smooth with a few line
patterns, which is a typical characteristic of brittle fracture. The surface of the
0.8wt.% sample was similar to the neat epoxy and shows some aggregation of the
GNPs, but most of GNPs were uniformly dispersed and there were not enough GNPs
to contact with each other to form conductive network. The 2 wt.% sample has a
much higher degree of aggregation. There were also voids (indicated by the red circle

areas in Figure 4.12c) that may prevent the entry of hardener into GNP aggregates and
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act as stress concentrations, affecting the degree of curing and mechanical
performance. The 5 wt.% and 8 wt.% loading samples had the highest degree of
aggregation with micro cracks and voids present (indicated by the red circle areas in
Figure 4.12d and e). Figure 4.12f demonstrates that the GNP in the epoxy is

consistent with the SEM observations of the raw materials.

Figure 4.13 GNP interaction with matrix and aggregations in cross section areas of 1 wt.%

(a, b), 5wt.% (c, d) and 8 wt.% (e, f) epoxy/M25 composites prepared by shear mixing.

For the 1 wt.% sample (Figure 4.13a,b), most parts of the surface are smooth
with some filler aggregation. The interaction between GNP and matrix was strong,
confirmed by the compact structure from SEM image (Figure 4.13 a and b). When the
loading rises to 5 wt.%, micro voids appeared due to GNP aggregation. When tension
was applied, it is estimated that the efficiency of load transfer from matrix to the
GNPs is poor due to the weak attractive force in GNP aggregates. The 8 wt.% sample
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(Figure 4.13c, d) has the severest aggregation, which may result in poor mechanical
properties. Figure 4.13f shows buckling GNPs due to their high aspect ratio, which
makes it easier to curl/bend/buckle or roll up, reducing thus the resistance to the liquid

flow.

4.4.5 Polarized Raman Spectroscopy Measurement of GNP

Orientation in Epoxy Matrix

In addition to GNP dispersion, which has great effects on the resulting
composites, the orientation of GNPs in the matrix is also of great importance. If GNP
has a preferred orientation, the composites would be anisotropy due to its two
dimensional structure, causing dramatically different mechanical and electrical
performance in different direction [11-12]. Raman spectroscopy is a powerful and
non-destructive tool to characterize carbon materials for years to study structural

features and the presence of defects [13-14]. It has been found that the intensity of

the D and G bands follow a ~cos* dependence upon the angle of laser polarization
relative to a graphene edge, reaching a maximum value when the polarization
direction is parallel to the edge [15-16]. This technique can therefore be used to detect
the orientation of GNP in the matrix.

In this work polarized Raman spectra were obtained using Renishaw 1000/2000
spectrometers with a HeNe laser (k = 633 nm) with a laser spot around 1~2 pm
diameter, using the so-called “VV’ polarization configuration, where the polarization
of incident and scattered radiation are parallel to each other.

The experimental design is shown in Figure 4.14. As can be seen, polarized
Raman spectra were obtained from both the transverse section and the top surface of
the composite materials using the ‘VV’ polarization configuration, with the
polarization of incident and scattered radiation both parallel to each other. At first, the
Raman spectra were obtained when the incident laser was parallel to the Z-axis. The
specimens were rotated to angle 0, in steps of 10°, and then spectra were obtained
from sections of the specimens with the direction of laser propagation along the X-
axis. Samples were rotated to angle Ox in steps of 10°. For each of the specimens
prepared by three different methods, five randomly picked points of each side were
tested. The points picked should not have any aggregation of GNPs under optical

microscopy but should be easy to locate and with a visible Raman peaks of GNP.
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Figure 4.14 Schematic illustration of the geometry of the Raman spectroscopic analysis of the
GNP/epoxy nano-composites with (b) the laser beam parallel to z, and (c) the laser beam
parallel to x. (The double headed arrows in b and c indicate the axes of laser polarization).

The black lines in the rectangle of c represent GNP flakes dispersed in the matrix.

Figure 4.15 shows the results of polarized Raman spectral analysis of GNP
(M25) in the epoxy matrix prepared by shear mixing. The intensity of the G band (I)
was chosen as an indication of orientation as M25 has a very weak D band, and the
strongest peak was normalized as 1.

It is clearly seen that I is independent of 87 and 6x, no matter the direction of
laser propagation parallel to the Z-axis or X-axis, indicating that there is no preferred
orientation for GNPs in the epoxy matrix, which has also been shown by measuring
the same electrical conductivity along different directions (this will be confirmed by
fitting to the Halpin-Tsai mechanical model in the next chapter). However, there are
reports showing that during the curing process graphene nanoplatelets with a large
aspect ratio tend to lie regularly in the resin because of the surface tension, indicating
a self-orientation [10, 17-18]. Song et al.[18] and Kim and Makosco [17] have
confirmed that this effect of self-orientation is mainly in highly concentrated
composites with high graphene nanoplatelets concentration. Prolongo et al. [10]
showed that self-orientation of nanoparticles could lead to a structural anisotropy of

composites by measuring the coefficient of thermal expansion (CTE) in two different
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directions and obtaining different values. The different results may be due to the
different GNPs used. In this work, M25 of 25 um in lateral dimensions was used
compared to the 4.5 pm graphene nanoplatelets used in Prolongo’s experiments, in
which the sane epoxy resin Araldite LY556 and hardener as mne were
used. It takes more energy and time to orientate in a preferred direction as the GNPs

become larger.

/330

55 210 ~___ | 150

. 6Wt%-Z

N\ 30

Figure 4.15 (a,c) I; (the intensity of the G band) variation with the laser beam parallel to the
Z-axis as a function of the angle 0Z. (b,d) I variation with the laser beam parallel to the X-

axis as a function of the angle X. Samples were prepared by shear mixing.
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Figure 4.16 Fig (a,c) I variation with the laser beam parallel to the Z-axis as a function of
the angle 0. (b,d) 1 variation with the laser beam parallel to the X-axis as a function of the

angle Oy. Samples were prepared by three-roll milling with a 0.08 mm gap.

The results of polarized Raman spectral analysis of GNP in the epoxy matrix
prepared by three-roll milling (0.08 mm gap between rollers) is shown in Figure 4.16.
The I is independent of 8, and 6x, suggesting a non-prefered distribution of GNP in
epoxy. It is expected that a composite mixed by three-roll milling might show more
uniform dispersion, or even a self-orientated distribution of GNP considering the
small gap between the rollers. However, the results show no big differences in
dispersion between the two methods. This can be explained in that the small roller gap

(0.08 mm) is still larger than 25 pm and thus cannot force the GNP to align.

4.5 Comparative Study of Composites Prepared by Three-
roll Milling and Solvent-assisted Mixing
The rheology behaviour, optical GNP dispersion and Raman spectroscopy for
GNP orientation in composites fabricated by three-roll milling and solvent-assisted

mixing was not studied due to time restraints. However, SEM was used to understand

the differences in the microstructures between all three preparation methods.
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Figure 4.17 SEM images of (a) pure epoxy, and M25/epoxy composites prepared by solvent-
assisted blending with loadings of (b) 0.8 wt.%, (c) 5 wt.%, (d) 8 wt.%.

Figure 4.17 shows the fracture surfaces of composite samples made by solvent-
assisted blending. The lowest loading sample (0.8 wt.%) has a similar smooth surface
to the equivalent shear mixed sample. As loading increases, aggregation can be
clearly observed. However, the aggregation is less severe when compared with
equivalent samples fabricated by shear mixing. The solvent played an important role
in more uniformly distributing the GNPs in the epoxy resin, which may greatly affect
the resulting properties of the composites.

SEM images of the fracture surfaces of three-roll mill mixed samples (Figure
4.18) show a surface roughness between that of the shear mixed and solvent-assisted
blended samples. The small gap between the rollers gives an advantage over shear
mixing in dispersing GNP uniformly in epoxy matrix, but not as good as solvent-
assisted blending. Through investigating the surfaces of samples prepared by these
three different methods, it is interesting to find out that there are mainly four types of

GNP aggregation.
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Figure 4.18 SEM images of (a) pure epoxy, and M25/epoxy composites prepared by three-roll
mill mixing with loadings of (b) 0.8 wt.%, (c)5 wt.%, (d) 7 wt.%.

Studying the GNP types may give us some insight into the mechanical
properties of composites. Figure 4.19 showed four types of GNP aggregate found in
all three methods. The first shown in Figure 4.19a shows the graphene nanoplatelets
layers parallel to the applied tension direction, which in theory gives the best
mechanical reinforcement due to the strength of the carbon atomic layers along this
direction. Figure 4.19b shows another completely different GNP aggregate, whose
graphene nanoplatelets layer stacking orientation is perpendicular to the tension
direction. In this case, when a stress is applied, the GNPs will easily part due to the
weak forces between graphene nanoplatelets layers, and this type of aggregate can
barely contribute to the reinforcement of the epoxy matrix. The third type of
aggregation (Figure 4.19¢) shows a layer stacking direction between the first and
second type, and is expected to have moderate load transfer efficiency. Figure 4.19d
displays an aggregation, combining three types of aggregates mentioned before. It is
like a long crack, which can severely compromise the mechanical properties of the

composite.
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Figure 4.19 Various GNP aggregate types found in composites.
4.6 Summary

The structure of a composite has a strong relationship with the final properties.
Therefore, this chapter mainly aimed to investigate the structure of the original GNPs,
as well as the dispersion, orientation and aggregation of GNP in the matrix. It was
found that the dimensions of the as-received GNPs are consistent with the data sheets
provided. When GNP was dispersed in epoxy, the viscosity increases significantly,
which may produce difficulty for processing. The curing processing causes GNP to
aggregate and reduces the aspect ratio largely, which may greatly compromise the
properties. Polarized Raman spectroscopy showed the GNPs were randomly
distributed in the epoxy matrix.

The next chapter presents the characterisation of the properties of the

composites and the discussion of the results based on observations of this chapter.
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Chapter 5 Mechanical Properties of GNP Composites

CHAPTER 5§ MECHANICAL PROPERTIES OF
GNP COMPOSITES

5.1 Introduction

The structure of the GNP nanoplatelets and the GNP-epoxy composite were
studied in the previous chapter using a combination of AFM, XRD, SEM and Raman
spectroscopy. This chapter focuses on the mechanical properties of these composites,
with the in-situ Raman spectroscopy being used to assess the degree of stress transfer
on the nanoscale, DMTA being used to measure the viscoelastic properties and tensile
testing to obtain the stress-strain behaviour. Analytical models are then applied to the

data obtained.

