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ABSTRACT 

GRAPHENE NANOPLATELET BASED POLYMER COMPOSITES AND THEIR 

MULTIPLE APPLICATIONS 

By 

Zeyang Yu 

Graphene nanoplatelets (GnP) consist of a few layers of graphene with thicknesses in the 

nanometer range. GnP is considered a multifunctional nanomaterial since it possesses excellent 

mechanical, electrical and thermal properties and as a result of its 2D structure, it offers the 

possibility of improving the barrier properties of a polymer matrix by reducing the permeability 

of small molecules through the polymer matrix. The aromatic planar basal surface of GnP 

consisting of carbon in the sp2 state is inert and the carbon atoms at the GnP edges are the few 

sites at which functional groups can be added to GnP. When GnP is treated with strong acids, 

graphene oxide (GO) is formed. The carbon atoms are changed from sp2 to sp3 bonding and the 

basal plane surface has a large population of oxygen groups which change the surface from 

hydrophobic to hydrophilic. The GO has the potential to act as a coupling agent to improve the 

interfacial interaction between GnP and the polymer matrix. Besides adding GnP to a polymer to 

form a multifunctional polymer composite, the GnP can be fabricated into thin ‘paper’ electrodes 

by vacuum filtration of a GnP suspension.  This GnP thin film has in-plane electrical 

conductivity similar to metals and when coated with an insulating  polymer layer can function as 

an electrode in an electrostatic actuator. This dissertation investigates the interaction of GnP with 

polymer matrices, modifying the surface chemistry to improve the interfacial interaction between 

filler and matrix, and exploring new applications for multifunctional GnP-polymer composites.  

The dispersion of GnP into a thermoplastic polyurethane (TPU) through melt blending 

has been investigated. The dispersion and alignment of GnP plays a key role in attaining the 



multifunctional properties of the composite. 25wt% GnP was incorporated into TPU through an 

extrusion process, wherein the dispersion and alignment of GnP was controlled by the film 

extrusion speed. The effect of three film extrusion speeds of 2, 3 and 5 ft/min on the dispersion 

and alignment of GnP were investigated.  The optimum extrusion conditions gave 350% 

improvement in through-plane thermal conductivity; 75% reduction in oxygen permeability; and 

the tensile modulus and strength increased by 950% and 470% respectively.  

Graphene oxide (GO) was selected as a possible modifier to improve the interaction 

between GnP and an epoxy matrix. The rich oxygen based functional groups on the GO surface 

could function as reaction sites for chemical bonding directly or sites for adding other chemical 

groups such as diamines or epoxy. GO and GnP were sonicated together in a water phase 

forming a GO-GnP complex, followed by treatment with two different diamines ( (p-

phenylenediamine (PPDA) and Jeffamine D2000) with different chain lengths.  The 

functionalized GO-GnP complex was added to the GnP-epoxy composite at a 0.86wt% loading.  

An increase in tensile modulus of ~60% was measured as a result.  

The GnP was also investigated as a thin ‘paper’ electrode fabricated through vacuum 

filtration of a GnP suspension. GnP electrodes were fabricated from the compressed GnP paper 

and then coated on both sides with a thin epoxy layer. An electrostatic actuator was constructed 

from two parallel-aligned composite GnP paper electrodes fixed at the anode of the high power 

supply and with the cathode connected to the ground. The two composite electrodes would 

separate at the free end when a voltage was applied. The actuating performance was shown to be 

improved based on either increasing the surface area of electrode or enhancing the relative 

permittivity of the insulating layer between two electrodes. 
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CHAPTER 1 - INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Motivation 

Polymer systems are widely used due to their unique attributes: ease of production, light 

weight, and often ductile nature. However, polymers have lower modulus and strength compared 

to metals and ceramics [1]. One route to improve their intrinsic properties is to synthesize a 

polymer composite by incorporation of different fillers ( fibers, whiskers, platelets or particles) 

into the host matrix, which has opened a new dimension in the field of materials science [2]. 

Polymer nanocomposites are composites in which at least one of the phases has dimensions in 

the nanometer range [3]. Introduction of polymer nanocomposites was through the research of 

the Toyota research group, which incorporated nanoclay into nylon-6 achieving an extraordinary 

set of mechanical, thermal  and physical properties [4,5]. With the fast growing of availability of 

competing nanofillers ( such as carbon based (carbon nanotubes, carbon black, graphene); oxides 

(clay, zirconium phosphate, silica,  etc.); metal and intermetallic ( silver, platinum, palladium, 

etc.) [6], it can be seen that the properties of nanocomposites are adjustable based on the 

incorporation of the nanoparticle in order to meet requirements from different applications. 

First isolated in 2004 [7], graphene sheet,  one atom thick two dimensional of sp2-bonded 

carbon layer, stands out among many nanofillers. Its 2D structure not only provides a large 

aspect ratio but also various outstanding properties, which can modify the polymer to which they 

are added. Epoxy and polyurethane polymers are examples of thermoset and thermoplastic 

polymers respectively, which are some of the most widely used matrices in industrial production. 

However, either low tensile strength and modulus, poor thermal and electrical conductivity, and 

low gas barrier performance of thermoplastic polyurethane or low toughness, strength, and 
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resistance to crack propagation of a thermoset epoxy limits their applications in different areas.  

Few-layer Graphene Nanoplatelet sheets have the potential to function as a nano-filler for 

improving the weakness of above two polymer matrices, and many results have been 

documented in past publications [8-14]. However, the improvements in the physicochemical 

properties of the nanocomposites depends on the distribution and orientation of the graphene 

layers in the polymer matrix as well as interfacial bonding between the graphene layers and the 

host matrix. Pristine graphene is primarily hydrophobic with few chemical sites at the edges of 

the platelets which are compatible with polymers and therefore the reinforcing effect is less than 

desired and deteriorates at high filler loading. As a result, non-covalent or covalent 

functionalized graphene are necessary as the most effective filler for polymer nanocomposite. 

Graphene oxide,  which is a heavily oxygenated graphene (with hydroxyl, epoxide, carboxyl, 

ketones functional groups) on the basal plane and edges overcomes many of the interaction and 

dispersion issues but lacks the mechanical, electrical and other properties intrinsic in the 

graphene.  One possible approach would be to utilize graphene oxide as a coupling agent or 

surfactant to help disperse other carbon materials into the polymer for improving the dispersion 

and interfacial properties between fillers and host [15-16]. 

This dissertation investigates the nano-engineering of graphene in particular polymers to 

improve their mechanical properties, thermal conductivity, gas barrier properties, etc. by 

utilizing graphene oxide as the coupling agent for enhancing the properties of graphene-epoxy 

composite.  
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1.2 Epoxy polymers 

Epoxy resins are an important class of polymeric materials, characterized by presence of 

more than one three-membered ring known as epoxide [17]. The vast majority of industrially 

important epoxy resins are bi- or multifunctional epoxides. The monofunctional epoxides are 

primarily used as reactive dilutes, viscosity modifiers, or adhesion promoter [18]. Epoxies are 

widely used as coatings, automotive primer, semiconductor packaging, adhesives, and aerospace 

composites. A common epoxy resin is diglycidyl ether of bisphenol-A (DGEBA), which is 

formed by reaction between bisphenol-A and epichlorohydrin under basic conditions. The 

structure of DGEBA is shown in Figure 1.1(a).  When the n is at the very low value( n≈0.2), it is 

the liquid epoxy resin. Pure DGEBA is a crystalline solid with an epoxide equivalent weight 

(EEW) of 170. The typical commercial unmodified liquid resins are viscous liquids with EEW 

~188 and viscosity of 11000-16000 mPa-s [18]. Solid epoxy resins with higher molecular 

weight, which contains repeating units and the degree of polymerization values vary from 2 to 

~35 for commercial products. 

 

Figure 1.1. Chemical Structure of (a) DGEBA, (b) p-phenylenediamine, (c) JEFFAMINE series 

 

The epoxy resins-curing agent systems exhibit the same features as other polymeric system 

during the curing process. These features include: extensive branching, passing through gel 

point, formation of a giant macromolecule with closed circuits, and eventually formation of a 

dense network [19]. For a curing process with amine based curing agents, the epoxide group is 
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activated by the formation of hydrogen bonds between the ring oxygen and hydrogen atom from 

amine. This process is considered as an auto-catalytic reaction as new forming hydroxyl group 

worked as catalyst [20,21]. The major reactions that occur between amine and epoxide in the 

curing process are shown in Figure 1.2. Nucleophilic attack by the primary amine on the less 

hindered methylene oxygen leads to formation of hydroxyl group and the primary amine 

transfers to secondary amine. Then a second nucleophilic attack by the secondary amine formed 

in last step on second epoxide ring. This process is usually slower compared to the first process, 

because of steric hinderance and the decrease in molecular mobility due to crosslink formation. 

Another possible reaction is between the hydroxyl group converted from the first and second step 

with the epoxide group, which is an etherification reaction [22-25]. The process and final 

properties of cured epoxy are determined by several factors: curing mechanism: kind of 

functional groups of curing agents; number of functional groups in resins and curing agent: 

density of crosslinking; chemical structures of epoxy resins and curing agent; molar ratio 

between resins and curing agent: degree of curing [26]. Depending on the actual requirement and 

application, the properties of cured epoxy can be easily adjusted. However, improvements in  

toughness, strength, resistance to crack propagation are still being sought in order to satisfy the 

increasing demands for high-performance applications. To address this issue, the nanofillers has 

been considered as an efficient way to modify its performance [27-32]. 
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Figure 1.2. Curing reaction in epoxy/diamine [22] 

 

1.3 Polyurethane Polymers 

Thermoplastic polyurethane (TPU) elastomers are linear copolymers consisting of 

alternative blocks of hard and soft segments. TPUs are usually prepared through the reaction 

between three components, the long chain diols (polyester or polyether based), diisocyanates 

(aromatic or aliphatic based) and a small amount of short chain diols (function as chain extender) 

[33]. The formation of polyurethane elastomer is shown in Figure 1.3. The hard segments 

contain alternative sequences of isocyanate and chain extender, while the soft segment is formed 

by polyol and diisocyanate [34]. Because of different polarity and chemical structure of these 
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two segments, they form the hard domains and soft domains. Figure 1.4 represents the schematic 

illustration of this micro-structure.  

 

Figure 1.3. Formation of polyurethane elastomer [34] 

 

 

Figure 1.4. Microphase separated morphology of TPU. Red solid lines represent the hard 

segments and the blue region is soft segment. The black solid lines represent the amorphous part 

of soft segment blocks [35] 
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In linear polyurethane, the hard segments function as crosslinks, which lead to linear 

polyurethane showing elastomeric properties at low temperature but being processable at 

elevated temperature (above the melting point). The properties of thermoplastic polyurethane can 

be easily controlled by varying the chemical structure and content of each phase [36-41] or 

modifying on preparation procedures [42,43]. Currently, polyurethane is one of most widely 

used thermoplastic polymers in the areas of fiber, coating, adhesive and biomedical  technology 

[44]. 

 

1.4 Types of nanofillers 

Nanofillers, materials with at least one dimension in the nanometer range (<100 nm), can be 

categorized based on their dimensions, one dimensional filler: nanotubes and nanowires; two 

dimensional filler: nanoclay and graphene; and three dimensional filler: spherical and cubical 

nanoparticles. Nowadays, there are many different types of nanofillers (synthetic and natural) 

that can be incorporated into a polymer matrix to adjust its chemical and physical properties for 

emerging applications. 

 

1.4.1 Nanoclay 

Clays are naturally found as aluminosilicate platelets, which are naturally formed as stacks 

from a few to thousands of layers. They can be divided into four groups based on different 

crystalline structure: kaolinite, montmorillonite/smectite, illite and chlorite groups [45]. 

Montmorillonites are the most widely investigated and used to prepare nanocomposites. This is 

attributed to their high aspect ratio, unique intercalation/exfoliation properties and high Young’s 

modulus (178-265 GPa) [46,47]. As shown in Figure 1.5, the structure of montmorillonites is one 
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alumina octahedral layer sandwiched by two silica tetrahedral layers. This three-layer structure is 

defined as a tactoid with a thickness ~1nm, which is the basic component for clay [48]. The gap 

between two tactoid layer is called the gallery or interlayer, where the cations exist to 

counterbalance the negative charge produced by the isomorphic substitution of atoms from the 

crystal. These cations usually are hydrated K+, Na+, which  lead the clay to be hydrophilic and 

incompatible with hydrophobic polymer matrices [49]. In order to make a nanoclay polymer 

composite, the layered silicates are modified, by replacing the inorganic exchange cations in the 

gallery to alkyl-ammonium, phosphonium surfactant. These longer cations not only increase the 

gaps between tactoids but facilitate interactions with a polymer [50]. 

 

 

Figure 1.5. Structure of layered silicate [51] 

 

Clay-polymer composites could be divided into three types as shown in Figure 1.6, the 

immiscible composites, intercalated composites and miscible exfoliated composites [52]. In most 

conditions, the exfoliated type shows the best reinforcement effect since a very high surface area 
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is exposed. But the state of nanoclay in the polymer matrix depends on the method of preparation 

for polymer composite. The most widely used ways to modify the clays are cation exchange, 

silane grafting and adsorption of polar polymers [53]. The cation exchange is controlled by the 

crystal size, pH and the type of exchangeable ions. The functionalized clay with more active sites 

can interact with the polymer matrix, and in some conditions, initiate the polymerization of 

monomers to improve the strength of the clay-polymer interface. For some commonly used 

polymers, like polyolefins, they do not have any polar groups which could react with 

aluminosilicate surface of the clay, a maleic anhydride polymer can be added into the system as 

the compatibilizer to enhance the mechanical properties of the clay-polymer composite [54,55]. 