5.2 In-situ Raman Spectroscopy to Evaluate the Degree of

Stress Transfer

The degree of stress transfer from the matrix to the nanoplatelets strongly
influences the degree of reinforcement that the nanoplatelets impart to the composite.
Raman spectroscopy measures the energy of the phonons in a material. As a material
undergoes strain, the bond energy changes, leading to the Raman bands shifting to
lower wavenumbers with increasing strain. In general, the rate of the shift in the
Raman band with strain is proportional to the effective modulus [1-2]. The G band
and 2D band in carbon materials [3] have been used in carbon-based reinforcement
[4-7], with a shift rate of 60 cm™/% corresponding to a 1 TPa effective modulus.

In situ Raman deformation analysis of the nano-composites was conducted
using a Renishaw 2000 Raman spectrometer system with a HeNe laser (633 nm
excitation). A neat epoxy resin beam was prepared and then an epoxy/M25 film
mixed by a high shear mixer was coated on the surface. The specimens were tested in
a four-point bending rig placed on the Raman microscope stage. The surface strain
was measured using a resistance strain gauge bonded to the specimen surface using
cyanoacrylate adhesive. Force is applied through four-point bending to deform the

beams stepwise (0.1 % strain each time) and the Raman spectra were collected from
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the central area of the nano-composite at each strain level. The polarization of the
incident laser was parallel to the tensile direction.

For the Raman test, the lower aggregations of composite samples are, the better
the results of load transfer would be. Therefore only 0.5 wt.% and 1 wt.% loading
composites were tested. For each of the specimens, three randomly picked points on
the top surface were tested. The points chosen did not have apparent any aggregation

of GNPs under optical microscopy but did give GNP Raman spectra.
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Figure 5.1 The position shift of the 2D band with as a function of strain for the 1 wt.% (a) and
0.5 wt.% (b) epoxy/M25 nano-composites. The composites were loaded stepwise to 1 % strain

follow by step-wise unloaded.

Figure 5.1 shows the Raman shift of the G band for the 1 wt.% (a) and 0.5 wt.%
epoxy/M25 nano-composites. There was no apparent shift in the Raman spectra upon
deformation of the sample, with an apparent random scatter in the 2D band’s position.
The largest difference between the wavenumber from 0 % strain to 1 % strain is only
about 4 cm™', which may be due to the laser spot drifting from one platelet to another,
with the platelets varying in their residual strain. It can thus be concluded that the load
transfer between the M25 GNP and the matrix is quite poor. It is known that
functionalized graphene-based fillers have strong interaction between filler and matrix
due to covalent bonding. However, this is not the case for pristine GNP. The smooth
surface of GNP makes it hard to form strong bonding with polymer matrix leading to
poor interfacial interaction. Also the slippage between graphene nanoplatelets layers
of GNP due to its weak in-plane forces may be another reason for the results, as no

stress can be transferred to the internal graphene nanoplatelets layers.
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Given that no stress transfer was observed in these high-shear mixed samples,
and that similar GNP and matrix interactions and GNP orientations were observed by
SEM for the three-roll mill mixed and solvent-assisted mixed samples, only shear

mixed composites were studied by Raman for stress transfer.
5.3 Dynamic Mechanical Thermal Analysis

Some reports [8-10] suggested that the mechanical properties of epoxy
composites have been slightly compromised with incorporation of nano-carbon fillers,
in that T, drops a little when compared to pure epoxy. For the epoxy system used in
this project, it is necessary to understand how the GNP addition and loading level will
affect the dynamic mechanical properties of GNP/epoxy composites as a function of
temperature. Thus, DMTA was used to measure the modulus and T, of the composites
as a function of loading and processing technique. The storage modulus (E’) and loss
factor (tan o) profiles of the GNP based composites are compared in Figure 5.2 and
Figure 5.3, respectively.

Only one representative DMTA curve for each composite has been plotted for
clarity, although at least three samples were tested (giving a figure of one sample
showing all three data). The storage modulus was found to drop slightly with
increasing temperature until 150 °C, after which E’ decreased by approximately two
orders of magnitude until T = 170 °C, after which E’ remains almost constant with
temperature. As can be seen in the glassy region, the incorporation of the GNP into
the epoxy, E’ increased and reached the highest values with the addition of 8 wt.%
MS5. It is interesting to notice that there was no significant difference between the
moduli of the M5 and M25 composites despite the factor of five differences in their
aspect ratio. Some researches showed that bigger aspect ratio benefited the
improvement of mechanical properties [11-13], which is not the case in this project.
This is probably due to aggregation (shown by SEM in Figure 4.11) of the GNP
reducing the aspect ratio significantly, minimizing its effects on mechanical
properties.

The samples prepared by solvent-assisted and three-roll mill mixing (0.15 mm
roller gap), had higher moduli than equivalent samples prepared by high shear

mixing. This difference can be explained by the more uniform distribution of GNPs in
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the matrix due to the used solvent and the small gap between rollers (shown by SEM

images Figure 4.17 and Figure 4.18).
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Figure 5.2 Storage modulus for M5 (a) and M25/epoxy (b) composites prepared by shear
mixing, and M25/epoxy composites prepared by solvent-assisted mixing (c) and three-roll

mill mixing (d), (e) shows three storage modulus curves of 7 wt.% M5/epoxy composites.
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The largest improvement in storage modulus was found for the 8 wt.%
M25/epoxy sample prepared by three-roll mill mixing, with a 58 % increase from 1.8
GPa (neat epoxy) to 2.8 GPa (8 wt.%) at 35 °C. Solvent-assisted samples have similar
enhancement with the highest increase of 56.6 % for the 8 wt.% sample. The rise in
E’ is larger than that reported in [11], which also use the GNP fillers in an epoxy
matrix. This difference is probably due to the stiffness of the matrix. To clarify this
aspect, a systematic investigation on the effect of matrix stiffness and addition of
carbon nanofillers on the mechanical properties of composites was done by Her and
Yeh [14]. In their experiments, the stiffness of the epoxy matrix was controlled by
changing the ratio of the epoxy to hardener. Experimental data showed that the
reinforcement efficiency of multi-walled carbon nanotubes decreased upon increasing
the stiffness matrix. Ci and Bai in [15] also found the same effect. The authors also
noted that the interface between carbon nanotubes and the matrix in the stiff
composite was poor, and hence the nanotubes contributed less the mechanical
properties of the composite.

Figure 5.3 shows the loss factor (tan d) curves for both the M5 and M25 epoxy
composites, with the peak being taken as glass transition temperature. The value of T,
has a close relationship with the crosslink density; in that the better the degree of
crosslinking occurs, the higher the T, achieved. Crosslinking is very important for the
mechanical properties of polymer, therefore it is important to investigate the effect
that the incorporation of GNP will have on the T, of the resultant composites.

Overall, the T, decreased with increasing loading for the both the M5 and M25
composites. For the M5/epoxy samples, T, shifted to lower values with increasing
loadings until 3 wt.%, after which it began to rise. However even for the highest
loading (8 wt.%), T, (165.7 °C) is still lower than neat epoxy (167.2 °C). This drop in
the T, is believed to be due to the formation of GNP aggregates. Liu et al. [10]
investigated the effect of nano- and micro- fillers on the T, and showed that
aggregated fillers are not only coated in epoxy but epoxy also penetrates the
aggregates, which inhibits the diffusion of the hardener molecules into the resin
during mixing, affecting the extent of curing, and consequently lowers T,. However,
the addition of rigid fillers also restrains the movement of the polymer chains, which
in turn will increase the Ty. The poor interaction between fillers and matrix (as shown
in SEM images in Figure 4.13 and Figure 4.19), though, means that this is not

expected to contribute significantly to the T, of the composites present herein. Thus at
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lower filler fractions, the crosslinking density effect dominates, lowering T, leading
to a drop in Ty, when the loadings increased, the restraining effects dominates and

increases the T,.
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Figure 5.3 Loss factor (tan o) curve for M5 (a) and M25 (b) composites prepared by shear
mixing, and M25 based composites fabricated by three-roll mil mixing (0.15mm roller gap)
(c) and solvent-assisted blending (d). The loss factor (tan o) profile (e) for M25/epoxy to show
the peak height and peak width at half height. (f) Tan 6 peaks as a function of filler loadings.

Similar trends are observed for the three-roll mill and solvent-assisted mixing
samples, with the difference that in these samples, the highest loadings of GNPs lead
to the T, increasing beyond that of the neat epoxy. Although a relatively large number

of aggregations of GNP were observed in the solvent-assisted and three-roll mill
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samples, the aggregation size is smaller compared to the shear mixed specimen (as
shown in Figure 4.17 and Figure 4.12). Therefore, the crosslinking density is not

dramatically jeopardized and smaller aggregations contribute more t o the restraint of

polymer chain movements, causing increase of T,. All samples exhibit similar trends
of T, with a large drop at low loadings, followed by gradual increase afterwards (as
shown in Figure 5.3f).

Table 5.1 Summary of tan b peak position and peak height from DMTA.

Shear mixing M5 Shear mixing M25
L:) jv(:_l;og) Pea‘k. Half-Peak . Pea‘k. Half-Peak Peak
poosmon width (°C) Peak height poosmon width (°C)  height
O O
0 167.2+1.5 22.0+0.8 0.77£0.11 167.2+1.5 22.0+0.8 0.77+0.11
1 156.9+2 4 17.5£09 0.71£0.08 159.3+2.3 169+1.2  0.69+0.05
2 153.0+£2.5 15.0+1.2 0.72£0.10 1554+£20 14.6+x1.2 091+0.05
3 152.3+£3.1 16.1+13 0.68+0.12 152.2+3.2 159+14  0.78+0.09
4 159.6+£2.3 15615 0.63£0.09 150.5+£2.7 152+23  0.82+0.07
5 159.6£1.8 14.1+2.1 0.57+£0.13 155.8+2.3 152+2.1  0.72+0.11
6 157.6£3 .4 16.3+1.4 055+0.13 157.243.1 17.1£2.0  0.69+0.10
7 1623£3.1 16.2+2.3 0.58+0.15 159.2+32 15.6+19  0.75+0.12
8 165.7£2.6 15.6£2.4 0.53+£0.17 164.7£2.5 174+1.7  0.69+0.13

Three-roll mill M25
(0.15mm roller gap)

Solvent-assisted M25

167.2+1.5 22.0+0.8 0.77+0.11 167.2+1.5 22.0+0.8 0.77+0.11
155423 16.5+0.7 0.74+0.10 161.6%1.7 17.3+0.5 0.79+0.05
152.4+2.5 16.2+1.1 0.74+0.07 1579+1.9 153+1.5 0.70+0.09

150.9+2.1 17.1+14  0.65+0.11 154.9+2.3 162+10  0.65+0.13

0
1
2
3
4 156.9+1.8 16.1+x1.5  0.66+0.14 159.7+2.1 16013  0.66+0.12
5 156.6+1.8 15.1+1.7  0.68+0.09 164.3+2.5 149+25  0.67+0.15
6 158.7£2.6 15.7+¢1.7  0.68+0.09 165.2+3.2 159+2.0  0.68+0.09
7 161.1£2.7 16.7+2.1  0.57+0.13 171.1+3.1 162+1.6  0.58+0.12
8

168.0+£3.2 163+2.0 0.56+0.15 168.0+2.5 169+19  0.55+0.11

The ratio of the loss modulus to the storage modulus, i.e. the tan J peak height,

in hybrid composites have been reported as an indirect measurement of the segmental

110



Chapter 5 Mechanical Properties of GNP Composites

mobility [16], with higher tan J0 peak height being related to higher segmental
mobility. As can be seen in Table 5.1, the tan ¢ peak height dropped from neat epoxy
to GNP loaded samples, indicating that the addition of the GNP reduced the polymer
chain movement, consistent with previous discussion. The width of tan ¢ peak at half
height also drops upon filler addition, indicating a more heterogeneous system is

obtained.
5.4 Tensile Testing

Figure 5.4 shows typical stress-strain curves for the neat epoxy and composites
filled with the M5 and M25 nanoplatelets. Typically, the stress increased linearly with
strain until fracture, which is brittle fracture behaviour. This brittleness correlates to
the fracture type observed in the SEM images in Chapter 4. A closer inspection
reveals that the slope in these curves decreases with the strain, meaning reduction of
elastic modulus. Vega et al [17] have found that thermoset resins exhibit elastic
nonlinear behaviour before yielding. Moreover, viscoelastic effects occur in epoxy-
based composites, even at relatively low strain conditions. According to Northolt’s
theory [18], the stress acting on the domain in the polymer causes not only extension
of the domain along the chain direction but also the rotation of the chain axis which is
brought about by the shear stress between adjacent domains that possess different
molecular orientations.

The strain at failure decreased significantly with the addition of GNP. The
M5/epoxy composites were the most brittle, with the strain to failure dropping from
4.5 % to 0.9 % (decreased by 81 %) as weight fraction goes up from neat resin to 8
wt.%. The M25/epoxy composites were less brittle, but still the strain at failure still
declined by 64 % for 8 wt.% samples. This embrittlement is typical when rigid fillers
are added to a polymer matrix, and has been observed by other researchers [19-20].

Composite analytical theories are derived using the volume fraction of
reinforcement rather than weight fraction. Thus in order to compare the experimental
data for the Young’s moduli with the theoretical data predicted by the Halpin-Tsai
model, the experimental loadings were transformed into weight loading taking the
densities as:. pPepoxy = 1.17 g/em’, prardener = 1 g/em’ and ponp = 2.2 g/em’. The

converted data is given in Table 5.2.
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The tensile modulus was calculated from the initial linear portion of the stress—
strain curve (up to 1.5 % strain) and is given in Figure 5.5. The highest loading
studied experimentally was 8 wt.% (4.3 vol.%), as the increase in the viscosity of the
system at any higher loading meant that the composite was un-processable. Overall,
the Young’s modulus of composites increased linearly with adding of GNP filler, and
the highest increase was 45 % with inclusion of 8§ wt.% GNP. The results are much
lower than expected given the high modulus and strength of GNP, which may be due
to the filler aggregations in composites; reducing GNP’s enhance efficiency. The

results are similar tot those reported in the literature [21].
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Figure 5.4 Typical stress-strain curves from: (a) epoxy/M5 composites produced by shear
mixing, (b) epoxy/M25 composites produced by shear mixing, (c) epoxy/M25 composites
produced by three-roll mill mixing, and (d) epoxy/M25 composites produced by solvent-

assisted mixing.

Taking a closer analysis, the solvent-assisted mixed samples gave the best
enhancement of Young’s modulus up to 5 wt.%, which is correlated to the relatively

uniform dispersion of M25 achieved by use of the solvent. When it comes to higher
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filler concentrations, aggregation is unavoidable for different GNPs and fabricating
methods, therefore 8 wt.% samples have similar tensile moduli.

It is interesting to find that there is no difference between M5 and M25 GNP
fillers. These have different aspect ratio which is expected to have an influence on the
mechanical properties according to literature [22]. One explanation would be that
M25 has greater aggregation than M5 in the matrix due to the fact that the larger M25
platelets are more flexible/less stiff than the smaller MS. Furthermore under shear
stress, it is easier for the high aspect ratio GNPs to bend/buckle or roll up, reducing
the dimension and the resistance to dispersion flow (Figure 4.13f). While the smaller
M5 fillers are more rigid and since they require more energy to bend or roll-up.

I Pure epoxy
I M5 shear mixing
4 - [ V25 shear mixing

I M25 solvent assisted
I M25 three roll mill

QU'|
o 1 2 3 4 5
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w

N

Young's modulus (GPa)

Figure 5.5 Young’s modulus as a function of filler loading for M5 and M25 epoxy composites

prepared by various methods.

The improvement of Young’s modulus is not as high as one would expect given
the high tensile modulus of GNP (1000 GPa). On average, GNP is a round-shape
platelet with an average diameter of 5-25 um and thickness of <10 nm, which gives
aspect ratios of 500-2500. However, the real aspect ratio in the epoxy matrix is much
smaller, as shown in Figure 4.12 f, the GNP does not maintain its separated platelet
structure but forms aggregates that can be as large as 200-300 nm as a result of their

large surface area and van der Waals forces between GNP flakes during the
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fabrication of the composites. This phenomenon has also been observed by
Kalaitzidou et al. in a PP matrix [13]. Their morphological examination of the GNP-
15/PP nano-composites found that the graphite platelets aggregate at all loading for
their 15 micron diameter GNP whereas a 1 um diameter GNP was better dispersed.
They stressed that the reinforcement’s dispersion, the presence or absence of

aggregation and the degree of alignment all strongly effect the degree of

reinforcement.
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Figure 5.6 Tensile strength as a function of filler loading for M5 and M25 epoxy composites

prepared by various methods.

Figure 5.6 reveals that although there is a good reinforcement of tensile
modulus, the tensile strength of all the composites reduced with increasing loading of
GNP. Overall, the solvent-assisted mixed specimens have the lowest decrease
compared with those fabricated by shear mixing and three-roll mill mixing. However,
although the decrease in the strength of the solvent-assisted mixed samples was the
lowest reduction of tensile strength at 8 wt.%, it still decreased by 44 %.

The significant decrease in the tensile strength can be attributed to the poor
interfacial adhesion between the reinforcement (GNP) and the epoxy matrix and

severe aggregation of the GNPs. Strong interfacial interaction plays a crucial role an
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achieving high strength of the polymer composites [23-24]. However, the clean
smooth surface of GNP makes it rather difficult to get a good interfacial adhesion
with the matrix, which is confirmed by the SEM images (Figure 4.12 and Figure 4.13)
taken of the tensile fracture surface. Hence, load transfer from the polymer to the
GNP is not sufficient to reach the tensile strength of the nanoplatelets under loading.
Thus, the GNP aggregates effectively act as voids and may serve as stress-
concentration points. SEM of the fracture surfaces in the previous chapter found
cracks along the GNP/epoxy interface, pull-out of GNP, and cavities around the
aggregate indicate an early interfacial debonding.

Table 5.2 Summary of composite mechanical properties.

Filler }:)l:‘lg;ng Young's Tensile strength, Strain at Failure
1 (1)
Type (WE.%) modulus, E (GPa) o¢; (MPa) strain, & (%)
0 24+0.1 743+5.0 45+0.2
1(0.52)" 24+0.2 66.9=+6.0 3.6+0.2
MS shear 5 57 25+0.1 37.74£9.0 22403
mixing
5(2.64) 2.7+£0.1 37.6+£8.3 1.4+0.3
8 (4.29) 33+£0.2 26.6 £6.3 0.9+0.3
0 23+0.1 743+5.1 45+0.2
1(0.52) 2.4+0.2 66.6 3.2 3.8+0.3
M25
shear 3(1.57) 2.8+£0.3 57.2+5.0 32+£0.3
mixing
5(2.64) 2.7+£0.1 512+6.3 2.1+04
8 (4.29) 33+0.3 30.2+5.3 1.2+0.4
0 24+0.1 743+5.0 45+0.2
1(0.52) 2.6+0.2 68.2+3.0 3.7+0.2
M25
solvent- 3 (1.57) 3.0£03 63.3+6.2 2.7+0.3
assisted
5(2.64) 3.0+£0.2 40.2+8.3 22+0.3
8 (4.29) 3.3+0.1 38.8£5.2 1.6 0.4
0 24+02 743+5.0 45+0.2
1(0.52) 2.4+0.3 56.2+9.9 29+0.3
M25
three-roll 3 (1.57) 25+0.2 50.3+£9.0 23+£04
ill
m 5 (2.64) 2.7+02 412473 1.640.4
8 (4.29) 34+£0.2 26.6+£7.3 09+04

a : volume percentage
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The drop in tensile strength of graphene platelets/epoxy composites has also
been observed by other researchers [11-12, 25-26] who argued that the decrease was
due to similar reasons of debonding of particles, voids in the sample and fracture

initiation in some of the aggregates.

5.5 Theoretical Models vs Experimental Data

Due to the similarity of data from three-roll mill and solvent-assisted mixing,
only shear mixing data has been fitted and is discussed. Figure 5.7 showed the
experimental data of M5 and M25 epoxy composites produced by shear mixing fitted
by the Halpin-Tsai theoretical model.
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Figure 5.7 Tensile Modulus of M5 and M25 epoxy composites: Comparison of Halpin-Tsai

theoretical models with experimental data.

In the Halpin-Tsai model, the aspect ratio and volume fraction of the filler, as
well as the tensile moduli of the matrix and filler are used to predict the tensile
modulus of composite materials [21]. For unidirectional, discontinuous filler
composites, the Halpin-Tsai model predicts the composite tensile modulus using both

moduli in the longitudinal direction, E;, and the transverse, Er, direction using eqns.