 

Figure 1.6. Schematic representation of different types of composite: (a) Phase separated; (b) 

Intercalated; (c) Exfoliated [51] 

 

1.4.2 Carbon Based Nanofiller 

Graphene sheets, one atom thick two-dimensional layers of sp2-bonded carbon, have become 

a very interesting 2D material since their first isolation in 2004 [7]. This novel material possesses 

of a range of unusual properties, such as large theoretical surface area (2630 m2 g-1) [5,6], high 
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basal plane mechanical properties (~1 TPa elastic modulus and ~130 GPa ultimate strength) [57], 

outstanding thermal conductivity (~5000W m-1 K-1) [58] and carrier mobility at room 

temperature (~10000 cm2 V-1 s-1) [59]. Graphene is also the building block for other carbon 

allotropes. As shown in Figure 1.7, it can be wrapped up to form a 0D particle, fullerenes; rolled 

into 1D nanotubes and stacked multiple layers to form the graphite. In 1985, fullerene was 

discovered as third allotrope form of carbon [60], soon after that, multi-wall/single-wall carbon 

nanotubes were reported by Iijima [61]. In addition to above mentioned three kinds of carbon 

based fillers and their derivatives, carbon black and carbon fiber are also widely researched as 

reinforcing fillers for improving the performance of polymer composite [62-65]. 

 

Figure 1.7. Illustration of graphene as building block to assemble into other carbon allotrope 

[66] 
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Carbon nanotubes have attracted attentions because of their unique structures and properties. 

High Young’s modulus in the longitudinal direction, electrical conductivity varies from 

insulating to metallic based on the diameter and chirality of the tubes and their special hollow 

structures. Reports show that nanotubes possess extraordinary mechanical properties: tensile 

modulus ~1 TPa, tensile strength range from 50 to 150 GPa and a failure strain in excess of 5% 

[67,68]. Ebbesen et al. proved that conductivity of carbon nanotubes varied widely from tube to 

tube and they reported electrical conductivity of individual multi-wall carbon nanotube ranged 

from 107-108 S m-1 [69]. Berber et al. investigated the thermal conductivity of isolated nanotubes, 

the value was over 6000 W m-1 K-1, which is comparable to graphene nanolayer [70]. Currently, 

most widely used methods to produce the carbon nanotubes are arc discharge method [61], laser 

ablation method [71] and chemical vapor deposition method [72]. But the cost for producing the 

carbon nanotubes remains high and increasing the manufacturing output is a continuing goal. 

While graphene with its extraordinary properties is considered as optimal filler for polymer 

matrix, at the same time, it is also faced with issues of large scale production for high quality 

sheets. Some general ways to produce the graphene: (1) mechanical exfoliation, it is operated as 

using the scotch tape to delaminate or peel off the layers of graphene from pyrographic graphite, 

but this method gives a small yield that is not sufficient for making polymer nanocomposite [7]; 

(2) chemical exfoliation, under this method,  the graphite is reacted with mineral acids and strong 

oxidants, which imposes different oxygen based functional groups on the surface of graphene 

sheets, followed by ultrasonication process to create graphene oxide-single or multi layers of 

graphene with functional groups on its surface [73,74]. The graphene oxide, as an important 

derivate intermediate, is widely used as alternative filler for polymer composite. Because of its 

rich functional groups on surface, which could increase the affinity with polymer matrix and 
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further pave the way for surface designing based on its active sites on basal plane [75]. Graphene 

oxide must be chemically reduced by heat shock or a chemical reducing agent to restore the 

graphene structure, but one drawback of this method is formation of defects which disrupting 

and modifying the graphene surface and its electronic properties. (3) chemical vapor deposition, 

this method is a popular way to produce large scale, single or few layers of graphene. Ni and Co 

are mostly used as template, as they have high carbon solubility. Under high temperature, the 

carbon source diffuses onto the template surface where it reforms into graphene and can be 

subsequently peeled away from the template surface after cooling. During this process, the 

quality of graphene product is controlled by  the cooling rate, reaction temperature, types of 

template and catalyst, concentration of carbon feeding source and residence time [76,77]. In 

Figure 1.8, the conventional synthesis methods of graphene and their applications are 

summarized. 

 



 

13 

 

 

Figure 1.8. Schematic depicting various conventional synthesis methods of graphene and their 

applications [78] 

 

Graphene nanoplatelets (GnP) are a stack of a few layers of graphene with thickness in the 

range of 5-15 nm and diameters from sub-micron to ~50 microns as shown in Figure 1.9. 
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Figure 1.9. The structure of graphene nanoplatelets (GnP) 

 

This is material is available commercially and produced in an industrial scale by thermal 

exfoliation of graphite intercalated compounds through microwave processing followed by 

pulverization [79]. Figure 1.10 represents the scanning electron microscopy  images of each 

stage of GnP production. This material is now widely used as a nano-filler for polymer 

composites, based on its low cost, good mechanical, thermal and electrical properties. However, 

similar to graphene nanosheet, this material also possesses a relative clean surface, with fewer 

than 5% of non-carbon functional groups on the edges, which means in order to improve the 

interfacial properties between GnPs and polymer matrix, the modification or functionalization on 

its surface is necessary. As mentioned above, besides using the traditional covalent or non-

covalent  methods, graphene oxide, is considered as an ideal coupling agent for large loading 

GnP-polymer composite. The graphene oxide not only improves the dispersion of GnPs in the 

polar solvents but also offering bonding sites which react with polymer chains. This idea is 

explained in more detail in chapter 3, about using graphene oxide or amine functionalized 

graphene oxide to improve the mechanical properties of GnP-epoxy composite. 
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Figure 1.10. Synthesis process of graphene nanoplatelets [79] 

 

1.5 Nanocomposite processing methods 

A key to optimizing the properties of a nanocomposite, it is necessary to disperse nanofillers 

uniformly into the polymer matrix with optimized interfacial properties. Till now, various 

methods are applied to optimize the dispersion and interaction, among of them, the widely used  

and commercially available ones are solution mixing, melting processing and in situ 

polymerization. 
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Solution mixing is the most straightforward method for preparing polymer nanocomposite.  

Nanofillers and polymer are dispersed into a volatile solvent for uniformly mixing by 

ultrasonication, shear mixing or magnetic stirring. The solvent is evaporated in a controlled 

condition after a good dispersion is achieved. The solvent compatibility of polymer and filler is 

the critical factor. Acetone, dimethylformamide, tetrahydrofuran, N-methyl-2-pyrrolidone etc. 

are some commonly used solvents for preparing polymer composites [80,81]. However, re-

stacking, aggregation or folding may occur during the process, which reduces the efficiency of 

the reinforcing effect. Thus, surface functionalization or the addition of a coupling agent are 

adopted to modify fillers for better dispersion and interaction. 

For the melt processing, no solvent is needed, and fillers mix with polymer in the melted 

state. Extrusion and injection are widely used based on this method, during the process, shear 

force is generated to break apart aggregates of nanofillers. The dispersion state of fillers depends 

the residence time, extruder design and rotating speed and operating temperature [82]. Compared 

to solution mixing method, since solvent is not required, there is no need to worry about solvent 

selection or recovery of the solvent from evaporating process. However, there are also some 

limitations for this method, first one is that the mixing elements must be designed for dispersion 

of nanoparticles in a thermoplastic; second, the viscosity increases along with higher loading of 

fillers, which increases mixing time and hinders the uniformly dispersion; and third, there is a 

higher probability of reduction in particle size.  

In the in situ polymerization method, fillers are usually dispersed within the liquid 

monomers, then polymerization is initiated by increasing temperature, adding an initiator or 

mixing two monomers. One of the advantages of this method is that it allows grafting polymer 

chains onto the surface of fillers. Besides, this technique is useful for some polymers which are 
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not soluble in most common solvent or thermally unstable. A variety of polymer composites 

have been prepared by this approach [83-85]. 

 Besides the above mentioned methods, two other methods that can be used based on the 

application are the electro-spinning method and the layer-by-layer method. For electro-spinning, 

a high voltage power supply, a spinneret, and a collector are required. The spinneret is connected 

to a syringe where polymer composite solution or melt is stored. With the help of syringe pump, 

the solution can be fed through the spinneret with a constant and adjustable rate. When a voltage 

is applied, the pendent drop of polymer composite at the end of spinneret will be charged over 

the time. Two types of electrostatic force applied at this time: the electrostatic repulsive force 

and Coulombic force produced by external electric field. Once the electrostatic force overcomes 

the surface tension of polymer composite, the liquid jet is ejected from the nozzle and a stress is 

generated as a result of the stretching and whipping action, resulting in forming a long polymer 

composite fiber. Parameters which affects the final properties of polymer fiber are solution 

properties ( viscosity, conductivity, surface tension), system properties ( applied voltage, 

distance between spinneret and collector), environmental conditions (humidity, air velocity) [86]. 

For the layer-by-layer method, opposite ionic charges of polymer and nanofiller are used to 

sequentially produce a multilayer composite. A substrate is dipped into a solution with a cationic 

polymer, dried and dipped into a solution with an anionic nanoparticle. This process is repeated 

by several times until desired thickness is obtained. The thickness of the film relies on the 

concentration of polymer in the solution, molecular weight of polymer, ionic strength, pH and 

temperature. This method is not limited to electrostatic interaction only, subsequently, hydrogen 

bonding, charge-transfer interactions, coordination bonding and covalent bonding are applied to 

develop layer-by-layer composites [87-89]. 
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1.6 Properties and Applications of nanocomposites 

Any one or multiple nanoparticles ca be introduced into the polymer matrix for adjusting, 

modifying their properties, based on the main objectives and research experience.  This section 

focusses on mechanical, thermal conductivity and gas barrier properties. 

 

1.6.1 Mechanical Property 

Mechanical properties are the important factors used  to qualify ability of polymer 

composites for different applications. Some widely used criterions are tensile/flexural strength, 

modulus, impact strength, toughness. Standard sample preparation process and testing details 

have been established by American Society for Testing Methods (ASTM). Carbon based 

nanofillers are considered as the optimal reinforcing materials based on their extraordinary 

mechanical properties, and their high aspect ratio offers more active sites for further 

functionalization with different organic/inorganic molecules, which could adjust the mechanical 

properties of nanocomposites with different desirable attributes. At same time, different 

mathematical models are developed for estimating the properties of composite.  Three widely 

used ones are shown below: rule of mixtures, Halpin-Tsai and Kerner-Lewis model [90-92]. The 

rule of mixture is straightforward, shown in equation (1): 

                                                          𝐸 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚𝑉𝑚                                                               (1) 

Where, Ef, Em, Vf, Vm are the modulus and volume faction of the filler and matrix. This 

equation is based on the assumption of iso-strain, that is ɛ=ɛf=ɛm. This model does not take the 

interaction between filler and matrix, or the geometric factor of different fillers into 

consideration, which lead to a rough estimation. The Halpin-Tsai model is developed that gives 
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quite satisfactory approximation of more complicated micromechanics results, shown in 

following equations: 

                                      
𝐸

𝐸𝑚
=

(1+𝜁𝜂𝑉𝑓)

1−𝜂𝑉𝑓
                                                           (2) 

                                               𝜂 =

𝐸𝑓

𝐸𝑚
−1

𝐸𝑓

𝐸𝑚
+𝜁

                                                   (3) 

 

Here, Ef, Em, Vf are the modulus and volume faction of the filler and matrix, in general 

ζ=2s/t, where s is the length of the filler and t is the thickness. The volume fraction Vf  should be 

below 0.7 otherwise, another empirical term is needed to put into for higher filler loading. 

Kerner-Lewis model shows similar format of the equation but changing the parameter ζ to A and 

A is calculated based on equation (4): 

                                                          𝐴 =
7−5𝑣𝑚

8−10𝑣𝑚
                                                                (4) 

νm is the Poisson’s ratio for the matrix, once again adjustment must be made for high volume 

factions of filler close to the maximum packing volume fraction. 

Apart from mathematical proof, many experimental results have been used to verify the 

reinforcing effect of different nanofillers. Qi et al [93]. prepared thermotropic liquid crystalline 

epoxy(TLCP) grafted graphene oxide and incorporating this filler into epoxy matrix through 

solution mixing and casting method. With 1wt% loading, the impact and tensile strength 

improved to 51.4 kJ m-2, 79.0 MPa, compared to neat epoxy 26.3 kJ m-2 and 55.4 MPa. The 

flexural modulus also increased from 1840 to 2275 MPa. Kanagaraj et al [94]. used multi-wall 

carbon nanotube, with diameter of 60-100 nm, length of 5-15 µm, to greatly improve the 
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toughness, Young’s modulus which are 842.5 J and 1.3 GPa compared to 634.5 J , 1.1 GPa of 

neat polymer. One conclusion is that simply using one, pure carbon material as the filler to 

improve the mechanical property of composite cannot satisfy all growing requirements under 

different areas. Surface treatment/ functionalization applied onto carbon materials, such as 

oxidization, covalent/ non-covalent grafting molecules and taking advantage of the synergistic 

effect between different carbon allotropes have been investigated. This research focuses on 

investigating the addition of graphene oxide, with its highly oxidized basal plane offering the 

possibility of better interaction with the polymer matrix, which theoretically improves load 

transfer efficiency, and at the same time, having good interaction with the graphene nanoplatelet. 

As pointed out by Kim et al [15,16], graphene oxide works as a coupling agent for dispersing 

other carbon materials into polar solvents and maintaining a stable suspension for several weeks.  

In this research this property was important, and the GO was used as the coupling agent for 

improving the interaction between GnP/epoxy system. Further functionalization of the graphene 

oxide with different kinds of diamines was investigated, with a small amount of graphene oxide 

( ratio between graphene oxide and GnP set as 1:10, 1:50 by weight), the tensile modulus of final 

composite increased by over 50% with only 0.86wt% loading of GnP filler. The details are 

discussed in the following chapter.  

 

1.6.2 Thermal conductivity 

The thermal conductivity of graphene is due to the ease with which phonons can travel along 

the graphene basal plane. Figure 1.11 (a) depicts heat conduction in crystalline materials, which 

is also applicable to graphene. When the phonon contacts with outer crystal lattice, the phonon 

conducts from the outer atomic layers through the material by vibrations. Since the atoms are 
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densely stacked, the vibration quickly travels to the neighboring atoms. For graphene, because of 

strong covalent bonds, the vibration moves quickly in the basal plane which make graphene is 

highly thermally conductive. Different from crystalline materials, the heat transfer in polymers is 

not like the wave, as shown in Figure 1.11 (b), when the polymer contacts with heat source, heat 

also transfers to the outer atoms through vibration, however, this also leads to disordered 

vibration and rotation of atoms, which reduce the thermal conductivity [95]. When adding the 

conductive fillers into polymer matrix, a large number of interfaces are created, which causes 

phonon scattering and interfacial thermal resistance. Only when the loading excesses a specific 

amount—percolation threshold, the fillers could connect to each other and form the conductive 

path. 