(5.1) and (5.2) shown below:

116



Chapter 5 Mechanical Properties of GNP Composites

E. = SE L+ ZET 2D Randomly oriented filler (5.1

E. = %E L+ %ET 3D Randomly oriented filler (5.2)

Equations (5.1) and (5.2) are used for the two-dimensional (2D) random

orientation of fillers and the three-dimensional (3D) random orientation of fillers
respectively. E . is the composite tensile modulus [27-28].

E| is the longitudinal composite tensile modulus, £ is the transverse composite

tensile modulus, which are given by following equation (5.3) and (5.4):

ﬂ_1+€nLVf (5 3)
Em 1-nLVy )

Ey _ 1+2mvy (5.4)
Em 1-nLVy¢
Where E,, is the tensile modulus of the matrix, L/d is the filler aspect ratio, Vfis

the volume fraction of filler, and ¢ is the filler shape factor [28-30]. For platelets, the
filler shape factor, £, is equal to 2/3(L/d) [21].

The parameters 7, and 7 are given in egs. (5.5) and (5.6) shown below:

n, = 52 (5.5)

nr =7t (5.6)

where Efis the tensile modulus of the filler.

E,, the tensile modulus of the epoxy matrix was measured experimentally to be
2.35 GPa regardless of the processing condition used. Figure 5.7 shows the
experimental tensile modulus results as data points for the GNP/epoxy composites. In
order to model epoxy/GNP system, assumptions need to be made about the properties
of the GNPs.

Firstly, the GNP modulus is required. It is reported that graphene sheets have a
modulus value of ~1000 GPa in the plane of the sheet [31], which could not be used

directly in the equation cause GNP consists of multiple sheets stacked on each other.
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The weak van der Waals’s force between layers is likely to fail before graphitic
carbon—carbon bonding within the sheets fails. Therefore, when tensile loads from the
polymer matrix are transferred to the GNP particles, further exfoliation of the particle
are expected, which will reduce the reinforcement effects dramatically. Hence, for the
Halpin—Tsai model, the tensile modulus of GNP was equal to the modulus of
exfoliation in the graphite c-axis (through-the-plane) of 36.5 GPa [32].very low
Figure 5.7 shows the results for the GNP/epoxy composites with Er= 36.5 GPa

and &5 = 476.19, &yyps = 2380.95 (length = 5000 nm and 25000 nm for M5 and M25
respectively, and thickness = 7 nm).

The 3D Halpin-Tsai model fits the experimental data of M5 composites well at
loading under 3.2 vol.% (6 wt.%). At high loadings, the Haplin-Tsai predicts values
lower than the experimental data. As fillers loading increase, severe aggregation is
likely to occur which pins the polymer segmental movement and increases Young’s
modulus, though compromising tensile strength to a large extent. This phenomenon is
also observed by Liang et al. [23] in a graphene oxide and poly(vinyl alcohol) system,
but no explanation has been given. The data of M25 composite modulus lies between
the Halpin-Tsai predictions for random 2D and 3D orientations. However it is better
fitted with the 3D orientation, which is consistent with the polarized Raman spectra
results presented in chapter 4. In prior work, Kalaitzidou et al. [13]and King et al.
[21] used the Halpin-Tsai model with ¢ is equal to 0.667 (L/d) to successfully model
the tensile modulus of GNP/polypropylene composites that were produced by
extrusion and then injection moulded. These results show that the matrix and the

fabricating methods have great impacts on filler dispersion.
5.6 Summary

In this chapter, DMTA, Raman and tensile testing have been carried out to
characterize the mechanical properties. It is found that the efficiency of stress transfer
from matrix to GNP is poor, which may be due to poor adhesion of the fillers to the
epoxy matrix and easy slippage between internal graphene nanoplatelets layers.
DMTA showed that T, decreased in most cases, which is attributed to a reduction of
crosslinking density. The addition of the GNPs increased the Young’s modulus but
the tensile strength and elongation at failure were significantly reduced. Solvent-

assisted mixed sample had the largest increment of elastic modulus with lowest drops
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regarding to elongation at break and tensile strength. The experimental data could be

fitted reasonably by the Halpin-Tsai model, taking the modulus of the GNPs at 36.5

GPa and assuming a 3D dispersion. The latter assumption is supported by the Raman

spectroscopy in the previous chapter.
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CHAPTER 6 THERMAL AND ELECTRICAL
PROPERTIES OF GNP COMPOSITES

6.1 Introduction

The incorporation of thermally and electrically conductive GNPs into an
insulating matrix can be used to impart conductivity to a composite for
applications such as anti-static coatings in fuel lines, strain sensors and thermal
coatings. The electrical conductivity of a composite is predicted to increase by
many orders of magnitude once the filler loading has reached the percolation
threshold, whereas the thermal conductivity should increase following the rule of
mixtures at low loadings. This chapter will mainly focus on the thermal and
electrical performance changes brought by addition of GNP. Modelling will be

applied to better understand the improvements

6.2 Thermal Conductivity of M5 and M25/epoxy

Composites

The poor ability of polymers to conduct heat can limit their potential
applications. Heat transfer involves the transport of energy from a hot region to a
colder region by energy carriers. In solids these carrier particles are phonons or
electrons. Phonons, are quantized modes of vibration occurring in a rigid crystal
lattice and are the primary mechanism of heat conduction in most polymers since
the free movement of electrons is not possible [1]. The Debye equation is usually

used to calculate theoretically the thermal conductivity (4) of polymers
Gyt
3

A= (6.1)

where Cp is the specific heat capacity per unit volume; v is the average
phonon velocity and / is the phonon mean free path.

For amorphous polymers, / is an extremely small constant (i.e. a few
angstroms) due to the phonons scattering from numerous defects, resulting in a
very low thermal conductivity with values of ~ 02 W m'K' for
polymethylmethacrylate (PMMA) or polystyrene (PS) [2]. 1 increases with the
degree of crystallinity in a polymer, thus highly crystalline polymers, such as
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high-density polyethylene (HDPE) have conductivities as high as 0.5 W m"'K!
[3]. These values, though, are still too low for most applications.

The main solution used to improve the thermal conductivity of a polymer
is to blend into the matrix highly conductive fillers such as graphite, carbon
black, ceramic beads or metal particles [4-7], all of which are well-known
traditional fillers. Carbon-based fillers, like graphite, carbon black and carbon
fibre, appear to be the most promising choice as they provide a combination of
extremely high thermal conductivity, low price and lightweight. Among them,
carbon nanotubes particularly show very promising enhancement of both the
thermal and electrical conductivity. However, their relatively expensive
production price and high viscosity during process caused by the nanotubes’
entangled ‘bird’s nest’ structure limit the potential of nanotubes as
reinforcements in polymers [8]. Thus recently, research has focused on graphene
related materials to balance the price, processing and conductivity improvements.

Herein, GNP has been incorporated into an epoxy matrix to improve the
thermal conductivity of the polymer. The thermal conductivity of the platelets
are 3000 W m'K' and 6 W m'K"" in-plane and out-of-plane respectively. M5
and M25/epoxy composites were prepared by three different methods as

discussed in Chapter 3. The thermal conductivities were measured by steady-

state method and data were plotted in Figure 6.1.

Both the M5 and M25 composite samples had an almost linear increase
with filler loading independent of composite preparation method. The biggest
improvement has been achieved by the solvent-assisted mixed M25/epoxy
sample at 8 wt.% loading, with thermal conductivity enhanced from 0.20 W m’
'K (neat epoxy) to 0.76 W m'K™. This ~300 % improvement is less than
expected considering the GNP’s high thermal conductivity, as discussed in the
next section. The relatively poor improvement seen experimentally is mainly
attributed to the poor thermal coupling of the GNP with the polymer matrix
leading to a high interfacial thermal resistance, also known as the Kapitza

resistance [9], and high interfacial phonon scattering.
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Figure 6.1 (a) M5 and M25/epoxy shear mixed composite conductivity as a function of
GNP loadings and (b) thermal conductivity of M25/epoxy composites prepared by three
different methods against GNP loadings.

No obvious percolation curve was observed for thermal conductivity. In
the case of electrical conductivity, the aggregates formed by the GNP fillers
alone contribute to the overall conductivity and there is no matrix contribution.
Therefore, there is a sudden jump in electrical conductivity when the GNPs
loading is high enough to connected with each other. However, thermal
conductivity is a predominantly by phonons in the matrix. The large mismatch in
thermal conductivity of the GNP and matrix results in large interfacial thermal

resistance, leading to the lack of a percolation curve in thermal conductivity [10].
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Taking a close look at the thermal conductivity curves in Figure 6.1a, it is
can be seen that M25/epoxy composites have higher thermal conductivity than
that of the M5/epoxy over the whole GNP loadings. This difference is due
mainly to the difference in the lateral dimensional of the two GNPs. GNPs with
smaller dimensions tend to form more interface with the matrix, where the
majority of phonon scattering occurs [11]. Thus, the higher interface densities of
M5/epoxy composites cause higher phonon scattering, leading to larger

interfacial thermal resistance, which decreases its thermal transfer enhancement

effect. Furthermore, a lower aspect ratio has a low efficiency in forming a
thermally conductive network. However given the aspect ratio of M25 is five
times of that of M5, the small difference of thermal conductivity is not as large
as expected, which will be discussed later.

Comparison of thermal conductivities of samples by different fabrication
methods is shown in Figure 6.1b. At low loadings (< 2 wt.%), no significant
difference can be observed for samples fabricated by the three methods. This can
be explained that no severe aggregates have formed at that GNP fraction for all
three methods. As loading goes up, the solvent-assisted mixed samples exhibit
better thermal conductivity over the other two methods, which can be explained
by its relatively more uniform distribution of GNP assisted by organic solvent (as
shown by SEM images). Unlike electrical conductivity, in which moderate

aggregations can be of benefit connecting a network more effectively.
6.3 Modelling of Thermal Conductivity

Modelling is a widely used method to have a proper theoretical
understanding of composite thermal conductivity behaviour as a function of
various factors, which is highly desired to develop high-thermal-performance
GNP composites. Xie ef al. [12] modeled the GNP as infinitely long fibres to
study the effective thermal conductivity of composites. It was shown that the
predictions overestimated the thermal-conductivity enhancements due to not

taking the interfacial thermal resistance into account.
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Interfacial boundary area

Figure 6.2 Diagram of a GNP coated with a very thin interfacial boundary layer.