 

Figure 1.11. Schematic of thermal-conductive mechanisms: (a) crystalline materials, (b) 

polymer [95] 
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Mu et al [96]. prepared expanded graphite/silicone composite using solution-casting and 

melt-processing. They reported that thermal conductivity increased along with graphite content, 

the thermal conductivity obtained 0.32 W m-1 K-1 at 9phr, while for melt-mixing, it reached 0.24 

W m-1 K-1. Kostaginanakopoulou et al [97]. compared reinforcing effect between GnP and multi-

wall carbon nanotubes(MWCNT) on epoxy composite. Through adding 3wt% filler into epoxy, 

thermal conductivity reached 0.36 W m-1 K-1  and 0.41 W m-1 K-1  for MWCNT and GnP 

respectively. When the loading was increased to 15wt%, the GnP-Epoxy had a conductivity of 

0.80 W m-1 K-1, which increased by a factor of 300% compared to neat epoxy. Further, 

researchers investigate the synergistic between different dimensions of carbon materials, like 

using CNT and GnP to build up 3D structure, then making the polymer composite based on this. 

And surface treatment is applied on the fillers to improve interfacial interaction, which also leads 

to less phonons scattering. In our research, the GnP-thermoplastic polyurethane (TPU) composite 

was prepared through extrusion, the effect of parameters such as extrusion speed, roller 

temperature, distance between roller and die on thermal conductivity of composite was 

investigated. 

 

1.6.3 Gas barrier property 

For a neat polymer, the crystallinity of the polymer greatly affects the barrier properties. 

Permeation of gas molecules  require sufficient free volume for diffusing molecules to move 

through the polymer. The addition of 2D platelet fillers creates a tortuous pathway for a gas 

molecule, as shown in Figure 1.12. Both Neilson and Bharadwaj proposed a model to calculate 

gas permeability of polymer composite [98,99]. The interfacial strength also plays an important 

factor here, as a gap may form between fillers and matrix if the interaction is weak, and this gap 
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will be a path for gas molecules and thus causes less improvements. Various researchers have 

investigated using clay, graphene, graphene oxide or their functionalized derivatives to improve 

the gas barrier properties of different polymer matrix [100-102]. 

 

Figure 1.12. Zigzag diffusion path of  a gas through platelets filler polymer composite [103] 

 

As more different kinds of fillers are discovered or synthesized, and surface functionalized 

are further developed, multiple nanocomposite compositions are possible which broadens their 

applications. Based on improved mechanical properties, numerous automotive and 

general/industrial applications seeking the opportunities to use polymer composite to replace 

metal parts, such as vehicle structure or parts- engine covers, belts, door handles. For the 

platelets structure of filler in improving the gas barrier property, the polymer composite could be 

used in the fuel tank, fuel lines or containers. Adjustments in thermal/ electrical conductivity, 

pave the path for the polymer composite to be used as capacitors, sensors, fuel cell, solar cell. 

Surface functionalization and nanotechnology skills give the possibilities of polymer composite 

to be further used in biomedical applications, such as drug delivery, gene delivery and cancer 
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therapy [104,105]. With continues developing in science and technology, polymer 

nanocomposite have the potential to change our daily life in near future. 

 

1.7 Dissertation Outline 

This dissertation is divided into three main research chapters that provide a systematic 

review on using GnP, and its derivatives, graphene oxide, to improve the properties of different 

polymer matrix, and explore multiple applications. Chapter 2 discusses improvements of GnP on 

mechanical properties, gas barrier performance and thermal conductivity for a polyurethane 

matrix and compare the effect of distribution/ alignment of GnP on reinforcing results. Chapter 3 

reviews using graphene oxide(GO)/f-GO as coupling agent to improve the interfacial properties 

between GnP and Epoxy. Chapter 4 looks at the use of  GnP-Epoxy based system as an electrical 

actuator.   
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CHAPTER 2 – GRAPHENE NANOPLATELETS-THERMAL PLASTIC 

POLYURETHANE COMPOSITE FILMS FOR PACKAING APPLICATIONS 

 

 

2.1 Introduction 

Thermoplastic polyurethane (TPU) elastomers are linear block copolymers consisting of 

linear segmented blocks of hard and soft segments. TPUs are usually prepared through the 

reaction between three components, long chain diols (polyester or polyether based), 

diisocyanates (aromatic or aliphatic based) and small amounts of short chain diols (chain 

extender), forming a morphology of alternating rigid and flexible blocks [1]. Due to the different 

polarity and chemical structure of these two blocks, they form hard and soft phases [2]. The hard 

phase contains highly polar groups formed by the reaction between the diisocyanates and short 

chain diols; while the soft phase is formed through the reaction of polyols with diisocyanates. 

The properties of polyurethanes can be easily adjusted through varying the volume fraction or 

chain length of each phase [3-8] or by manufacturing parameters [9-10]. This leads the 

polyurethane to be a versatile synthetic soft material that has been widely used as fibers, 

coatings, adhesives [11] and in biomedical applications [12]. However, despite these advantages, 

low tensile strength and modulus, poor thermal and electrical conductivity, and low gas barrier 

performance limit its ability to fulfill many packaging application requirements.   

Numerous studies revealed that the addition of layered materials into the TPU matrix 

improved its performance to meet the packaging requirements. Nanoclay was considered as one 

option and improvements for TPU composite were observed in thermal stability, mechanical 

properties and gas barrier properties [13-18]. However, another 2D material, graphene 

nanoparticles is a promising alternative which can simultaneously improve thermal conductivity, 

gas barrier performance, and mechanical properties. Graphene was first isolated in 2004 [19], 
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with its unique 2D structure and outstanding properties: high basal plane elastic modulus, around 

1TPa and ultimate strength, around 130 GPa [20], outstanding thermal conductivity (~5000 W 

m-1 K-1) [21], and large theoretical specific surface area (2630 m2 g-1) [22]. Research published 

over the last few years [23-26], showed that few-layer exfoliated graphene nanoplatelets (GnP) 

can be produced by flash thermal exfoliation of graphite intercalated compounds via a cost-

effective process which can be utilized at industrial. This material and its derivatives are 

promising carbon based fillers for polymers. Chen et al. reported incorporating 0.5wt% GnP into 

TPU and found that the Young’s modulus increased from 21.8 MPa to 30.2 MPa and tensile 

strength improved from 9.7 MPa to 24.5 MPa. Further, with polydopamine functionalization 

GnP (PDA-GnP), and under the same loading, the tensile strength reached 40.1 MPa [27]. Yadav 

et al.  prepared 4-aminophenethyl alcohol and 3-methyl butyl nitrite functionalized GnP and 

found that with 2wt% of this functionalized GnP incorporated into polyurethane, the modulus 

improved from 12 MPa to 113 MPa and an enhancement of thermal stability of 30 °C was 

measured [28]. Li et al.  used a dip-coating method to produce a 1wt% loading of reduced 

graphene oxide coated polyurethane particles, and after compression molded obtained a 

composite, with a thermal conductivity of about 0.8 W m-1 K-1 [29].   

In this work, the mechanically strengthened, thermally conductive composite TPU film was 

produced by a large scale extrusion process. Graphene nanoplatelets (GnP) were introduced into 

a thermoplastic polyurethane (TPU) through twin-screw extrusion. The effects of extrusion speed 

on dispersion and alignment of GnP fillers, composite thermal conductivity, gas barrier 

performance, and transient and dynamic mechanical properties of the composite films were 

evaluated.   
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2.2 Experimental section 

 

2.2.1 Materials 

The graphene nanoplatelets (GnP) used in the research were GnP-R10 supplied by XG 

Sciences, having an average diameter of 10μm and surface area of 30-60 m2 g-1 [30]. The TPU 

polymer used in the research was branched Elastollan 1185A10 [31] purchased from BASF and 

supplied in pellet form. The properties of these two materials are available on their official 

website.   

 

2.2.2 Fabrication of GnP-TPU Composite Films 

The TPU pellets were dried at 100 °C for 2 h in a vacuum oven before melt-blending with 

GnP. A Leistritz twin-screw extruder (MIC27/6L-48D), operating in the counter-rotation mode 

with a length/diameter of 48:1, was used for preparing GnP-TPU composite films. The twin 

screw rotating speed was fixed at 100 rpm. Loading speed for TPU/GnP was set as 0.23 kg h-1 

and 0.68 kg h-1 based on the nominal 25wt%(14vol%) of filler in the final product, with filler 

content verified by the TGA. Figure 1 shows the schematic illustration of the film manufacturing 

process. The whole extrusion chamber consists of eleven zones and the die, with the length of 

each zone around 10.8 cm. TPU pellets were fed into the extruder at zone #1, and the side feeder 

for the GnP fillers was fixed at zone #5. The temperature settings for each zone are shown in 

Figure 2.1.  Roller 1,2,3,5 were kept at the same speed defined as the ‘film extrusion speed’; 

rollers 4,6 were freely rotating. The thickness of composite film was controlled by the gap of the 

die and the film extrusion speed. Three film extrusion speeds (2FPM, 3FPM, 5FPM) were 

selected to produce films with thickness around 140 μm, 100 μm and 80 μm. The neat TPU, 

GnP-TPU-2FPM, 3FPM, and 5FPM are referred to as ‘Neat’, ‘2FPM’, ‘3FPM’ and ‘5FPM’.   
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Figure 2.1. Schematic process for producing composite film and temperature setting for 

difference zones along the extrusion chamber 

 

 

2.2.3 Characterizations of the GnP/TPU Composite Films 

The thermal conductivity of the laminate films is related to their thermal diffusivity, density, 

and heat capacity by the following equation: 

𝑘 = 𝛼𝜌𝐶𝑝 

where k is the thermal conductivity in W m-1K-1, α is the thermal diffusivity, m2 s-1, and Cp is the 

heat capacity J kg-1 K-1. A Netzsh HyperFlash® system was used to measure the thermal 

diffusivity of the laminate films via the laser flash method. Four 1.3 x 1.3 cm squares were cut 

from each composite film. Both sides of the squares were coated with graphite to reduce light 

reflection. Five laser shots were performed on each specimen with a 25% filter, a pulse width 

~170 µs and with applied voltage of 304 V. The Micromeritics AcccuPyc II 1340 was used to 

measure the film density through inert gas displacement and the average calculated from 10 

measurements. A TA instruments Q2000 differential scanning calorimeter (DSC) was used to 
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measure heat capacity of the films. The temperature ramped from -10 °C to 50 °C at a rate of 

10 °C min-1 for at least three replicates for each composite film composition.   

The O2 permeability was measured with a Mocon OX-TRAN 2/20 ML for a circular sample 

with area of 5 cm2, tested at room temperature. The results were collected for at least ten cycles 

after equilibrium was reached. All the reported results were normalized to the thickness of the 

sample.   

The transient and dynamic tensile properties were examined with a TA Instrument RSA III 

Solids Analyzer equipped with a force-convection oven. All the samples were cut into a 

rectangular shape ~60 mm in length and ~6.5 mm in width. The thickness varied with the film 

extrusion speed. For tensile testing, the sample was strained and retracted in two consecutives 

tensile cycles, with the speed 0.1 mm s-1 for 30 s. The initial gage length was fixed at 20 mm.  

Each specimen was replicated five times and the results were averaged. The frequency was 

swept from 0.5 to 50 rad s-1, with a strain amplitude of 0.1%. The properties of GnP-TPU 

composite were measured at 25 °C and 50 °C. Three replicates of each composite were measured.   

The Dynamical mechanical analysis (DMA) of the samples was conducted with a TA 

Instruments DMA Q800 in tension mode. The strain amplitude was set at 20 µm, at a frequency 

of 1 Hz. The samples were heated at 3 °C min-1 from -80 ºC to 100 °C. Three replicates were 

tested for each sample.   

The loss in weight with temperature was measured with a TA Instruments 

Thermogravimetric Analyzer TGA Q500 in high resolution mode. The temperature ramp was 

from 25 °C to 800 °C with 25 °C min-1. 

The distribution and alignment of GnP in the TPU matrix was investigated by ZEISS 

focused ion beam scanning electron microscope operated under 12 kV. The samples were cut 
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along extrusion/transverse direction, mounted into epoxy and followed by several polishing 

steps. Then the samples were coated with Tungsten before doing analysis. 

 

2.3 Results and Discussion 

 

2.3.1 Film Morphology 

Scanning electron microscope (SEM) was used to investigate the dispersion and alignment 

of GnP in the TPU matrix. Figure 2.2 shows that, after mixing and extrusion, the GnP 

nanoparticles were randomly and uniformly dispersed in the TPU matrix. After going through 

the roller, the GnP nanoparticles started to align along the film extrusion direction. As the film 

extrusion speed increased, higher concentrations of small GnP formed concentrated along the 

center line of the extruded film. Likewise, it can be seen in the images of the 5 FPM sample that 

there are more gaps existing around the GnP as film extrusion speed increased.   
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Figure 2.2. Cross-section for GnP/TPU composite under different film extrusion speeds 

 

The higher magnification image of Figure 2.3 shows that all the samples show gaps between 

the fillers and matrix which was attributed to weak bonding between them. During the extrusion 

process, different viscosity and flexibility caused the fillers to separate from the matrix.    
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Figure 2.3. Cross-section for GnP/TPU composite under different film extrusion speeds (High 

magnification).  Gaps between fillers and matrix can be clearly observed, and the gap density 

increases with higher roller speed. 

 

2.3.2 Thermal Conductivity of the composite films 

From Table 2.1, the GnP/TPU composite films increased their through-plane thermal 

conductivity up to 350% compared to the neat TPU. Other researchers have reported on using the 

GnP in epoxy matrix composites [32-34]. This thermoset system with less phonons scattering 
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could achieved conductivity of 3 W m-1 K-1 or higher with GnP loading of 20wt% or higher. In 

this research, a stretchable, thermally conductive film for packaging was produced. As GnP is a 

2D material, the through plane thermal conductivity not only depends on dispersion but also the 

alignment of this filler and the contact between individual particles. The spacing between GnP 

particles increased with increasing stretching resulting in decreasing of the conductivity when 

film extrusion speed was increased. When the film extrusion speed increased, more GnP tended 

to be aligned in the x-y plane in the TPU matrix. However, this led to fewer vertical aligned 

nanoplatelets which could form a conductive path in the through-plane direction. GnP itself has a 

much higher in-plane thermal conductivity compared to through-plane at lower film extrusion 

speed, the higher through-plane thermal conductivity is the result of a combination of horizontal 

and vertical aligned nanoplatelets at lower speed. GnP is more randomly distributed along z-

direction. Under high film extrusion speed conditions, this effect weakened, and fewer vertical 

aligned nanoplatelets were produced. These two possibilities led to the slightly drop in the 

through-plane thermal conductivity.   

Table 2.1. Through-plane thermal conductivity of the GnP/TPU films 

Sample 
Conductivity 

W m-1 K-1 

Neat TPU 0.20±0.01 

GnP/TPU-2FPM 0.90±0.19 

GnP/TPU-3FPM 0.81±0.09 

GnP/TPU-5FPM 0.77±0.04 

 

2.3.3 Oxygen Permeability of the composite films 

In Table 2.2, Compared to the neat TPU film, the through film direction oxygen 

permeability of the GnP/TPU composite film decreased. This was attributed to platelet structure 

and large aspect ratio of GnP, which created a tortuous diffusion path due to the impermeability 
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of nanoplatelets [35,36]. When film extrusion speed increased from 2FPM to 3FPM, the oxygen 

permeability decreased around 65%, but after the speed increased, the permeability did not drop 

further. From 2FPM to 3FPM, the higher speed produced a greater degree of GnP in-plane 

alignment in the x-y plane which resulted in creating a better barrier to restrict gas diffusion. But 

once the speed exceeded a specific level, the GnP particles were pulled further apart. Also 

considering the weak interaction across the GnP-TPU interface, separation between the GnP and 

TPU resulted in a path for gas molecules and this was responsible for the lack of improvement in 

barrier properties [36,37].    

Based on these results, other modifications such as surface functionalization of GnP 

nanoplatelets to improve the interaction with the TPU matrix could further decrease the 

permeability. Also, a process using a layer-by-layer technique could also be beneficial to 

creating a high density stack of GnP layers.   

Table 2.2.  Through-plane Oxygen permeability for GnP/TPU composite film 

Sample 
Permeability 

m3-m [m-2 day-1]*10-7 

    Neat TPU 2.15±0.236 

GnP-TPU-2FPM 1.73±0.120 

GnP-TPU-3FPM 0.58±0.038 

GnP-TPU-5FPM 0.61±0.052 

 

2.3.4 Tensile Properties of Composite Films 

Two stress-strain cycles were analyzed for the composite films as shown in Figure 2.4. The 

failure strain for the GnP-TPU composite film could reach around 70%, but 15% strain was 

selected to investigate the Mullins effect [38] and mechanical properties of the composite films.  

In Figure 2.4, the neat TPU displays typical elastomer properties, but when incorporating GnP 

into the matrix, the hysteresis is enhanced. The second cycle hysteresis is much lower than the 
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first cycle, which is attributed to the debonding of the GnP from the TPU and reorientation of 

GnP that occurred primarily in the first cycle. The GnP-TPU composites shown a significant 

softening effect compared to the neat TPU. Mechanical results summarized in Figure 2.5 

calculated from stress-strain cycles, at 25 °C, show that the 2 FPM sample increased in modulus 

~ 950% and in strength ~ 470% in the extrusion direction. The properties in the transverse 

direction dropped ~38% in modulus and strength. When the film extrusion speed increased, the 

modulus and peak stress decreased both in extrusion and transverse directions. This was the 

result of the inverse relationship between film extrusion speed and dispersion property of GnP. 

But if the ratio between Peak II and Peak I  (the tensile stress at 15% strain from second and first 

stress-strain cycle) are compared, for different film extrusion speed samples, they show similar 

values indicating that the viscoelastic properties of the composite films are not as sensitive to 

varying the film extrusion speed. The same trend exists as the temperature increases up to 50 °C. 

Compared to the neat TPU at the same temperature, the 5 FPM composite film still has a 700% 

and 350% higher modulus and peak stress. Compared to modulus I, peak I there was a ~35% and 

~6% decrease in modulus II and peak II.  This was also attributed to poor interaction between the 

GnP fillers and TPU matrix. Since only weak Van der Waals forces were present, this led to low 

adhesion between the fillers and matrix. During the extrusion mixing process, it was observed 

that the GnP fillers tended to form agglomerates with gaps formed between the agglomerates and 

matrix. After the first stress-strain cycle, these defects aggregated which further deteriorated the 

mechanical property of composite films. The permanent strain after each cycle markedly 

increased after GnP was introduced into the TPU. The GnP acted as a rigid element which 

hindered the motion of flexible polymer chains. Under different film extrusion speeds or higher 
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temperatures, this permanent strain does not show a large difference, as the filler’s loading and 

adhesion between fillers and matrix would be the dominating factors [39].   
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Figure 2.4. Two stress-strain cycles with strain amplitude of 15%. ((a): Neat TPU; (c): GnP-

TPU-2FPM; (e): GnP-TPU-3FPM; (g): GnP-TPU-5FPM were samples tested under 25 °C, and 

(b): Neat TPU; (d): GnP-TPU-2FPM; (f): GnP-TPU-3FPM; (h): GnP-TPU-5FPM were samples 

tested under 50 °C 
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Figure 2.5. The tensile properties of composite film for each cycle under 25 °C and 50 °C (The 

Modulus I(II)/Peak I(II) recorded the modulus and peak stress (with 15% strain) calculated from 

first(second) stress-strain cycle.  (a), (c), (e), (g) were samples tested under 25°C and (b), (d), (f), 

(h) were samples tested under 50°C) 
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Table 2.3.  The strain in each cycle under 25°C  

 Extrusion Transverse 

25 °C 

1st cycle 

end strain 

% 

2nd cycle 

start strain 

% 

2nd cycle 

end strain 

% 

1st cycle 

end strain 

% 

2nd cycle 

start strain 

% 

2nd cycle 

end strain 

% 

Neat-TPU 1.39±0.24 1.18±0.25 1.61±0.23 1.11±0.14 0.94±0.10 1.31±0.16 

GnP-TPU-2FPM 4.25±0.22 2.95±0.41 4.57±0.21 3.63±0.32 2.72±0.18 4.02±0.35 

GnP-TPU-3FPM 3.86±0.25 3.00±0.21 4.27±0.27 3.51±0.09 2.73±0.16 3.91±0.11 

GnP-TPU-5FPM 3.80±0.19 3.00±0.19 4.24±0.15 3.73±0.17 2.87±0.16 4.12±0.25 

 

Table 2.4.  The strain in each cycle under 50°C 

 
Extrusion Transverse 

50 °C 

1st cycle 

end strain 

% 

2nd cycle 

start strain 

% 

2nd cycle 

end strain 

% 

1st cycle 

end strain 

% 

2nd cycle 

start strain 

% 

2nd cycle 

end strain 

% 

Neat-TPU 1.18±0.18 0.94±0.23 1.46±0.17 1.24±0.24 0.96±0.24 1.49±0.22 

GnP-TPU-2FPM 4.79±0.15 3.74±0.15 5.20±0.15 3.90±0.11 3.04±0.06 4.35±0.13 

GnP-TPU-3FPM 4.31±0.13 3.45±0.06 4.78±0.15 4.14±0.26 3.20±0.05 4.57±0.23 

GnP-TPU-5FPM 4.59±0.07 3.62±0.10 4.99±0.12 4.29±0.20 3.18±0.08 4.72±0.36 

 

A frequency sweep test was used to check the tendency of the TPU-GnP composite modulus 

to change after each cycle. Figure 2.6 and 2.7 summarize the storage modulus of the GnP-TPU 

composite films under different frequencies at 25 °C and 50 °C conditions. The data shows the 

same trends as the calculated Young’s Modulus shown in Figure 2.5. At 25 °C, for the storage 

modulus before the first stretch-strain cycle, even the 5FPM sample still gave around 950% and 

600% improvement in extrusion and transverse direction respectively compared to neat TPU.  

When the temperature was raised to 50 °C, the properties still were over 800% and 500% 

improvement. But as discussed above, after straining to 15%, the storage modulus E’II dropped 

10~20% and 25~35% compared to E’I at 25 °C and 50 °C. The storage modulus also decreased 
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with increasing film extrusion speed. When the film extrusion speed increased, the GnP in the 

matrix tended to form larger agglomerates which accumulated in the center of the composite 

films, as shown in the SEM images. Similarly, the storage modulus in the extrusion direction was 

higher than the transverse direction. This can be explained by the film extrusion orientation 

effect and the dispersion and alignment effect. When the films went through the roller, there was 

a dragging force in the extrusion direction, tending to stretch and align the polymer chains and 

nano-fillers. This combined with the Poisson effect during the manufacturing process led to the 

mechanical difference in two directions. Second, the dispersion and alignment state of GnP in the 

two directions also affected the testing results.   

 

Figure 2.6. The storage modulus under 25 °C (E’I and E’II represented the modulus before and 

after first stress-strain cycle) (a), (b) were samples from the extrusion direction and (c), (d) were 

samples from the transverse direction 

 



 

49 

 

 

Figure 2.7. The storage modulus under 50 °C (E’I and E’II represent the modulus before and 

after the first stress-strain cycle) (a), (b) were samples from the extrusion direction and (c), (d) 

were samples from the transverse direction 

 

The dissipated energy represented the area formed between the stretch-retract curves.  The 

value in Figure 2.8 shows that it decreased along with increases in the film extrusion speed, by 

raising of the temperature or with more stretch-retract cycles. The energy came from two 

aspects: re-alignment of fillers in the matrix and peeling the polymer chains off the filler surface 

[40]. As the film extrusion speed went up, this gave better alignment of GnP in the TPU matrix, 

which caused less re-alignment in the stress-retract cycle. However, at the same time, more 

defects were created. When the speed went up, more detachments happened during the extrusion 

process, as the difference in the viscosity of fillers and matrix, combined with the weak 
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interaction between them. The result was that the TPU polymer separated from the GnP surface.  

Based on these two effects, composite samples with higher film extrusion speed showed the 

lower dissipated energy. When the temperature was increased, the modulus and strength of the 

TPU composite dropped, which meant that the restricting force, which blocked the GnP from 

moving in TPU matrix, was lowered. After the first stretch-retract cycle, part of polymer chains 

was pulled off from GnP surface, and this process was mostly irreversible. This phenomenon led 

to the second stretch-retract cycle requiring less dissipated energy. Compared to the extrusion 

direction, the dissipated energy for the transverse direction was much lower, because of the 

lower modulus in the transverse direction coupled with debonding during straining of the 

specimen. In the stretch-retract cycle for the transverse direction, a lower force was needed to re-

align the nanoplatelets and less debonding happened during the process.   
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Figure 2.8. The dissipated energy of composite film for each cycle (The Dissipated E I(II) 

recorded the dissipated energy calculated from first(second) stress-strain cycle.  (a), (c) were 

samples tested under 25 °C, and (b), (d)were samples tested under 50 °C) 

 

2.3.5 The Dynamic Thermal Mechanical Properties of GnP/TPU Composite Films 

The Dynamical thermal mechanical behavior of TPU and its composite are displayed in 

Figure 2.9. The storage modulus in the extrusion and transverse directions are shown in Figure 

2.9 (a) and (b). Below Tg, there was a clear difference between neat TPU and GnP-TPU 

composites, as GnP has a strong influence on the elastic properties of the TPU matrix. When the 

film extrusion speed increased, the storage modulus started to drop. Two reasons led to this 
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result: first, when film extrusion speed increased, the concentration of GnP in a given area of 

matrix decreased; Second, as speed went up, the GnP in the TPU matrix tended to stack together 

forming the larger agglomerate and more defects created around these large aggregates. This 

phenomenon weakens the reinforcement effect from GnP. Even though the storage modulus 

increased substantially, Figure 2.9(c) and (d) show that the Tg only shifts around 4 °C higher 

which agrees well with published work [41,42].   

 

Figure 2.9. The dynamic properties of composite samples ((a), (c) were samples collected from 

the extrusion direction and (b), (d)were samples from the transverse direction) 
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2.3.6 The Thermal Stability of GnP/TPU Composite Film 

TGA was used to verify the GnP content in the composite films. Figure 2.10 shows that 

under different extrusion speeds, the GnP in the final composite films all are around 25wt% (the 

actual weight percentage of GnP in the composite based on subtracting neat TPU curve from 

composite film curves). And, it shown that all the composite film gave a step-decrease compared 

to the straight-drop of neat epoxy, which proved that GnP could resist decomposition of TPU. 

The enhancement of thermal stability for the composite was due to the high aspect ratio of GnP 

which functionalized as a barrier and prevented the emission of gaseous molecules during the 

thermal degradation process. And the uniformly dispersed GnP disrupted the oxygen supply by 

forming the charred layers on the composite surface, therefore, also improved the thermal 

stability. 

 

Figure 2.10. TGA curves for GnP-TPU composite film 
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2.4 Further modifications on composite paper 

 

2.4.1 Press Forming Features into GnP/TPU Composite Film 

As shown in Figure 2.11, a shaped material can be sealed between two GnP/TPU composite 

films by hot-pressing method which consisted of heating the composite film up to 180 ºC, 

holding for 10min, then compression molding the GnP/TPU with an elastomeric platen to seal 

the edges of the composite films and encapsulate the materials inside. In addition, a composite 

pocket was prepared by hot pressing the composite films layered around a Teflon film. After 

cooling to room temperature, the Teflon sheet is removed, and an open pocket structure is 

formed, which could be used to package solids or liquids and can be sealed by hot compression 

of the package edges.     

 

Figure 2.11. GnP-TPU composite film used for packaging application 
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Thermoforming can be used to create features into GnP-TPU composite film to facilitate 

multifunctional properties. In the construction described above, the thermal conductivity of the 

composite film was improved by 350%, however when the heat source in located inside the 

package and needs to be transferred from the interior to the surface, the introduction of surface 

features can enhance convective cooling. Surface features added to the GnP/TPU composite can 

be added to enhance turbulence of a gas or liquid passing over this surface as shown in Figure 

2.12. The composite film was placed on a positive mold and covered with a soft rubber bladder.  

Heating the whole structure to above the softening point of the TPU combined with slow 

compression is an effective approach. The dimension/shape of the features, space between 

features, arrangement of features are parameters which can be adjusted to changing thermal 

convection requirements.   