Lin et al. [13] proposed a more rigorous model for the effective thermal
conductivity of GNP composites based on a Maxwell-Garnett effective-medium-
approximation (EMA) theory [14]. They took an isotropic two-phase composite
as a system consisting of randomly oriented ellipsoidal GNPs embedded in a
matrix, where the GNP can be considered as an oblate spheroid with very large
aspect ratio, as illustrated in Figure 6.2. Furthermore, the GNP is coated with thin
layer of epoxy, as a core-shell structure with an interfacial thermal resistance R,
as illustrated in Figure 6.2. This model demonstrates the strong influences of the
aspect ratio and the orientation of the GNP, and indicates that the interfacial
thermal resistance plays a key role in determining the overall thermal transport of

GNP composites. Since the thermal conductivity of GNP is much larger than that
of the polymer matrix (Kx(z) > Km), a simplified equation for thermal
conductivity was proposed:

1+2f (W) /3

= (6.2)

Km 1-£/3

where K*, K,, and K, are the thermal conductivities of the composite, epoxy
matrix and GNP along the x direction respectively. / is the lateral dimension of
GNP (5 pm and 25 pm are used for M5 and M25 respectively). fis GNP volume
fraction in composite. Ry is interfacial thermal resistance between GNP and
matrix. Chu et al. [15] extracted the R, as 4.6 x 10®* m* K/W for GNP/epoxy
composites, which is in general agreement with values reported in the literature
for composites with carbon nanofillers, covering the range of 3 ~ 9 x 10® m’

K/W [16].
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Due to the significant difference of the in-plane and out-of-plane thermal
conductivity of GNP and its random orientation in matrix, it was assumed that
both thermal conductivities contribute equally to the composites. Therefore, K, =
6 W m'K'and 3000 W m 'K 'are used separately to get two K~ values, and final

K" is averaged of these two K.
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Figure 6.3 Comparison of experimental and modelling data of M5 (a) and M25
(b)/epoxy composites made by shear mixing. The dot and solid line represent

experimental and modelling calculated data respectively.

Figure 6.3a shows that at low loadings (< 3vol%), the modeling fits well
with the experimental data of MS5/epoxy composites. As volume fraction

increases, experimental data is lower than the prediction from modeling, which
can be explained that higher loading leads to aggregations and reduce the
enhancement of thermal conductivity by GNP. Overall, the model fits very well
with experimental data.

For M25/epoxy composites, modeling data has a big deviation from
experimental data (Figure 6.3b). According to the model and equation, the aspect
ratio plays an important role in improving the thermal conductivity. Therefore,
the prediction for M25 added composites are much larger than that of M5
composites. In the real case, however although M25/epoxy composites show
superior thermal conductivity performance over the M5/epoxy composites, the
difference is not that big (as shown Figure 6.1). The main reason is GNP
aggregation largely reduces the lateral dimension difference between M5 and

M25, which has been discussed in mechanical property section and is the reason
the model failed.
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From the discussion above, the main route to modify thermal conductivity
of polymer is to improve the interaction of filler and matrix to reduce the thermal
resistance by functionalization of filler, which has been confirmed by other

researchers’ work [17-18].
6.4 Impedance Testing of GNP/epoxy Composites

Impedance spectroscopy was used to study the insulator-conductor
transition of epoxy resin via the addition of highly conductive GNP fillers. It is
also a powerful characterization tool and can be used to construct an equivalent
circuit for the conductive composite, and thus provides information about the
formation of a conductive network. In this section, the ability of M5 to form a
conductive network was compared with M25 in terms of electrical percolation
and maximum conductivity. Comparison of effects of different fabrication
methods on the electrical conductivity of composites was also carried out.

Percolation threshold theory is derived by considering the volume fraction
of GNPs that are connected. As such, the critical loading is traditionally referred
to as the critical volume fraction. However, since the density of GNP and other
nanoparticles can only be approximated, weight percentage has widely been used
in the literature [19-21]. Likewise in the following discussion, weight percentage
will be used instead of volume fraction.

Figure 6.4 shows the conductivity (o) as a function of frequency for the M5
and M25 composites at various GNP loadings. There are some common features
for both GNP composites. At low loadings (< 1 wt.%), both impedance data are
quite random, which means the electrical conductivity is out of the measurement
range of the impedance equipment (100 mQ ~100 MQ) and samples can be
viewed as insulators. As loading increases to 1 wt.% for M25/epoxy and 2 wt.%
for M5/epoxy, there is a small plateau appearing, where ¢ is independent of
frequency (< 10 Hz), meaning a conductive network has formed, but there exist
only a few conductive pathways, so the contribution of the capacitive junctions
between the aggregates becomes important. As the frequency increases, the
current passing through each capacitor increases, resulting in the enhanced
conductivity of the composites. The specific conductivity increases more than

two orders and three orders of magnitude for M25 and M5 composites
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respectively after forming of the plateau. The plateau is followed by a steep
increase of specific conductivity with the frequency of the applied AC, which
occurs when capacitive elements dominate the resistive elements in the sample
[22]. Further loading increase leads to an extended plateau, indicating the sample
is more close to a pure resistor, as the conductivity is determined mainly by the
numerous paths of the percolating GNP aggregates rather than the capacitors
when the loading is significantly higher than the percolation threshold.
Therefore, the specific conductivity will not change with frequency until the

contribution of the capacitors becomes dominant again at very high frequencies.
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Figure 6.4 Specific conductivity as a function of frequency for M5 (a) and M25 (b)epoxy

composites at various GNP loadings.
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Figure 6.5 Specific conductivity as a function of frequency for M25 epoxy composites
fabricated by solvent-assisted mixing (a) and three-roll mill mixing at 0.15mm roller

gap (b) and 0.08mm roller gap (c).

Figure 6.5 shows specific conductivity results for M25 epoxy composites
fabricated by solvent-assisted mixing and three-roll mill mixing at various

loadings. Similar trends have been observed for both methods. For solvent-
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assisted samples, ¢ begins to show independence of frequency at low frequency
at the loading of 0.5 wt.%. For 8 wt.% loading, ¢ keeps constant over the whole
frequency range, which means it is a pure resistor. For three-roll mill mixed
composites, small plateaus of ¢ against frequency appear at 3 wt.% and 2 wt.%
for roller gaps of 0.15 mm and 0.08 mm respectively. However, there is no pure
resistor behaviour for all of the three-roll mill samples, indicating the electrical

enhancement efficiency is not as high as that of the solvent-assisted samples.
6.5 Electrical Percolation Threshold

Percolation threshold is a mathematical concept related to percolation
theory, which is the formation of long-range connectivity in random systems.
When applied to the electrical properties of composites, it refers to a critical
volume fraction of filler which will induce a dramatic increase in the electrical
conductivity when incorporated into to an insulator matrix. At low filler loading,
conductive fillers cause hardly any change in a composite’s electrical properties
because the density of the filler aggregates is too low to connect with each other.
With the increase of filler weight fraction, the distribution of these aggregates
start to form a connected network, allowing the electrons to travel within the
composites. Above this percolation threshold, any further addition of filler only
causes moderate increases in conductivity. As such, the loading range where this
dramatic change occurs is important and is a common subject of investigation
[23]. A low percolation threshold would be an added advantage for a polymer
composite, as a high GNP content would not only increase processing difficulty,
but also tend to embrittle the composites [24].

The equation derived from percolation theory that describes the
connectivity of the aggregates, the dimensionality of the formed percolated
network, and the conductivity of the composites above the percolation threshold
is [25-26]:

o(p) = a.(p — pc); forp>p. (6.3)

where o is the specific conductivity of the composite, o, is the proportionality

constant, p,. is the critical loading (wt. %), and p is the filler loading (wt. %). In
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theory, the universal constant, 7, is < 2 for random 2D networks and > 2 for 3D
random networks [27].

The specific conductivity, o, plotted as a function of filler loading is shown
in Figure 6.6 for both the M5 and M25 composites. It should be noted that in this
work, the DC equivalent of a sample’s conductivity is taken when the frequency
is SHz. This practice of determining dc equivalence at low frequency points has
been applied previously in the literature [19, 21].

A step-like transition due to the percolation phenomenon can be observed
when the GNP contents change from 1 wt.% to 2 wt.% for both the M5 and
M25/epoxy composites. The electrical conductivity of the composite is enhanced
by two orders of magnitude in the step-like region. When the GNP loading is
lower than 1 wt.%, the composites behave as insulators. With increase of GNP
loading, a conductive network forms and the electrical conductivity displays a

sharp increase in bulk conductivity.
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Figure 6.6 Semi log plot of the specific conductivity, o, as a function of the filler
loadings for M5 (a) and M25 (b) composites produced by shear mixing. The inset shows

the fitting data used to fit percolation theory to the experimental results.
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The value of p, was first estimated from Figure 6.4 and Figure 6.5 by
examining the loading at which the small plateau independent of frequency first
appeared. Next, the experimental ¢ values were plotted against p-p, on a log-log
scale and fitted using the power law fit in the regression option in Origin™
software. After that, the values of R* were recorded to determine the degree of
fits. (The closer R” is to 1, the better the fit.) The process was then repeated by
varying p. until the error in the fit was minimized. As shown in Figure 6.6, there
is a steep increase in the conductivity of a few orders of magnitude in the
percolation region for both GNP composites. In the case of M5/epoxy samples,
the data fitting yielded p, = 1.5 wt.% with R* = 0.77, which is poor due to data
scattering. A p_ of 1 wt.% was obtained for the M25/epoxy samples with R’ =
0.98.

M25 has a relatively lower electrical percolation threshold, due mainly to
its high aspect ratio, which enables it to form a connected GNP network more
efficiently than M5 [28]. The p. values reported in the literature vary greatly due
to the effects of processing, GNP type and matrix properties on the formation of
the percolated network. Li ef al and Zheng et al reported 0.5 vol% (equal to ~1
wt.%) and 1 wt.% percolation threshold for GNP epoxy composites [29-30],
which are consistent with our results. It is suggested that the high aspect ratio and
good distribution of GNP in the matrix contribute to the low percolation
threshold of the composite [30]. However, much higher percolation threshold
have also been observed with values varying from 4 wt.% ~ 14 wt.% [28, 31-32].
Green et al. argued that their high 6 wt.% percolation threshold was partially
attributed to the different characters of the polymers, which result in different
GNP dispersion qualities [28]. The main reasons laid in the aspect ratio of the
nanoparticle, as affected by the sonication process. According to their
experience, and based on common literature knowledge, tip sonication results in
lower aspect ratios compared with bath sonication, hence, raising the percolation
threshold.

¢t was found to be 2.66 and 3.25 for M5 and M25 composites respectively,
suggesting a 3-D random dispersion of GNP in the matrix, which is consistent

with observation of SEM and optical microscopy results.
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From the fitting results of Figure 6.7, p, for M25 composites prepared by

solvent-assisted mixing samples and three-roll mill mixed samples (with 0.15

mm and 0.08 mm roller gap) are 0.5 wt.%, 3 wt.% and 2 wt.% respectively.
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Figure 6.7 Semi log plot of the specific conductivity, o, as a function of GNP loadings
for the M25 composites produced by solvent-assisted mixing (a) and three-roll milling
with 0.15 (b) and 0.08mm (c) roller gap. The inset shows the fitting data used.

Table 6.1 summaries the electrical percolation threshold, conductivity at
the highest loading (8 wt.%) and conductivity exponent of the samples studied.
The solvent-assisted mixed samples had the highest conductivity and the lowest
percolation threshold compared to the composites produced by three-roll milling
and shear mixing, which may be attributed to the relatively uniform distribution
of GNP in the solvent-assisted samples. Although a perfectly uniform dispersion
will increase the percolation threshold as the connecting efficiency between
GNPs is low, too much aggregation can also increase the percolation threshold.
Hence, the moderate degree of aggregation in the solvent-assisted mixed samples
was a suitable compromise. This theory could also explain why samples of three-

roll mill with 0.08mm roller gap had a lower percolation and better maximum
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conductivity (at 8wt.%) than that with 0.15 mm roller gap, since smaller gap

increases the degree of dispersion.

Table 6.1 Summary of electrical parameters of all samples.

Filler Preparation methods Electrical percolation Conductivity at
type P threshold (wt.%) 8wt.% (S/m)
M5 Shear mixing 1.5 3.2 X 10* 2.66
M25  Shear mixing 1 1.4 X 10° 3.25
M25 Solvent-assisted mixing 0.5 4.0 X 102 5.14
Three-roll mill (0.08mm Gap) 2 8.2 X 10™ 4.01
M25
Three-roll mill (0.15mm Gap) 3 2.9 X 10* 2.42

6.6 The Equivalent Circuit Model of Composites

Zhang et al. [20] developed a simple model equivalent circuit for
MWCNTs in a PVA matrix. Due to the similarity of GNP and matrix type, this
model was adapted for this project to study GNP/epoxy composites (Figure 6.8).

Contact region «—— Bulk

\ sample
xGnP
1 &
— I Cp CPE|—
—— 1+ 1
R, R,

Figure 6.8 The model and equivalent circuit model used for the GNP/epoxy composites.

This equivalent circuit contains a serial arrangement of two units that
represent the contribution from the bulk composite sample and the contact region
of the interface between the silver paint and the sample. Each unit is depicted by
a combination of two possible electrical current components, (i) a resistor (R)
and a capacitor (C) or (ii) a resistor and a constant phase element (CPE) in
parallel. The latter is the equivalent electrical circuit component used to model
the behaviour of a double layer, that is an imperfect capacitor. In this project, the

CPE is introduced to simulate and explain the electrical behaviour of the
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GNP/epoxy composites. The explanation will fit experimental data so well that
the deviations are due to the experimental noise and uncertainties [33-34].
Accordingly, the complex impedance of the equivalent network can be

denoted as follows [20]:

Z =- + - (6.5)

where R and C refer to the resistance and capacitance, respectively, in which the
subscript b and c represent the bulk sample and the contact region, respectively.
The complex impedance of the equivalent circuit can be rewritten as

follows upon introducing the CPE [20]:
1 1

7= + (6.6)

1 1
i - 1 a —_
leb+Rb (iw) C,.C+RC

where Cyc is the “‘true’’ capacitance of the contact region. o= ¢ CPE / 90°, and
the phase angle ¢ CPE is frequency-independent, so that the CPE exponent a is a
constant, independent of frequency. Since the phase angle is always less than
90°, a is less than 1.0 as well. When o is 1.0, the CPE becomes an ideal
capacitor. One of the most plausible physical causes for needing to introduce the
CPE is surface irregularity or interfacial roughness, and various models have
been proposed to relate CPE behaviour to the fractal geometry of the sample
[35-36].

In our case, due to the roughness of the abrasive paper and the soft surface
of composites, it is not possible to obtain an absolutely flat surface. Accordingly,
the rougher the surface of the sample is, the further the constant a deviates from
1. The values of a indicate how the contact region owing to the roughness of the
surface deviates from a true capacitance. Value of the elements and a from Eq.
(6.6) are listed in Table 6.2. Namely, the chaos and irregularity of the metal-
semiconductor interface increase as the GNP content increases.

It should be noted that due to the superior electrical properties of
M25/epoxy over M5/epoxy, only M25/epoxy composites have been made by
three methods in this project. Due to the similarity of electrical behaviour of
samples, only shear mixed will be discussed in detail during the following

section.
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Figure 6.9 shows Nyquist lines for several GNP/epoxy composites with
different GNP contents. The round dots are experimental data and the solid curve
is fitted equivalent circuit. The values of the corresponding parameters are listed

in Table 6.2.
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Figure 6.9 The Nyquist plots and the simulated equivalent circuit for the GNP/epoxy
composites prepared by shear mixing with different GNP contents. (a) 1 wt.%, (b) 3
wt.%,; (c) 5 wt.%; (d) 7wt.% and (e) 8 wt.%. The points are the experiment data, and

the solid line is from the equivalent circuit.

From low to high GNP loadings, the Nyquist line changes from a straight
line (Figure 6.9a) to a quarter circle (Figure 6.9¢) to a semi-circle (Figure 6.9¢).

The radius of the Nyquist line represents resistance, thus the resistance decreases

with increasing loading, which is consistent with the results in Table 6.2. The Ry,
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of the composite dropped two orders of magnitude as GNP content increased
from 1 wt.% to 2 wt.%, indicating the formation of percolated networks.

Table 6.2 The corresponding parameters from the simulation results.

Preparation Weight Ry (Q) Gy (pF) R.(Q) Crc (pF) a
methods fraction
(wt.%)

2.2 X 10 1E-8 9.4X 10% 0.77 0.99

23X 10° 0.98 3.9 X 10" 1238 0.86

7.9 X 10° 0.59 3.0 X 10® 101 0.87

3.9 X 10° 0.69 4.7 X 10° 73.2 0.76

1 3.3 X 10 0.34 3.7 X10° 121 0.93

|

49 X 10° 0.67 1.2 X 107 153 0.85
Solvent-
mixing
5 7.9 X 100 0.63 9.0 X 10" 25.5 0.81
7 49 X 10° 1.24 43 X 10° 45.2 0.73
1 N/A N/A N/A N/A N/A
mill
(0.08 Gap) 3 53X 10° 0.89 42X 10° 118 0.86

5 9.7 X 108 0.96 3.3 X 102 26.1 0.79

7 3.9 X 10° 2.43 7.3 X 10" 69.2 0.74
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For solvent-assisted mixed and three-roll mill samples, this dramatic drop
in Ry occurs at around 1 wt.% and 2 wt.% respectively, which is in good
agreement with values obtained by percolation calculation.

The contact region resistance is lower than the bulk resistance, R, at low
loadings. The GNP fillers are ridge and can stick out of the surface into the silver
paint, bridging the composite-electrode interface. Thus, taking into account the
numerous GNP flakes dispersed in the matrix, the total number of such points
can be reasonably large even at low GNP contents. Consequently, R for the
GNP/epoxy composite below the critical percolation threshold is lower than that

of the bulk sample. As GNP contents go up, a connective network will be formed

in the bulk of the composites, which leads to a dramatic drop of resistance, while
Ry is still controlled by contact points and reduced linearly, sometimes even
increases due to the random distribution of contact points between contact area.
Therefore, above the percolation threshold loading, R becomes smaller than Ry,
a also reduces with increasing GNP content, which means the surface of
composites between contact region is becoming rougher as more and more rigid
GNPs are incorporated into the matrix, namely it is further away from a perfect

capacitor.

6.7 Summary

The thermal conductivity of M5 and M25/epoxy composites made by three
methods was been measured as a function of GNP loading. The conductivity was
found to increase linearly with GNP loading. A model based on EMA theory has
been applied to study the effects of GNP aspect ratio and interfacial thermal
resistance on the overall thermal transport within the GNP composites. It was
found that the aspect ratio does not have expected effect on the thermal
conductivity due to aggregation.

The electrical conductivity of the composites was investigated using
impedance analysis and the percolation thresholds calculated. The M25
composites had a lower electrical percolation threshold (1 wt.%) than the M5
composites, (1.5 wt.%). For the three different preparation methods, the solvent-
assisted mixed samples had the lowest percolation of 0.5 wt.% due to its
relatively uniform GNP dispersion. Samples produced by three-roll milling using
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roll gaps of 0.08 mm and 0.15 mm had higher electrical percolation threshold of
around 2 wt.% and 3 wt.% respectively.

The Nyqusit lines gave information on the network structure of composites
and an equivalent circuit was proposed accordingly. The circuit composed of
resistor and capacitor in parallel connected in series to a resistor and constant
phase element in parallel. The modeling results fitted the experimental data well,

showing R}, decreased dramatically around the percolation threshold.
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CHAPTER 7 WATER UPTAKE OF GNP/EPOXY
COMPOSITES AND ITS EFFECTS ON
MECHANICAL AND ELECTRICAL
PROPERTIES

7.1 Introduction

One of the main disadvantages of using epoxy resin in applications is their
tendency to absorb water when in humid environments, leading to swelling,
plasticization and, in certain cases, degradation [1-4]. In this chapter, the water
uptake of the unfilled epoxy and the composites reinforced with M25 made by
shear mixing is investigated. (It was decided to focus on only the shear mixed
samples due the similarity of filler dispersion and orientation in the composites

prepared by three different methods,)
7.2 Water Uptake Measurements of Epoxy Composites

The results of the gravimetric studies for water uptake are presented in
Figure 7.1. During the initial stages, the weight gain due to water uptake
increased linearly with v/t for all of samples, which is consistent with Fickian
diffusion. This linear region extends until M, /M., < 0.6, which has been reported
by other researchers [1, 3, 5-7]. After that, water absorption becomes controlled
by relaxation of water molecule in the matrix at long aging times, and it takes
more than two months to be water saturated.