 

Figure 2.12. Press features onto GnP-TPU composite film 

 

2.4.2 Compression Molding of the Surface Features into The GnP/TPU composite film 

Based on the simulation results, surface features that enhance convective thermal 

conductivity were found to be effective at values over 3W m-1 K-1. The GnP-TPU film for 

protection and gas barrier enhancement. The GnP paper was made based on a filtration method 

as shown in Figure 2.13, 2 g of GnP was dispersed into 400ml water with polyethylenimine 
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(PEI) ( weight ratio PEI: GNP=1:2)  as surfactant under 120 W, 5 min sonication. After 

filtration, the wet GnP paper on a designed mesh was compress with ~1500 lb load followed by 

drying the paper in hood overnight. This process produced the GnP paper with desired features 

having dimensions and  spatial arrangement. This can also be accomplished through 3D printing, 

as shown in Figure 2.13 (c). Features with different sizes and spacing can be easily printed with a 

variety of polymeric systems. When the GnP paper with the desired features was created, it was 

covered with GnP-TPU composite film through a compression molding or spray coating process.   

 

Figure 2.13. Press features onto GnP paper : (a) Schematic illustration for producing GnP paper 

and pressing features onto it; (b) GnP with features on surface (feature dimension: l, w: ~2 mm, 

h~1.5 mm); (c) 3D printing features onto GnP paper (features dimension: features dimension: 

from small to large: 2 x 2 mm, 5 x 5 mm, 10 x 110 mm, and all have same h ~ 1.5 mm) 

 



 

57 

 

Figure 2.14 shows the SEM images for the features created on the GnP surface through the 

press method. Figure 2.14 (a) and (b) represents the top view and 70º title view, the features after 

press, maintain the fine structure, which is beneficial for the thermal convection. Figure 2.14 (c) 

shows the sample which was mounted into epoxy and polished to investigate the cross-section 

morphology. It proves that the edge and transfer region of the features are in the designed shape. 

 

 

Figure 2.14. The SEM images for the features pressed onto GnP paper (a) Top view for the 

feature; (b) 70º title view for the feature; (c) cross-section for the feature. 

 

2.5 Conclusion  

Stretchable, formable, thermally conductive, electrically insulating GnP-TPU composite 

films were prepared through an extrusion process. The effect of GnP addition on the film thermal 

conductivity, oxygen permeability, static and dynamic mechanical properties and morphology of 

TPU composites was investigated. After incorporating 25wt% (14vol%) GnP into the TPU 

matrix, the thermal conductivity increased over 350% and oxygen permeability dropped by 75% 

compared to the neat TPU. The addition of GnP at increasing concertation increases the 

hysteresis phenomena and dissipated energy is altered, along with a 950% and 470% increase in 

tensile modulus and stress in the extrusion direction. For the transverse direction or at higher 

temperature, the mechanical properties decrease but are still much higher compared to neat TPU.  
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DMA results demonstrated that at -80 °C the storage modulus of the composite films at least 

improved ~260% and ~180% in the extrusion and transverse directions and exhibited an 

enhancement over the entire temperature range. The Tg for the composite films only increased by 

about 4 °C. This was attributed to the weak interaction between the GnP surface and the TPU 

matrix. These results indicate that the addition of GnP can increase a multitude of properties of 

the TPU, and that the surface modification of the GnP to improve its interaction with the TPU 

has the potential for achieving further improvements. Features were created onto the surface of 

the composite film improved the thermal convection performance. The effect of surface features 

with different dimensions, shapes and arrangement of features was demonstrated.  on thermal 

convection results would be analyzed in the future research.   
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CHAPTER 3 - IMPROVING THE MECHANICAL PROPERTIES OF GRAPHENE 

NANOPLATELET/EPOXY COMPOSITES USING FUNCTIONALIZED GRAPHENE 

AS COUPLING AGENT 

 

3.1 Introduction 

Graphene sheets, one atom thick two-dimensional layers of sp2-bonded carbon, have become 

a celebrated material since its first isolated in 2004 [1]. This novel material possesses of a range 

of unusual properties, such as large theoretical surface area (2630 m2 g-1) [2], high basal plane 

mechanical properties (~1 TPa elastic modulus and ~130 GPa ultimate strength) [3], outstanding 

thermal conductivity (~5000 W m-1 K-1) [4] and carrier mobility at room temperature (~10000 

cm2 V-1 s-1) [5,6]. Graphene can be prepared by various methods including micromechanical 

cleavage, chemical vapor deposition, exfoliation of graphite intercalation compounds and 

chemical oxidation-reduction methods [7-12]. One possible route to harnessing its extraordinary 

properties for applications would be to incorporate graphene sheets into a composite material. 

Chandrasekaran et al. [13] prepared a graphene/epoxy composite using a three-roll mill 

technique and saw the electrical conductivity increase by 500% at a loading of 0.3wt% graphene. 

The thermal conductivity increased by 6% for a 1wt% addition and was doubled to 14% for a 

2wt% graphene loading at 30 °C. Wan et al. [14] synthesized Triton treated graphene and 

incorporated it into an epoxy matrix, achieving ~57% and ~7% enhancement in tensile strength 

and modulus. Qin et al. [15] applied graphene coated carbon fiber as filler for epoxy based 

composite, the results showed a 52%, 7% and 19% increase in 90° flexural strength, 0° flexural 

strength and interlaminar shear strength compared to non-coated carbon fiber/epoxy composite. 

Jia et al. [16] designed cellular-structured graphene foam/epoxy composites. The 3D 

interconnected graphene network behaved as fast channels for charge carriers, increasing 

electrical conductivity of the composites, 3 S cm-1, with 0.2wt% graphene. 
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The manufacture of such composites requires not only graphene to be produced at a 

sufficient scale but also to be homogeneously distributed in the matrix and with optimized 

interfacial properties. Currently, chemical oxidation and reduction is the most effective, low-cost 

way to produce graphene at a large scale.  In this process, graphene oxide (GO) stands out as the 

key derivatized intermediate product. GO is an oxidized graphene sheet having its basal plane 

decorated with epoxide and hydroxyl groups and carbonyl, carboxyl groups located at the edges 

[11, 17]. These oxygen functional groups make GO sheets highly hydrophilic and a stable 

aqueous dispersion can be obtained [18,19]. The functional groups improve the affinity between 

the graphene basal plane and the polymer matrix. Additional functionalization applied on the GO 

surface can optimize the interfacial properties with the polymer matrix to enhance the load 

transfer efficiency and reinforcing effect. Li et al. [20] incorporated 0.2wt% amino-

functionalized GO (APTS-GO) into epoxy resin, the composite yielded a 32% increase in 

Young’s modulus and 16% increase in tensile strength. Wan et al. [21] prepared diglycidyl ether 

of bisphenol-A functionalized GO(DGEBA-f-GO). For epoxy composite with 0.25wt% 

DGEBA-f-GO, the tensile modulus and strength improved ~13% and ~75%. And the quasi-static 

fracture toughness (KIC) was enhanced ~26% and ~41% at 0.25wt% loading of GO and DGEBA-

f-GO, respectively. Bortz et al. [22] reported enhancements of 28-111% in mode I fracture 

toughness and up to 1580% in uniaxial tensile fatigue life through the addition of small amounts 

(≤ 1wt%) of graphene oxide to an epoxy system.  

GO has been thought to behave as a surfactant due to its unique chemical structure 

consisting of hydrophobic and hydrophilic moieties at different proportion [23,24]. 

Hydrophobicity is attributed to the un-oxidized aromatic domain while the oxygen-functional 

groups interact with other constituents through a combination of hydrogen bond and electrostatic 
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forces. This enhances the possibility for GO to act as a novel dispersant to stabilize different 

carbon materials [25-28].  

Epoxy resin, one of most widely used thermoset polymers, is known for its good mechanical 

and thermal properties, electrical insulation, high adhesive strength and chemical and corrosion 

resistance [29-31]. However, researchers are still trying to improve its toughness, strength, 

resistance to crack propagation in order to satisfy the increasing demands in high-performance 

applications. To address this issue, incorporating nano-fillers has been considered as an efficient 

approach to improve the performance of epoxy resins [32-35]. 

In this research, GO was used as coupling agent for dispersing graphene nanoplatelets 

(GnPs) into an epoxy matrix. Because of π-π interaction, the basal plane of GO attached onto the 

GnP surface, while the oxygen functional group bonded with epoxy resin. Different chain length 

diamines (p-phenylenediamine(PPDA) and Jeffamine D2000) were applied to modify the GO-

GnP couple in order to further improving the interfacial properties. The tensile properties were 

recorded and combined with fracture surface morphology to evaluate the effect of using GO/fGO 

as the coupling agent in improving the properties of the GnP-Epoxy composites. 

 

3.2. Experimental section 

 

3.2.1 Materials  

The graphene nanoplatelets (GnP) used in the research was GnP-R10 supplied by XG 

Sciences, with an average diameter of 10μm and surface area of 30-60 m2 g-1 [36]. The 

concentrated phosphoric acid was supplied by Columbus Chemical Industries, Inc. The 

concentrated sulfuric acid and hydrochloric acid were obtained from Macron Fine Chemicals. 
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30% hydrogen peroxide was purchased from Fisher Chemical. Potassium permanganate and p-

phenylenediamine (PPDA) were supplied by Sigma-Aldrich. Jeffamine D2000/D400 were 

received from Huntsman Corporation. Diglycidyl ether of bisphenol-A(DGEBA), with an 

equivalent weight (EEW) of 185-195,  was used as the epoxy resin and was from Hexion. All the 

chemicals were used as received. 

 

3.2.2 Preparation of graphene oxide (GO) 

GO was prepared from GnP-R10 based on improved Hummers’ method [37]. A 9:1 mixture 

of concentrated H2SO4/ H3PO4 (360 ml/40 ml) was added into a flask, containing 3 g GnP-R10 

powder. Then slowly introduced 18 g KMnO4 into the solution. The reaction was then heated to 

50 °C and stirred for 12 h. The reaction was then cooled to room temperature and poured into the 

2 L beaker with around 300 ml water. The beaker was surrounded by the dry ice to control the 

temperature. Slowly adding 30% H2O2 into the solution until bubble generation ceased, and the 

color of the solution changed to golden yellow. Centrifugation (4000 rpm) was applied to 

remove extra acid and wash the residual solid for 5 times with 10% HCl. Dialysis was used to 

further purify the GO product for around 4 weeks after which the GO uniformly dispersed in the 

water phase.  

 

3.2.3 Preparation of GO-GnP/ f-(GO-GnP) couple  

GnPs were dispersed into the GO suspension, with adjusted volume to be 100 ml and the 

mixture was sonicated under 90 W for 30 min. Total weight of GnP and GO together was fixed 

at 0.5 g or 1 g, varying weight ratios, 1:10 and 1:50 between GO and GnP were investigated. 
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After sonication, GnP and GO interacted with each other through π-π bond, and uniformly 

dispersed in the water phase, which was defined as ‘GO-GnP couple’.  

For functionalization of this GO-GnP couple (f-(GO-GnP)), two diamines were used here, p-

phenylenediamine (PPDA) and Jeffamine D2000. Excess amount of these diamines (weight ratio 

between PPDA/Jeffamine D2000: GO was 5:1 and 100:1) were added into above prepared GO-

GnP suspension. The reaction was conducted under 80 °C and stirred for 30 min [38]. The 

products were washed with water and ethanol to remove unreacted diamines. 

Either GO-GnP or f-(GO-GnP) couple was further dried in the oil bath ~75 °C to remove 

solvent, producing the GO-GnP or f-(GO-GnP) slurry. 

 

3.2.4 GO-GnP/f-(GO-GnP) composite preparation 

GO-GnP or f-(GO-GnP) slurry was re-dispersed into 100 ml dimethylformamide (DMF) 

with tip sonication under 150 W for 30 min, then the epoxy resin was added into the suspension 

and further sonicated for 30 min at 100 W. The mixture was then heated in the oil bath at ~80 °C 

for 24 h to remove the DMF. Then the mixture passed through a three-roll mill with 20 µm gap 

for 5 passes. The stoichiometric amount of curing agent (Jeffamine D400) was added and stirred 

to achieve the uniform suspension. The suspension was degassed for ~10min under 80 °C and 

poured into silicone molds, cured at 75 °C for 2 h and 125 °C for 2.5 h. The composites with two 

different loadings of fillers( 0.43wt%, 0.86wt%) were investigated in this research. 

 

3.2.5 Characterizations of the composites 

Raman spectroscopy was carried out using LabRAM ARAMIS ( HORIBA JOBIN YVON, 

Inc) in the range of 1200-1800 cm-1. The excitation laser wavelength was 532 nm. X-ray 
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diffraction (XRD) of GO and GnP were analyzed with D2 PHASER (BRUKER Corporation) at 

a scan rate of 0.02 ° s-1 in between 2θ range of 5°-35°. The wavelength of X-ray beam, λ=1.54 Å 

(Cu-Kα radiation). The thermogravimetric analysis (TGA) was performed with TA instrument 

Q500 under high resolution mode, temperature ramp from 25 °C to 800 °C with rate of 25 °C min-

1, resolution of 4 in the N2 condition. The atomic force microscopy (AFM) was carried out using 

Asylum Research Cyber (OXFORD instrument) with contact mode, the scan rate was 1Hz and 

scan area was 20 µm x 20 µm. The silicon tip coated with Ti/Ir was applied for the 

measurements. Fourier transform infrared (FTIR)  measurements were performed with FT/IR-

4600 (Jascon, Inc), scanning from 400 cm-1 to 4000 cm-1, with resolution of 4 cm-1 and scan 

number of 128. The surface composition of GO and fGO were characterized through X-ray 

photoelectron spectroscopy (XPS) using a PHI 5400 ESCA system. Tensile test was carried out 

with United Testing system, based on ASTM D638, each sample had five replicates. The 

standard dumbbell shaped specimens (165 mm x13 mm x 3.2 mm) were prepared through 

pouring and casting in silicon mode. Crosshead speed was fixed at 5 mm/min with 1000 lb load 

cell. The morphology of the fractured composite was investigated with a ZEISS focused ion 

beam scanning electron microscope operated under 20 kV and 2 kV. 