During the water diffusion process, the diffusion coefficient (D) is an
important factor, which describes the mass of the substance that diffuses through
a unit surface in a unit time at a concentration gradient of unity. D can be
calculated by Fick’s law as described in Chapter 2 (Equation 2.4) which is valid
when the water percentage absorbed does not reach 60 % of saturation, and the
values of D with maximum water absorbed (M) at equilibrium are listed in
Table 7.1.

D =1 GO )’ 24
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where ¢ is absorbed time, M; is the water absorption at time ¢, M, is the

equilibrium water absorption, L is the sample thickness, and D is the diffusion

coefficient.
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Figure 7.1 Water uptake of epoxy resin and nano-composites reinforced with M25 made

by shear mixing. The lines are a guide for the eye.

Table 7.1 Parameters of water diffusion.

M25 loadings M, (wt.%) D x 10° (cm?/s)

(wt.%)
0 2.04£0.01 5.27 £0.47
1 2.01+£0.03 5.11+0.24
2 2.09 £0.02 4.61 +£0.45
3 2.19+£0.02 4.23 +£0.25
4 2.23+£0.03 3.82£0.39
5 2.24 £ 0.07 3.71+0.42
6 2.23 £0.09 3.46 £ 0.37
7 2.34 £0.06 3.49+0.39
8 2.44 £ 0.01 3.09+£0.13

M, - maximum water absorbed in saturation.

D : diffusion coefficient.
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Figure 7.2 Diffusion coefficient (a) and maximum water absorption (b) as function of

GNP loadings for M25 composites.

Figure 7.2 shows an interesting phenomenon, D decreases with GNP
contents, while M, increases. D and M, are mainly controlled by the structure
of composites that have a close relationship with filler loadings. Therefore, D
and M,, are expected to change linearly with filler loadings and the results are
fitted by linear fittings. A closer examination of the variation in D remains
constant for low loadings, then followed by a bigger drop in the GNP loading
range of 2 wt.% ~ 4 wt.%. This loading coincides with the electrical percolation
threshold found earlier in the thesis. As the loading increases further above the
percolation threshold, there is only a small decrease in D. This significant
decrease of diffusion coefficient from pure epoxy resin to 8 wt.% composite
could be attributed to high surface area of M25, which leads to significant barrier
effects of GNP in epoxy matrix [8], forming tortuous paths and hindering the
water progress and decreasing the diffusion rate. When a connected network has
been formed, the hindering effect increases slightly. However, M,, goes shows
opposite behaviour. Even though it is reported that the addition of a carbon
nanofiller reduces the saturated water content in epoxy composites [8]. At 1
wt.% GNP content, M, dropped slightly, which could be associated with the
formation of strong interfaces between the epoxy matrix and the GNP and the
hydrophobicity of carbon nano materials relative to the hydrophilic behaviour of
epoxy resin [8]. As loading increases M,, also increases gradually. This can be
explained by higher filler contents leading to aggregation, and the holes and
cavity formed in and along aggregations (Figure 4.12 and Figure 4.13) lead to a
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higher M, [9-10]. Due to the high hydrophobicity of GNP, the platelet will not
absorb water. Therefore, the maximum water absorbed is associated with the
epoxy resin and the cracks and holes of GNP aggregations. For the pure epoxy
2.04 wt.% is the saturated water weight, which means 0.0204 wt.% is absorbed
by each 1 wt.% of the epoxy matrix, which can be viewed as a constant. Thus,
the water absorbed by the epoxy matrix and GNP aggregation can be calculated

separately using equation 7.1 and 7.2, and values are listed in Table 7.2.

_ (100-p)x0.0204

VVepoxy - Moo

(7.1)
Wy, = 100 — Wypoy, (7.2)

where Wy, 1s Wt.% of water absorbed by the epoxy matrix, p is GNP loading in
wt.%, M is the equilibrium water absorption, and W}, is water weight percentage

taken by holes and cracks.

Table 7.2 Water absorption of neat epoxy and M25 composites.

Filler loading Water absorbed by (wt.%)
(wt. %)
Epoxy Holes and cracks

0 100 0
1 100 0
2 95.7 4.3
3 90.4 9.6
4 87.8 12.2
5 86.5 13.5
6 85.9 14.1
7 81.1 18.9
8 76.9 23.1

146



Chapter 7 Water Uptake of GNP/Epoxy Composites and Its Effects on the Mechanical and

Electrical Properties

For 1 wt.% sample, the 99 wt.% epoxy can absorb 2.01% saturated water,
which is the M,, of this sample, indicating holes and cracks did not take any
water. Namely, there are almost no cracks or holes in composites with this low
GNP content. With increase of GNP loading, the water taken by holes and cracks
becomes higher, indicating more aggregates have formed, which is consistent

with SEM observation.

7.3 Effects of Water Uptake on Thermal Conductivity of

Composites

Two sets of samples with various M25 loadings were prepared by shear
mixing to study the effects of water absorption on the thermal conductivity of
composites. One sample set were saturated with water, following a long aging
time, and another set were pristine, un-aged composite samples. The properties
of the saturated samples were measured immediately after been taken out of
water bath and the excess surface water being removed by absorbing paper. Then
the saturated samples were placed in oven at 60 °C and held under vacuum for
10 days to dry it to its original weight. It was found that the absorbed water can
be removed completely, which means that no chemically bound water has been
formed during the long aging time period. Comparison of thermal conductivity
of the two sets is plotted in Figure 7.3.

Figure 7.3 shows that the water-saturated samples had the highest thermal
conductivity, which can be easily explained that water has higher thermal
transfer capacity (with thermal conductivity of 0.6 W m'K™") than the epoxy
resin, forming bridges between GNP fillers. This can also explain why higher
loading composites after water-saturation display greater thermal conductivity
increment because of higher M. For the water desorbed samples, post-curing in
water after long aging time and drying may be the reason that the samples have

better thermal transfer performance over the unaged samples.
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Figure 7.3 Thermal conductivity of composites as function of GNP loadings with fitting

results.

7.4 Effects of Water Uptake on Thermal Mechanical

Behaviour of Composites

The effects of water absorption on the dynamical mechanical properties of
the composites made by shear mixing were studied by DMTA. Two sets of
samples were tested. One set were water saturated, and the another was dried in
an oven at 60 °C for 10 days for remove absorbed water, as confirmed by
constant mass with time. The T, was taken from the peak position of tan 3. The
storage modulus and tan § are plotted as function of temperature in Figure 7.4.

The storage moduli of both water-saturated and water-desorbed samples
show almost a linear increase with addition of M25, which was observed in the
previous DMTA tests reported in Chapter 5, and the increment of storage
modulus ( ~ 40%) is similar with M25/epoxy composites made by shear mixing,
suggesting effective loading transfer from matrix to GNPs was not changed by
water absorption. For the T,, the variation trends of saturated and desorbed
samples are also quite like the previous shear mixing samples without water
absorption. It undergoes a T, drop at initial GNP addition stage, followed by an
increase of T,. The reason has been explained in Chapter 5.
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Figure 7.4 Storage modulus and loss factor of water desorbed (a, c) and water-

saturated (b, d) samples versus temperature.

The interesting phenomenon for the water-saturated samples is the tan &
curve peak, which is split into two peaks, which has been observed by other
researchers on epoxy systems filled with carbon and other nanofillers [1, 4, 8,
11]. The proposed explanation is that part of absorbed water is not forming a
chemical link to the polymer matrix, inducing swelling effects of the composites
to different extents in different areas, leading to two stage segmental movements
at various temperatures. These changes are more marked in composites than in
neat epoxy resin with evidence of increasing side peak heights and broadening
distance between side peak and main peak. This is because the increasing content
of water is absorbed for higher loading samples. The values of peak positions
and peak heights are listed in Table 7.3, and are plotted with unaged samples in
Figure 7.5.
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Figure 7.5 T, of unaged, water saturated and water desorbed samples.

Table 7.3 DMTA parameters for water saturated and water desorbed neat epoxy and

nano-composites.

Water saturated samples Water desorbed samples Unaged samples

Filler Peak Side Peak Peak Peak
TE TE TE
loading Height Peak Height height height
0 163.8 0.44 147.9 0.27 167.3 0.76 167.2 0.77
1 162.5 0.43 145.1 0.27 164.7 0.63 159.3 0.69
2 162.3 0.41 145.9 0.29 165.1 0.59 155.4 0.91
3 157.8 0.37 139.4  0.27 163.7 0.55 152.2 0.78
4 158.1 0.37 139.4 0.27 162.4 0.54 150.5 0.82
5 160.4 0.36 142.6 0.28 160.1 0.53 155.7 0.72
6 163.2 0.33 144.9 0.26 165.4 0.49 157.2 0.69
7 164.2 0.3 145.8 0.29 168.6 0.44 159.2 0.75

8 165.7 0.31 143.7 0.26 167.6 047 164.7 0.69
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When comparing the T, values of water-saturated and water-desorbed
samples, it is found that the T, of water saturated samples drops around 2 ~ 4 °C.
This is an expected behaviour and the phenomenon is known as plasticization
due to interaction of the water molecules with polar groups in the matrix [2, 11].
In other words, the hydrogen bonds between the water molecules and the polar

hydroxyl groups of the matrix network will disrupt inter-chain hydrogen

bonding and the initial van der Waal bonds, resulting in the releasing of
segmental motion, reducing the energy needed to move molecule chains. The
molecular structure is thus altered, causing dimensional changes and reduction of
T,. While after drying T, goes back to similar values as previously prepared
samples in Chapter 5, or even higher than the unaged samples, which may be
attributed to the extraction of sol fraction after being immersed in 50 °C water

for more than two months.

7.5 Effects of Water Uptake on Electrical Conductivity

of Composites

Water-saturated samples and vacuum-dried samples (60 °C, 5 days) were
tested by impedance analysis. For the sake of clarity, only three comparative
curves of specific conductivity versus frequency have been plotted in Figure 7.6,
and the values for all samples are listed in Table 7.4.

It can be clearly seen that the specific conductivity is increased after
removing the absorbed water. When the water was absorbed into the composites,
it caused swelling of epoxy matrix, resulting in longer distance between
conductive GNPs and larger resistance. Apart from that, the distilled water
absorbed filled gaps and cracks inside and along the GNP aggregates is a near
insulator, which further increases the resistance. However, in real life, the
moisture absorbed by M25 composites would not be distilled water, but water
containing various ions, which will benefit electrical conductivity. Therefore, the
trends of electrical conductivity of composites in humid environment need to be

further studied.
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Figure 7.6 Specific conductivity of water-saturated and water-desorbed M25 composite

samples.