 

3.3 Results and Discussion 

 

3.3.1 Analysis for produced GO 

 Figure 3.1 summarizes the basic properties of graphene oxide (GO) synthesized through the 

improved Hummers’ method. Figure 3.1 (a) shows the Raman results for GnP and GO. GnP is a 

stack of several layers of graphene which displays a prominent G peak at ~1560 cm-1, 
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corresponding to the first order scattering of E2g mode [11,39]. For the GO sample, the G peak is 

broadened and shifted to ~1595 cm-1 [40], and a high  intensity D peak appears at ~1360 cm-1, 

indicating the distortion of bonds and destruction of symmetry were possible because of 

reduction in the size of in-plane sp2 domains caused by oxidation process [21,41,42]. The 

intensity ratio of D peak and G peak of GO increased to ~0.95 and is characteristic of the extent 

of defects after the oxidation process. The XRD spectroscopy is shown in Figure 3.1 (b), The 

characteristic diffraction peak at ~26.5° of GnP was the 002 reflection peak, corresponding to an 

interlayer space of 0.34 nm [43-46]. For the GO sample, the sharp peak appeared at ~11.3°, 

reflecting the increased interlayer space of ~0.8 nm [47-50].  

Figure 3.1 (c) summarizes the thermogravimetric analysis (TGA) for the GnP and GO 

samples under N2 condition. A weight loss of ~7wt% of GO sample up to 100 °C could be 

attributed to evaporation of water molecules from the samples. A significant weight loss at about 

~200 °C, was due to elimination of interlamellar water, followed by loss of oxygen functional 

groups from the GO platelets. The other steep drop of weight appeared at ~450 °C, because of 

bulk pyrolysis of carbon skeleton, which could also reflect from GnP curves [50-52]. AFM was 

used to evaluate the level of exfoliation of GO sample. Previous investigations identified the 

thickness of GO single layer at about 1nm, but this value varies depending on the amount of 

absorbed water between adjacent GO layers [53-55]. Shown in Figure 3.1 (d), the thickness of 

GO sheet varied from 1nm-2nm, which represented around single or double layers of GO were 

produced during the oxidation process. 
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Figure 3.1. Analysis for GO product: (a) Raman spectroscopy; (b) XRD spectroscopy; (c) TGA; 

(d) AFM spectroscopy 

 

3.3.2 Surface analysis for functionalized GO 

The functionalization of GO with PPDA and Jeffamine D2000 was studied with XPS and 

FTIR spectroscopy. Figure 3.2 (b) represents the FTIR results. The broad peak at around 3400 

cm-1 for GO or functionalized GO was identified as the vibration of O-H bond. While, the peaks 

at ~1735, ~1625 and ~1065 cm-1 belonged to C=O in carboxyl group, C=C in aromatic ring and 

C-O-C in epoxide group, respectively. After reaction with PPDA or Jeffamine D2000, the 

characteristic absorption intensity of -OH, -COOH decreased. For PPDA functionalized GO, the 

intensity of C-O-C also dropped, suggesting the ring opening reaction happened. For Jeffamine 
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D2000 functionalized GO, the intensity of C-O-C did not change much, which was attributed to 

the presence of this bond in the backbone structure of Jeffamine D2000. Furthermore, new peaks 

appearing at ~1500 cm-1 and ~2900 cm-1 were related to C-N and N-H bond, indicating that 

PPDA and Jeffamine D2000 bonded onto the GO surface. XPS was applied to analyze surface 

chemical composition and their changes for GO and different diamine functionalized GO. GO 

was composed of two typical peaks, the C1s and O1s peak, new peaks appeared at ~400 eV, after 

reaction with diamines was attributed to N1s peak( shown in Figure 3.2 (a)). The C/O ratio for 

GO sample was ~2.3 which was consistent with reported value around 2 [40,56]. Using PPDA or 

Jeffamine D2000 to treat the GO surface, this ratio increased to 5.7 and 3.4 because of 

incorporation of carbon atoms after functionalization by diamines. As oxygen atoms existed in 

the Jeffamine D2000 main chain, it gave a lower value compared to PPDA functionalized GO. 

Figure 3.2 (c) and (d) show the details for N1s peak for different diamines functionalized GO: 

three peaks presented presence of nitrogen in the forms of NH2(~398.4 eV), N-C(O)(399.5 eV) 

and H+
3N-C(401.2 eV). These peaks supported the reaction of diamine with GO through both 

ring opening and ammonium carboxylate formation [38,49,57,58]. 
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Figure 3.2. Surface analysis: (a) XPS element peak for different diamine treated GO; (b)FTIR 

for different diamine treated GO; (c) N1s peak for PPDA-f-GO; (d) N1s peak for D2000-f-GO 

 

3.3.3 Mechanical properties for composites 

In Figure 3.3, several experimental process factors were investigated in order to optimize the 

composite preparation procedures. In Figure 3.3(a) two GO drying states were analyzed, one is 

GO in slurry state with water, the other one was dried under 75 °C for 24 h, as completely 

removing all the water from GO, it would form the hard thick plates and was hard to re-disperse 

into other solvent unless using the high power sonication. Published research also mentioned that 

GO in the wet sate would relieve this negative effect [38]. Using the GO slurry to make the 
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epoxy composite under the same conditions showed better modulus enhancement compared to 

dried GO. Here the different between two states of GO was not remarkable and was attributable 

to two factors. One was the sonication condition in composite preparation, GO was re-dispersed 

into DMF under 150W sonication for 30min, this high power sonication helps GO hard platelets 

to exfoliate and be dispersed into the solvent; the second one was DMF was an ideal solvent for 

GO dispersion, even though it has high boiling point. Under other conditions, like using other 

solvent such as IPA, acetone, or lower sonication power, would lead to a relative larger drop if 

dried GO was used.  

In Figure 3.3(b), the functionalization approach for making diamine functionalized GO-GnP 

was investigated. Two methods could be considered; one was preparing diamine functionalized 

GO and then mixing it with GnP  to produce (PPDA-f-GO)-GnP and the other method sonicated 

GO and GnP in water together first and then using diamine to treat them together to achieve 

PPDA-f-(GO-GnP). Under 0.43wt% loading, using the second way to prepare the filler and make 

composite gave a ~17% improvement.  

Figure 3.3(c) shows the effect of the 3 roll mill processing, which was used for improving 

the dispersion state of the filler. At higher loading, 0.86wt%, under same composition, PPDA-f-

(GO:GnP 1:10), the composite made with 3 roll milling gave ~8% higher tensile modulus 

compared to one without it. Based on these testing results, the experimental procedures were set 

as above, using GO or GO-GnP slurry; mixing GO-GnP first to make GO-GnP couple, then 

functionalizing the couple with diamine and last add 3 roll mill before adding curing agent to 

make composite.  
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Figure 3.3. The effect of experimental preparation factors on properties of composite (a) 

0.43wt% filler, GO under two different drying state: GO slurry or dried GO (75 °C, 12h, forming 

the hard plate); (b) 0.43wt% filler, either using PPDA functionalizing GO or GO-GnP couple; (c) 

0.86wt% filler, PPDA functionalized GO-GnP couple(GO:GnP 1:10), with or without 3-roll mill; 

(d) The set-up for 3-roll mill  

 

The tensile properties of the neat epoxy and its composites are summarized in Figure 3.4. 

Here, the GO and GnP synergistic effect and further treatment of the GO surface with different 

diamines was investigated. First, GO-GnP synergistic effect was analyzed. Compared to neat 

epoxy, simply using GO or GnP or GO-GnP couple gave enhancements in tensile modulus 

which varied from ~20% to 30%. While the tensile strength was maintained almost same as neat 
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epoxy, as the filler loading increased from 0.43wt% to 0.86wt%, simply using GO as the filler, 

the tensile strength and modulus dropped around 55% and 22%, respectively.  This was 

attributed to two reasons: first, the higher GO loading led to poor dispersion in the epoxy matrix; 

second, some curing agent reacted with functional group on the GO surface, and in addition 

some epoxy monomer chains could attach onto the GO surface, which decreased their mobility 

to react with other curing agent and monomers to form crosslinks. The advantages of using GO-

GnP couple as the filler became clearer at higher loading (0.86wt%) compared to lower loading 

(0.43wt%). At 0.86wt% filler loading, GO-GnP couple, with weight ratio between GO and GnP 

of 1:10, gave the highest improvements in tensile modulus ~30% compared to ~22% drop for 

GO sample and ~21% increased from GnP sample. Part of sp2 structure of GnP was destroyed 

and formed the sp3 structure in GO because oxygen based functional groups were bonded to the 

carbon atoms in the basal plane, which resulted in defects in the GO structure and lowered its 

mechanical properties. GO worked as a coupling agent, improving interfacial interaction 

between GnP and epoxy matrix. As reflected from results, the ratio between GnP and GO was 

important, the ideal condition was all the GnP platelets were coated with GO layer, and this 

existed as the reinforcing unit uniformly dispersed into the epoxy matrix. However, in reality, the 

percentage of GO bonded to GnP, the re-stacking happened between GO and GO,  GnP and GnP 

or even GO-GnP couple with each other, and dispersion property of these units affected the 

expecting results.  

GO, GO-GnP couple was functionalized with two diamines with molar mass ~108g mol-1 

(PPDA) and 2000g mol-1 (Jeffamine D2000). At different filler contents, the highest 

improvements in tensile modulus all come from the PPDA-f-(GO-GnP) sample, but under 

different loadings from different GO/GnP combinations. The ~40% and ~60% enhancement in 
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tensile modulus  were achieved from PPDA functionalized GO-GnP couple with weight ratio of 

1:10 (0.43wt% filler loading) and 1:50 (0.86wt% filler loading) respectively.  The diamines 

formed bonds between the GO surface and the epoxy matrix which increased the load transfer 

efficiency and interfacial strength producing further improvements compared to simply using the 

GO-GnP couple. Under the same GO-GnP combination, the PPDA functionalized sample 

compared to the Jeffamine D2000 functionalized ones, produced a greater improvement in 

tensile modulus especially under larger filler loading. This was attributed to these two diamines 

with different chain length and structures forming different interphase structures between filler 

and bulk polymer [41]. The grafting of PPDA chains onto the GO surface would primarily 

produce interphase structures, in which the mobility of the segments was constrained and thus 

led to limited load transfer at interphase. The Jeffamine D2000 chains on the GO surface could 

undergo significantly higher deformation based on the soft and flexible interphase due to longer 

linear molecular chain length. This was beneficial for improving the mobility of the fillers in the 

polymer matrix and energy dissipation  during the deformation. One unexpected result was a 

significant drop for PPDA-f-GO sample under 0.86wt% loading, which showed a much lower 

tensile modulus. This was possibly due to the short chain length of PPDA, which was rigid and 

easier to form a structure with one diamine bonded to GO, and the other unbonded while for 

Jeffamine D2000, which was flexible and both diamine ends could bond to the GO surface. This 

produced PPDA-f-GO with more free primary amines on the GO surface which reacted with the 

epoxy leading to more linear chains and decreasing cross-link density.  

The toughness of epoxy based composites calculated from tensile stress-strain curves is 

summarized in Figure 3.4 (e) and (f). The addition of GO increased the toughness of composite 

over 200% compared to neat epoxy.  This was the result of the surface functional groups of the 
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GO interacting with the epoxy matrix.  This led to deflection of the propagating crack and as a 

result, more energy was needed for crack growth.  GO-GnP couple as the filler was not as good 

as GO in enhancing toughness. At 0.43wt% loading, a ~30-40% drop in toughness was measured 

and at 0.86wt% loading, the GO-GnP with mass ratio of 1:50 still produced a ~20% decrease. 

However, when the GO-GnP ratio was adjusted to 1:10 the toughness increased ~11% which 

was much better than using GnP alone which showed a ~42% drop. This was because at higher 

loading, GO acts as a surfactant and increases the dispersion and interfacial strength of GnP with 

the epoxy matrix.  A possible explanation for why GO-GnP couple fillers gave lower 

enhancement in toughness compared to GO as filler may be due to the small size of GO-GnP 

filler which is not as effective in producing crack deflection within the matrix [59]. Another  

possibility could be attributed to different failure modes for layered fillers. Pinning/bi-furcation 

and crack deflection plus separation between layers were discussed by Chandrasekaran et al [60]. 

For the first mode, the crack was initially pinned to layered fillers, and bifurcated the particles, 

but continued to propagate in the ‘shadow’ of the particles. As a result, both cracks grew around 

the fillers, and later connected again, this led to the height level of one crack plane as not always 

same as that of adjacent one. The other mode, the separation between layered fillers where the 

crack penetrates through the layered fillers and separated them to continue growth. In comparing 

the GO and GO-GnP, the interaction between particles of GO is π-π plus hydrogen bonds 

because the GO surface is rich in oxygen functional groups, while the interaction between GO 

and GnP particles is π-π only which requires less energy to separate the fillers. After 

functionalization with the two different diamines, the interfacial strength increased. The 

Jeffamine D2000 treated GO gave higher toughness, as this diamine with longer chains, 
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improved matrix ductility and increased energy dissipation for crack deflection/growth [41]. This 

gave the lower tensile modulus compared to short chains diamine functionalized samples.  

 

Figure 3.4. Tensile properties for  epoxy composite: (a), (c), (e) are samples with 0.43wt% filler 

loading; (b), (d), (f) are samples with 0.86wt% filler loading 
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3.3.4 Analysis for fracture surface and interface 

The fracture surface of the tensile specimens was observed to explore the interface between 

filler and epoxy matrix and dispersion state of different fillers. Figure 3.5&3.6 and 3.7&3.8 

summarizes the facture morphology for all composites with 0.43wt% and 0.86wt% filler loading, 

respectively.  The neat epoxy baseline has a clean and smooth fracture surface resulting from fast 

crack growth due to the brittle structure and poor resistance to crack growth. After  incorporating 

GO, GnP, GO-GnP couple, or functionalized these nano-layered fillers into the matrix, a rough, 

coarse surface with multiplane features on the fracture surface is observed suggesting that the 

layered fillers have caused deflection of in the propagating crack fronts. This process led to off-

plane loading that generated a new fracture surface and therefore increased the required energy 

for crack growth [22]. The facture surface roughness increased as the GO was replaced with GnP 

and with increased filler loading. Large agglomerates are not observed on the fracture surfaces 

indicating that dispersion of all the fillers after functionalization with different diamines is good. 

Crack pinning was detected in fracture surface. When the propagating crack reached the GnP 

particles, the crack front was deflected by bowing between particles but remained pinned at the 

particles. This is apparent from the appearance of the bowed lines that appear on the fracture 

surface. This phenomenon appears more intense with increased filler loading and filler 

functionalized with diamines.  

Another failure mode was observed as shown in Figure 3.9.  Here flow patterns are not 

observed which is typical for the fracture surface of epoxy. However, in this case this surface is 

composed of the surface of layered fillers. Compared to the GO and GnP sample, the diamine 

functionalized GO-GnP couple, showed better dispersion and interaction with matrix. The 



 

80 

 

functionalized GO-GnP filler maintained its layered structure that could fully make use of their 

high surface area and reinforcing effect compared to the GnP sample.  

 

 

Figure 3.5. Fracture morphology for composite sample with 0.43wt% filler loading (including 

breaking center) 
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Figure 3.6. Fracture morphology for composite sample with 0.43wt% filler loading 
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Figure 3.7. Fracture morphology for composite sample with 0.86wt% filler loading (including 

breaking center) 
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Figure 3.8. Fracture morphology for composite sample with 0.86wt% filler loading 
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Figure 3.9. Interfacial properties for selected composite samples with 0.86wt% filler loading 

 

3.4 Conclusion 

GO was shown to be able to function as a surfactant assisting in the dispersion of other 

carbon materials into different solvents, because of both π-π interaction and its highly oxidized 

surface. As a result, it has been shown that GO can be used as a coupling agent to improve the 

interfacial properties between GnP and the epoxy matrix. In this paper, GO-GnP used as a 

reinforcing couple for an epoxy matrix was surface treated with two diamines with different 

chain length (PPDA and Jeffamine D2000). The enhancement for different weight ratios of GO 

to GnP, functionalization with different diamines, filler loadings of 0.43wt% and 0.86wt%, was 

investigated.  The PPDA-f-(GO-GnP: 1:10) sample gave ~40% increase in the tensile modulus  

at 0.43wt%, while at 0.86wt%, the tensile modulus  increased to ~60% for the PPDA-f-(GO-

GnP: 1:50) sample. These results were far better than simply using GO or GnP by themselves as 
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fillers to the epoxy. The GnP has a 2D layered morphology heterogeneous surface with a large 

basal plane and edges with low functionalization.  To improve its interaction with the epoxy 

matrix, GO because of its large content of surface functional groups, was added to the system as 

a coupling agent.  The functionalized GO-GnP couple with a relatively small amount of GO, has 

shown enhanced interaction between the GnP and epoxy matrix, achieving better results 

compared to simply using GnP or GO. Further at higher loading, 0.86wt%, the functionalized 

GO-GnP couple produced up to a ~110% better performance in toughness compared with only 

using GnP as the filler. Thus, functionalized the GO-GnP couple has been shown as a possible 

method to increase both mechanical properties and toughness in an epoxy matrix. 
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CHAPTER 4 - GRAPHENE NANOPLATELET COMPOSITE ‘PAPER’ AS AN 

ELECTROSTATIC ACTUATOR 

 

The materials in this chapter was published in the Journal Nanotechnology in June 2018 under 

the title Graphene nanoplatelet composite 'paper' as an electrostatic actuator.  

(10.1088/1361-6528/aac5c4) Reproduced with permission. All rights reserved 

 

4.1 Introduction 

An actuator is a device, which can move or control a mechanism or system. Traditional 

actuators utilize pneumatics, motors, hydraulics or electronic motors [1]. In order to reduce size, 

weight and energy, alternative technologies are being investigated for different applications. 

Micro-electro-mechanical-system (MEMS), one kind of electronic actuator, is capable of moving 

a suspended microstructure precisely and integrating with microelectronic circuits to perform 

linear or angular motions [2]. Among different mechanisms used in assembling the MEMS 

actuator, the thermal/bimetallic bimorph [3-6], piezoelectric [7-10], electrostatic [11-14] and 

electromagnetic [15-19] actuation have been widely discussed in recent publications and used in 

MEMS applications. 

Electrostatic actuators have been employed as the prime movers in various MEMS since 1980s 

[20], and nowadays most electrostatic actuators are used as micro-actuators in the application as 

electro-mechanical switches and replays, valves, flow control actuators, micro-scale mechanical 

testing instruments and structures, optical switches [21,22]. The mechanism for electrostatic 

actuator is the Maxwell stress effect or columbic attraction between opposite charges on the 

electrode, the schematic illustration is shown in Figure 4.1.  
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Figure 4.1. Electrostatic actuator: (a) Lump-parameter representation of an electrostatic actuator. 

(b) Schematic cross-section of a beam electrostatic actuator [21] 

 

                                                           𝐹𝑒 = −𝜀0𝜀𝑟𝐴𝑉2/2𝑔2                                                      (1) 

where 𝜀0 is permittivity of the free space, 𝜀𝑟 is the relative permittivity, A is the area of 

electrode, V is the applied voltage and g is the gap between two electrodes. Based on this 

mechanism, various electrostatic actuator designs were put forward, such as parallel-plate, laterally 

comb drive and vertical comb drive actuators. The main benefits for using an electrostatic actuator 

are: the longer stroke; larger force with magnifying voltage or decreasing the gap; high power to 

weight ratio and low energy consumption [23]. However, the electrostatic attractive actuators have 
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a significant drawback in the ‘pull-in effect’ when the moveable electrode moves beyond one third 

of the initial gap. The stability between the mechanical force from the spring and the electrostatic 

force will diminish, limiting the actuation range of the electrostatic actuator. This could be 

explained based on the following equations: 

The mechanical force(FM) exerted by the spring on the movable plate can be calculated by 

                                               𝐹𝑀 = 𝑘𝛿 = 𝑘(𝑔0 − 𝑔)                                                                           (2) 

here k is the stiffness of the spring, g0 is the initial length of the spring and δ is the displacement 

of the actuator. The movable plate reaches the equilibrium when the electrostatic force equals to 

mechanical force Fe=FM: 

𝜀𝐴𝑉2

2𝑔2
  = 𝑘(𝑔0 − 𝑔)                                                                              (3) 

Therefore, the actuating voltage could be achieved: 

𝑉 = √
2𝑘𝑔2(𝑔0 − 𝑔)

𝜀𝐴
                                                                           (4) 

If the gap is reduced to two-thirds of the initial size, the stability will lose due to the pull-in 

effect, which limits the actuating distance. From equation(4), this pull-in voltage could be 

calculated:  

𝑉 = √
8𝑘𝑔0

3

27𝜀𝐴
                                                                                         (5) 

Based on equation (2),  it shows that, expression for mechanical force FM  is first order 

(straight line), while the expression for the electrostatic force Fe  is a second order, the solution 

for equation is g, that is the space between two parallel plates, and if the curves are plotted in one 

figure, the solution is the crossing point of these two curves. When the voltage increases, the 

second-order curve will move up, where it will finally reach a position where the two curves 
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have one crossing point.  That is the critical point, also defined as pull-in effect point. Above this 

point, there is no crossing-point between two curves, which means no solution for equation (3). 

Under this condition, the system loses its stability and the pull-in effect happens. 

In our work, the electro-repulsive force is applied to two moveable electrodes each of which 

carries the same charge. The mechanism for electro-attractive actuators is applicable here but the 

‘pull-in effect’ is no longer a factor which limits the actuation range. 

The electrode material selection is another aspect of actuator design. Processing 

considerations once made silicon a popular choice for the actuator material, but recent 

developments in micromachining techniques now enable the integration of a number of different 

metals, alloys, ceramics, and polymers into MEMS [24].  As shown in Figure 4.2, Strikar et al 

[21]. have shown a materials chart for selecting different materials when assembling electrostatic 

actuators. For Figure 4.2 (a) it shows that the materials capable of a higher actuating speed also 

require a high modulus and large voltage. The materials lie on or close to the trend line which 

represents the ideal candidates for actuators. The other three figures show the balance among 

fracture strength, Young’s modulus, actuating speed and electrical resistance. These charts 

compare different material performance for materials that could be used as electrodes. Polymers 

among all the other different materials, have a lower modulus, higher fracture strength, wide range 

electrical resistance, and are close to the trend line in Figure 4.2 (a). Furthermore,  polymers 

possess versatility and flexibility in that they can be combined with different fillers to change their  

properties to broaden potential applications.   
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Figure 4.2. Materials selection chart for microfabricated electrostatic actuator: (a) Wave speed 

√(E/ρ) plotted against the square root of Young’s modulus; (b) Young’s modulus (E) plotted 

against the ratio of the facture strength(σf) to the Young’s modulus; (c) Wave speed √𝐸/𝜌 

plotted against the electrical resistivity; (d) Young’s modulus (E) plotted against electrical 

resistivity [21] 

 

Graphene, first discovered in 2004[25], is a single layer of sp2 carbon, which has outstanding 

properties and is widely used in various areas. It has excellent mechanical properties (~1 TPa 

Young’s modulus and ~130 GPa in-plane strength [26]), thermal conductivity (~5000 W m-1 K-1 

[27]), and electrical conductivity (up to 6000 S cm-1 [28]). Graphene nanoplatelets (GnP) are a 

stack of a few layers of graphene produced by exfoliating acid-intercalated natural graphite using 
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thermal shock methods [29]. Different nanoplatelet sizes of GnP can be easily produced with 

thicknesses of a few nanometers and diameter of each platelet from sub-micron to 25 μm. These 

GnP materials have excellent electrical, thermal and mechanical properties and can be easily 

assembled into continuous phases (graphene paper) capable of being used as the electrode 

materials. 

Based on extraordinary properties of graphene and its derivatives, they are widely used to 

assemble the actuators capable of responding to different stimuli. Park et al. [30]  used a filtration 

method to produce multi wall carbon nanotube(MWCNT)-graphene oxide(GO) bilayer material 

capable of responding to changes in humidity. Under 12% humidity, the bilayer paper rolled up 

with  MWCNT side facing outward. As the humidity continually increased to 55% - 60%, the 

paper gradually unrolled, and became flat. When humidity increased to over 60%, the paper began 

to curl in the opposite direction. Liang et al. [31] prepared a sulfonated-graphene/ TPU composite 

film, with 1wt% loading,  the nanocomposite actuator exhibited repeatable infrared-triggered 

actuation which could amazingly contract and lift a 21.6 g weight 3.1 cm with 0.21 N of force 

under exposure to infrared light. The energy density for this actuator was estimated to be over 0.33 

J g-1. 

In the present work, GnP of approximately 10 microns in diameter are dispersed in water and 

fabricated into thin ‘paper’ electrodes by vacuum filtration. The nanoplatelets are easily assembled 

into the macro-scale paper structure and insulated with a thin epoxy layer. This material was used 

as the movable arm for the actuator. The performance of the actuator was measured by recording 

the distance between the movable arms and represented by the potential energy change from initial 

position to the actuated position. The GnP based electrodes possess outstanding electrical and 

mechanical properties and further increases in the relative permittivity and surface area of the GnP 
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based composite paper were explored to improve the performance of the electro-repulsive 

actuators. Even though a high voltage is required, compared to traditional micro-size electrostatic 

actuators, the actuating separate distance and output work are significantly improved. 

 

4.2 Material and Methods 

 

4.2.1 Preparation for GnP papers 

GnP R10 powder (with average diameter of 10 μm, and surface area varies from 30 to 60 m2 

g-1) was obtained from XG Science [32] and used as received. 0.4 g GnP was dispersed into water 

with aid of 1 mg ml-1 polyethyleneimine (PEI, surfactant) to make the GnP suspension. The weight 

ratio between GnP and PEI is 1:1. The suspension was ultrasonicated for 3 min with output power 

of 120 W, then stirred overnight. The GnP suspension was filtered slowly and the resulting GnP 

paper with its support membrane filter was kept at room temperature overnight, then peeled off 

the membrane filter and further dried in a vacuum oven at 75 °C for 24 h to produce the GnP paper 

before further usage.  

Four different kinds of hybrid paper were made: GnP R10 /cellulose nanocrystal (CNC) hybrid 

paper; barium titanate (BT) particle coated GnP R10 paper; GnP R10/C750 hybrid paper; and 

potassium permanganate microwave treated GnP R10 paper (porous GnP paper). 

The GnP/cellulose nanocrystal(CNC) hybrid paper, 10wt% of cellulose nanocrystal (based on 

GnP) was added drop-wise into the GnP R10 suspension under stirring for 24 h, then the hybrid 

paper was processed by filtration of the suspension under room temperature, the paper was peeled 

from the filter and further dried in the vacuum oven under 75 °C for 24 h.    
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Barium titanate (BT) particles were coated on the GnP R10 paper. 10 g of barium titanate 

particles were dispersed into 150 ml isopropanol under ultrasonication for 1 h. 10 ml of the barium 

titanate dispersion were diluted into 50 ml isopropanol for better spreading on the GnP paper 

before filtration. The suspension was placed on the dried GnP R10 paper, which was supported on 

a glass filter. The diluted barium titanate solution was filtered through it, forming a thin white layer 

on the surface of the GnP paper. This hybrid paper was dried at room temperature overnight, peeled 

from the filter membrane and then placed it into a vacuum oven for further drying to remove 

residue isopropanol. 

The GnP R10/C750 (with average diameter less than 1 μm and surface area around 750 m2 g-

1) hybrid paper was produced by a layer-by-layer method with a goal to create a GnP R10-C750-

R10 sandwich structure. This sandwich structure was necessary since the C750 has the larger 

surface area, which would be important in increasing the capacitance, but does not form a self-

supporting ‘paper’ structure because of its aggregate shape. 0.4 g GnP C750 was dispersed into 

80g NMP, using a Flaktech mixer at 3000 rpm for 3 minutes followed by sonication under 175 W 

for 1 h 15 min. After centrifugation at 750 rpm for 30 minutes, the upper 75% of the suspension 

was used in the paper making process. Half of the as made GnP R10 suspension was filtered first, 

followed by the C750 suspension, and then by the remaining GnP R10 suspension. The filtered 

paper was dried with the same process and its final weight content of C750 was 10wt% (based on 

GnP R10).  

The potassium permanganate treated GnP paper (Porous GnP paper), 1 g KMnO4 was added 

into the GnP R10 suspension, stirred for 10 min, then placed into a microwave oven (1200 W) for 

3 min, after cooling down to room temperature, an excess of hydrochloric acid (0.5 mol L-1) was 

used to remove MnO2 particles attached on the surface of the GnP platelets, followed by RO water 
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to wash and neutralize the treated sample. After the acid wash to remove the attached MnO2, pores 

were formed in the GnP nanoplatelets (shown in Figure 4.3), which were then processed in water 

for making GnP paper following the same procedures [33]. 