Table 7.4 Specific conductivity of M25 composite samples.

M25 Filler loading Specific Conductivity (S/m)
(wt. %)
Water-saturated Water-desorbed

0 N/A N/A

1 2.31E-8 5.40 E-8
2 1.10 E-6 1.74 E-6
3 3.45E-6 7.52 E-6
4 6.82 E-6 1.37 E-5
5 5.45 E-5 1.23E-4
6 9.23 E-5 4.52 E-4
7 1.90 E-3 5.40 E-3
8 2.30E-3 5.60 E-3
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7.6 Effects of Water Uptake on Mechanical Properties

Tensile stress—strain tests were carried out on two sets of M25 composite
samples prepared by shear mixing in order to study the effects of water
absorption on mechanical properties such as Young’s Modulus (E), tensile
strength (o ) and elongation at break (g;). One set samples were water saturated,
while the other set was heated to remove the absorbed water (60 °C, vacuum for
10 days) from water-saturated specimens. The reference data is from previous
mechanical test of composite samples fabricated by shear mixing. The resulting

data of samples are listed in Table 7.5, and corresponding curves are plotted in

Figure 7.7.
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Figure 7.7 Young’s modulus (a), tensile strength (b) and elongation at break (c) as

function of GNP loadings of unaged, water-saturated and water-desorbed M25

composite samples.

It is found that the Young’s modulus of water desorbed samples did not
change significantly compared to the un-aged samples in Table 5.2. However, for
the water saturated samples, £ drops slightly, which may be attributed to the
plasticization effects of absorbed water molecule forming hydrogen bonds with
remainder hydroxyl groups and weakening them [12]. After having been aged for

more than two months, the drop of E is relatively small when compared with
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literature [1, 5], which is associated with a change in the mechanism of water
absorption [13-14]. It is said that at the initial stage, the absorbed water linked
with the epoxy matrix through van der Waals forces and hydrogen bonds,
weakening the original bonds and increasing the segmental mobility. This water
is named Type I bound water (only bound by one hydrogen bond), which usually
is accompanied by reduction in T, tensile strength and elastic modulus of the
materials. After long-term aging in the water bath, samples are water saturated
and Type II bound water is formed from Type I bound water. Namely, water
molecules begin to form multiple chemical connections with matrix groups
(Type II). Type II bound water, unlike type I, will act as an enhancement for
mechanical properties due to its multiple bonds. It promotes an increase of
secondary crosslinking with hydrophilic groups of epoxy resin, such as
hydroxyls and amines, leading to recovery of mechanical performance, which is

beneficial for its application in hydrothermal environment.

Table 7.5 Mechanical properties of epoxy and composites after water absorption.

Filler loading Water saturated Water desorbed
(%)
E (GPa) Ot (Mpa) €t (%) E (GPa) Ot (Mpa) €t (%)
0 22+0.1 72.1+4.1 42+0.5 24+0.1 76.2+51 4.2+0.3
1 24+0.2 69.1+4.3 3.5+0.6 24+0.1 70.1+6.1 3.4+0.5
2 25+0.2 68.2+5.6 3.3+0.3 26+0.2 67.2+34 3.4+03
3 2.8+0.2 52.3+3.2 33+0.2 2.8+*0.3 553+45 3.0+0.6
4 2.8+0.2 52.2+3.2 22+04 29+03 542+53 2204
5 29+0.2 49.3+3.5 1.8+03 3.0+0.1 50.6+56 1.9+0.2
6 29+0.2 47.2+5.2 1.7+05 3.1+0.2 51.2+32 1504
7 3.1+0.3 40.2 +6.1 15+0.6 3.2%+0.2 43.2+42 1.1+05
8 3.1+0.2 29.2+4.3 1.1+0.7 3.3%0.3 342+41 11+04
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The elongation at break and tensile strength of water saturated and
desorbed samples decrease slightly due to the plasticization effects and swelling

caused by water absorption.
7.7 Summary

Water uptake behaviour of neat epoxy and M25/epoxy composites
prepared by shear mixing has been studied. During the initial stage, water
diffusion follows Fickian diffusion and the diffusion coefficient (D) was
calculated. D is found to reduce with increasing filler loadings due to the
tortuous path formed by the GNP. However, the maximum water absorption was
found to increase with GNP content, which is associated with the voids induced
by GNP aggregation as filler concentration increased.

Mechanical and dynamic mechanical properties significantly decreased
with water uptake due to plasticization and swelling effects. Electrical properties
were also reduced upon plasticization. However, the thermal conductivity was
enhanced, which is attributed to water’s better thermal properties than the epoxy

matrix.
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CHAPTER 8 CONCLUSIONS AND FUTURE
WORK

8.1 Conclusions

* Dispersion and orientation of GNPs in shear mixed samples

XRD shows that the GNP in the matrix was still in its original state and
hasn’t exfoliated even when fabricated by solvent-assisted compounding.
Rheology test demonstrated that the resin viscosity increased by almost four
orders of magnitude rising from the neat epoxy to the 8 wt.% loading
composites, with the 8 wt.% sample showing some elastic behaviour. Optical
microscopy and SEM images indicate that the GNP starts to aggregate at
loadings > 2 wt.%, and severe aggregation and poor interaction between GNP
and matrix were observed, which significantly reduces the aspect ratio and has a

great impact on the mechanical properties.

Also four types of GNP aggregates have been formed in composites and
have various stress-transfer efficiency. Polarised Raman spectroscopy of M25/
epoxy composites showed that Ig is independent of 6, and 6x, whether the
direction of laser propagation is parallel to the Z-axis or X-axis, indicating that
there is no preferred orientation for GNPs in epoxy matrix, which was confirmed

by the same values of electrical conductivity along different directions.
* Mechanical properties of shear mixed samples

The 2D band in M25/ epoxy composites shows no apparent shift in the
Raman spectra upon deformation of the sample, with an apparent random scatter
in the 2D band’s position, meaning the load transfer between enhancement and
matrix is quite poor. The reason would be the weak interfacial adhesion and

slippage between graphene layers in the GNP stacks.

After adding M5 and M25 GNPs, T, drops slightly after initial
incorporation, which is attributed to the uneven distribution of the hardener

caused by GNP aggregations, affecting the extent of cure, and consequently
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lowers T,. T, then increases on further GNP addition due to the pin effects of

GNP aggregates.

The elastic modulus increased almost linearly with incorporation of GNPs,
for both M5 and M25 epoxy composites. While the tensile strength and
elongation at break drop significantly, partially due to severe aggregation of the
GNPs and poor interfacial adhesion. Halpin-Tsai model for 3D randomly
dispersed fits well with experimental data, confirming the GNP’s non-preferred
orientation. Overall, M25/epoxy composites have slightly better performance

over that of M5, due possibly to its higher aspect ratio.
* Thermal conductivity of shear mixed samples

Both the M5 and M25 composite samples had an almost linear increase in
thermal conductivity with GNP loading. The biggest improvement was achieved
by solvent-assisted mixed M25/epoxy sample at 8 wt.% loading, with thermal
conductivity enhanced from 020 W m'K" (neat epoxy) to 0.76 W m'K™.
Considering the high thermal conductivity of GNP, the improvement seems
relatively poor, mainly attributed to the poor thermal coupling of the GNP with
the polymer matrix leading to a high interfacial thermal resistance, and high
interfacial phonon scattering caused by high surface area of GNP. No obvious

percolation threshold was observed on thermal conductivity.
* Electrical conductivity of shear mixed samples

Percolation thresholds of M5 and M25/epoxy composites were 1.5 wt.%
and 1 wt.% respectively. M25 has higher aspect ratio, which enables it to form a
connected GNP distribution more efficiently than MS5. According to Nyquist line
diagram, an equivalent circuit was proposed containing a serial arrangement of
two units that represent the contribution from the bulk composite sample and the
contact region of the interface between the silver paint and the sample. Each unit
is depicted by a combination of two possible electrical current components, (i) a
resistor (R) and a capacitor (C) or (ii) a resistor and a constant phase element
(CPE) in parallel. Fitting results show resistance of bulk composite drops

significantly at percolation limit.
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* Effects of preparation methods on composite properties

Solvent compounded samples achieved the lowest electrical percolation
(0.5 wt.%) in this project, relating to its relatively uniform GNP distribution
assisted by the solvent. In addition, the mechanical performance was also
superior to that of the other two methods. The percolation thresholds for three-
roll mill mixed and shear mixed M25 samples were 2 wt.% and 1 wt.%
respectively. In terms of mechanical properties, there is no big difference

between these two fabrication routes.

* Water uptake and its effects on composite performance

Diffusion coefficient of composites decreased greatly with increasing
loading. This significant decrease of diffusion coefficient could be attributed to
the high surface area of M25, which leads to greater barrier effects in the epoxy
matrix, forming tortuous paths to hinder water diffusion and decreasing the
diffusion rate. On the other hand, the maximum water absorbed goes through an
opposite behaviour due to the formation of holes and cracks along GNP
aggregates. With increase of GNP loading, the water taken by holes and cracks
becomes increasingly high, indicating more aggregates have formed, consistent

with SEM observation.

DMTA results show the tan & curve peak of water-saturated samples is
split into two peaks due to another interface formed by water and matrix. Water
saturated samples show a slight drop in T, compared with water-desorbed
samples associated with water plasticizing effects. Thermal conductivity
increases moderately, while electrical and mechanical properties are
compromised by water absorption. The swelling effect of epoxy induced by
water absorption expands the distance between conductive GNPs, leading to

increasing electrical resistance.
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8.2 Suggestions for Future Work

* Preparation of composites with aligned fillers to improve thermal and
mechanical properties
Halpin-Tsai model shows that composites with 2D filler alignment give
better mechanical properties. Therefore, it would be interesting to fabricate
composites with aligned fillers by hot pressing or applying electrical field to
study the changes of thermal and mechanical properties.
* Effects of processing parameters on the structure and properties
Due to the great effects of preparation methods on composite properties,
it i1s necessary to control one processing parameter of shear mixing and
solvent-assisted compounding, like rotating rate, mixing temperature, solvent
type, to study their influence on structure and properties of composites.
* Raman mapping to determine the distribution of fillers in epoxy resin
matrix
In this work, only SEM has been carried out for filler dispersion in
composites, which is focusing on a relatively small area. Raman mapping
could measure a much lager area to give information of GNP fillers in epoxy
composites and help to study the relationships between filler dispersion and

composite properties.
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