 

                         4𝑀𝑛𝑂4
− + 3𝐶 + 𝐻2𝑂 ↔ 4𝑀𝑛𝑂2 + 𝐶𝑂3

2− + 2𝐻𝐶𝑂3
−                                       (2) 

 

Figure 4.3. The mechanisms for GnP react with KMnO4 under microwave irradiation [33] 

 

4.2.2 Preparation for actuating electrodes 

All the GnP based papers were compressed with a Carver press at 500 pounds (3.4 psi). The 

pressed GnP paper was placed on the Teflon sheet and transferred to the doctor blade workstation. 

A copper electrode tape was attached to each GnP paper as the conductive electrode and the 

mixture of Epon828 and curing agent Jeffamine D2000 (at the stoichiometry ratio) was applied to 

the GnP paper with the doctor blade gap set to ~0.45 mm, producing an epoxy insulating GnP 

paper with fixed thickness epoxy layer on both sides. The coated electrode was placed into the 

vacuum oven to degas for 10min before curing. The curing process was 80 °C for 2 h and 125 °C 

for 3 h.   
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4.2.3 Actuating performance test 

All the tested composite papers were cut into rectangular shapes 50 mm in length and 12 mm 

in width. Two copper tapes were clamped on the GnP paper to form one electrode at high voltage 

output, and the other electrode was connected to ground (the length of the copper tape and clamped 

position were fixed). Actuating voltage were selected as 6.5 kV, 7.5 kV, 10 kV and 12.5 kV (the 

actuation was shown in Figure 4.4). The separation distance between the free ends (bottom and 

top) of two GnP composite papers was recorded through reading from digital photos and 

summarized in Figure 4.7 After each run, the voltage was turned off and the composite paper 

electrodes were grounded to dissipate the residual charge left on the surface of the paper. The 

cross-section morphology of the GnP hybrid paper was examined using a ZEISS Focused Ion 

Beam Scanning Electron Microscope operated at 12 kV. The flexural properties were determined 

using Dynamic Mechanical Analyzer, 3-point bending mode, which was performed at a load speed 

of 0.1 N min-1.  
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Figure 4.4. Actuating process under different voltages (Sample: Porous GnP R10 paper) 
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4.3 Results and Discussion 

 

4.3.1 SEM characterization of GnP papers 

 

Figure 4.5. SEM images: (a) Schematic of GnP composite paper preparation; (b) Digital photo 

of GnP composite paper; (c)-(g) Cross-section images for GnP R10, GnP R10/CNC, GnP 

R10/BT particles, GnP R10/C750, Porous GnP R10 composite paper (EP: epoxy; G: GnP layer; 

BT: Barium titanate; C: GnP C750) 

 

Figure 4.5 summarizes the process for making the GnP paper and using a doctor blade to 

coat both sides with epoxy. Figure 4.5 (c) to (g) represented the cross-section for five different 

kinds of the hybrid GnP papers. All the papers have a 3-layer structures, one GnP layer insulated 

by two epoxy layers. For Figure 4.5(e) and (f), barium titanate particles have been added as a 

layer and a GnP C750 layer were created at the outside or in the center of GnP R10 layer in order 
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to improve the relative permittivity or surface area of the electrode. During the coating process, 

epoxy will penetrate the GnP paper, which leads to some slight thickness variation of the epoxy 

layer, but epoxy layers with similar thicknesses were selected to eliminate that effect. 

 

Figure 4.6. Micro-structure of functionalized GnP: (a) Cellulose-GnP; (b) KMnO4 treated GnP 

 

Figure 4.6 represents the microstructures for GnP under two different treatments, in Figure 

4.6 (a), it is clear that a large amount of cellulose nanocrystals have attached to the surface of the 

GnP nanoplatelets. These nanocrystals served as spacers to keep the GnP from aggregating 

during filtration/drying process and also increased the dielectric properties for the cellulose-GnP 

composite paper. For Figure 4.6 (b) represents the GnP nanoplatelets after KMnO4 treatment.  

The KMnO4 reacted with GnP which led to porous structure and even after several washings with 

of hydrochloric acid, there were some residual MnO2 particles left after reaction. Other 

publications proposed that MnO2 will increase the capacitance of the GnP based electrode, which 

agreed well with improved performance of this material based GnP paper actuator.  
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4.3.2 Analysis for actuating performance 

 

Figure 4.7. Separation distance between the bottom free ends of two composite paper electrodes 

 

The actuating performance of the separate distance between bottom free ends was summarized 

in Figure 4.7. The GnP based composite paper free ends immediately separated as the voltage was 

applied. The composite paper did not deform during the test and the length of the GnP composite 

paper was the same for all of the different samples. As the final weight for each composite paper 

was different, the potential energy was calculated to compare the electrode performance rather 

than the separation distance. The potential energy represents the output work for each actuator. 

When a voltage of 12.5 kV was applied, the composite paper which produced the largest separation 

distance, was selected for calculation and comparison. In Figure 4.8 (b) the potential energy change 

was summarized under 12.5 kV. 
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Figure 4.8. The potential energy changes (∆E) for each hybrid GnP paper under 12.5kV: (a) 

Schematic illustration for calculation; (b) Calculated results 

 

The potential energy was calculated based on the mechanism shown in Figure 4.8 (a), L is the 

length of GnP composite paper, 2a is separation distance on the top part. 4S plus 2a is the 

separation distance at the bottom (K). Both ‘2a’ and ‘K’ could be read from digital photographs. 

                                           sin 𝜃 = 2𝑆
𝐿⁄ =

(𝐾 − 2𝑎)
2𝐿⁄                                                         (3) 

For the lift distance calculated from the gravity center 

                                            𝑑 =
𝐿(1 − cos 𝜃)

2⁄                                                                        (4) 

And the potential energy is calculated as 

                                                  𝐸 = 𝑚𝑔𝑑                                                                                  (5) 

Based on the results, it shown that GnP R10 with 10wt% CNC hybrid paper, GnP R10 coated 

with BT particles hybrid paper, GnP R10 with 10wt% C750 sandwich structure hybrid paper, 
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porous GnP R10 paper all gave improvements in the potential energy change (output work) by 

17.6%, 165.6%, 240.1% and 451.9%.  

The GnP R10 based electrode with initial surface area of 14.5 m2 g-1 increased in surface area  

to 46.2 m2 g-1 (BET result) after the KMnO4 microwave treatment. Adding GnP C750 into the GnP 

R10, the surface area increased to 31.2 m2 g-1. The combination of GnP R10 and C750, increased 

the surface area allowing a higher charge to accumulate, which improved the electrostatic repulsive 

force and led to a larger separation distance. For the GnP R10/BT particles hybrid paper, a thin BT 

layer with thickness around 25 µm was added, calculations show that the effective relative 

permittivity increased from 3.5 to 7.7, which leads to an improvement in capacitance due to a 

higher accumulation of electrons on the surface of electrodes. GnP R10 with 10wt% CNC hybrid 

composite paper also showed a 17.6% improvement. This could be attributed to two aspects. First 

the cellulose nanocrystals act as spacer between adjacent GnP nanoplatelets during the filtration 

and drying process, which result in a more accessible surface area. Second the cellulose has a 

higher relative permittivity (~7.5) than the epoxy matrix (~3.5), which would also increase the 

relative permittivity for the insulating layer between two electrodes. However, these two factors, 

either the increase in surface area or relative permittivity results in only 17.6% improvement. 

 

Table 4.1. Surface area and relative permittivity of GnP paper and its derivatives 

 

Surface area (m2 g-1)  
Relative permittivity 

GnP R10 14.5 Epoxy 3.5 

Porous GnP R10 46.2 GnP R10-BT particles 7.7 

GnP R10-C750 31.2 Cellulose 7.5 
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4.3.3 Flexural properties of GnP based papers 

Figure 4.9 summarizes the flexural properties of the GnP hybrid composite papers. The 

largest improvements were measured for the GnP R10/CNC composite paper, which increased 

~440% in modulus and ~93% in strength. It was found that the cellulose nanocrystals attached to 

the GnP nanoplatelets, which reinforces the mechanical properties of the GnP paper and 

improves the interfacial bonding between GnP paper and epoxy matrix. The GnP R10/C750 

composite paper produced a smaller ~15% increase in modulus and ~19% in strength, which was 

attributed to the formation of the dense GnP C750 layer between two R10 layers. The 

mechanical properties of the composite paper can be easily modified by varying the epoxy 

matrix properties via using different curing agents. In this paper, curing agent Jeffamine 

D2000(Mw~2000 g mol-1) was used, as this cured epoxy was very low in modulus and flexible 

to produce an actuator with flexible properties. The matrix can be adjusted to over 3 GPa in 

modulus and 125 MPa in strength by changing the curing agent alone. 
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Figure 4.9. The Flexural properties for GnP composite paper: (a). Flexural modulus; (b). 

Flexural Strength 

 

4.4 Structure design for improving the actuator performance 

From the above results, it can be seen that after modification of the GnP paper with various 

surface treatments, the performance of GnP paper based actuator improved and output energy 

increased, however, there a high actuating voltage was required and actuating separate distance 

was not satisfying. Other possible modifications besides treatments of electrode materials, was 

design of the actuator structure,  i.e. combining multiple small actuators and accumulating the 

stroke and output force. 

Designs based on comb drive [34] and multi-layer [35] designs have been proposed.    
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Figure 4.10. Principle of operation of the large stroke actuator. (a) No voltage is applied to the 

actuator. (b) A voltage is applied to all driving units [34] 

 

As shown in Figure 4.10, the actuator was consisted of moving finger electrodes, aligned 

fixed finger electrodes and unaligned fixed finger electrodes. When the voltage was applied, the 

moving fingers and aligned fixed fingers have the same potentials while the unaligned fingers 

were subjected to different potentials. The horizontal force is balanced but a net force in the 

vertical direction is produced which pushes the center mass plate upward         
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Figure 4.11. Driving units of the actuator [36] 

 

Another design example is the distributed electrostatic actuator [36], as shown in Figure 

4.11, this kind of actuator consists of several driving units. Each unit has wave-like electrodes, 

which are insulated; each unit had two connecting points as the starting position of deformation. 

When the voltage was applied at these points, the electrostatic force can be generated, and since 

there were many small units connected in series and parallel, the force and stroke could be 

increased to achieve a high value. 
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Figure 4.12. Schematic figure of multi-layered film actuator [35] 

 

Based on a similar idea, a multi-layered film actuator was developed, shown in Figure 4.12.  

The key concept is that theoretically, the total force can be increased by reducing the size of each 

elements and increasing the number of the elements. In this film actuator, numerous films were 

connected to a multitude of electrodes and stacked together to form the entire actuator, which 

achieved increased surface area per unit volume and when the voltage was applied, the 

accumulated capacitance increases the output force. 

The basic GnP paper actuator could be used as the electrode in these designs would improve 

actuating performance, and as a result, lower the actuating voltage and increasing the actuating 

stroke. 

 

4.5 Conclusion 

Currently, the performance of electrostatic actuators is limited due to small actuating distance 

and the high voltage required for the actuating motion. This research has shown that a graphene 
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nanoplatelet composite paper could be utilized as an electrode in a macro-actuator with significant 

improvements in  actuating distance.  The actuator distance can produce a large increase from 

micrometer to millimeter displacement. And the potential energy change (output work) could be 

improved up to over 400%. The actuator performance is improved based on the surface area of the 

electrode materials and the value of the relative permittivity of the insulating layer.  
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CHAPTER 5 - SUMMARY AND FUTURE WORK 

 

5.1 Summary 

The research presented in this thesis focused on using graphene nanoplatelets (GnP) as filler 

to make polymer nanocomposites and investigated their multiple applications. The GnP 

possesses remarkable mechanical property, high thermal and electrical conductivity, and based 

on its unique 2D structure, it can be used to modify the gas barrier property of polymers. Two 

types of polymers, thermoplastic polyurethane (TPU) and epoxy, were selected to analyze and 

determine the multiple properties of GnP - polymer composites were improved. 

In Chapter 2, a stretchable, thermally conductive polymer composite film was prepared by 

incorporating 25wt% graphene nanoplatelets into the thermoplastic polyurethane matrix through 

an industrial extrusion process. The influence of GnP dispersion and alignment on thermal 

conductivity, oxygen barrier properties, and static and dynamic mechanical properties of the 

composite films were investigated. The dispersion and alignment of GnP were adjusted through 

controlling the film extrusion speed. Three speeds were selected: 2FPM, 3FPM and 5FPM. 

Scanning electron microscopy was used to investigate the dispersion and alignment of GnP. 

When the materials exited the die, the GnPs were randomly distributed in the TPU matrix, after 

elongation and compression by passing through the rollers, the GnPs tended to be aligned along 

the film extrusion direction. With higher film extrusion speed, GnPs were better aligned and 

concentrated along the center line of the extrusion film as a result of the Poisson effect which 

caused shrinkage in the transverse direction. At the higher roller speed, more gaps formed 

between the GnPs and the matrix. However, compared to the neat TPU, the extruded film having 

the best results showed a 350% increase in thermal conductivity and a 75% reduction for oxygen 
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barrier property. Two consequent stress-strain cycles were conducted to analyze the Mullins 

effect and ability of the composite films to maintain their mechanical properties after each cycle. 

At 25 °C, the 2FPM sample produced  ~950% and ~470% improvements in tensile modulus and 

strength in the extrusion direction compared to the neat TPU. The properties in the transverse 

direction decreased ~38% in modulus and strength. The tensile modulus and strength calculated 

from second stress-strain curve were ~35%, 6% lower compared to the results from first cycle. A 

temperature sweep produced with the DMA from -80 °C to 80 °C showed that below ~-40 °C, the 

storage modulus of the composite films had much higher values compared to neat TPU. At -

80 °C the storage modulus of the composite films at least improved ~260% and ~180% in the 

extrusion and transverse directions. The glass transition temperature of the composite films was 

only ~ 4 °C higher than neat TPU, which could be improved by an increase in the interfacial 

bonding between the GnPs and TPU and is a subject for additional research.  

Chapter 3 focused on modifying the interfacial properties between GnP fillers and the epoxy 

matrix. Graphene oxide (GO) was prepared using the Improved Hummers’ method, which 

created oxygen based functional groups on its basal plane. GO was considered to act as a 

coupling agent with the basal plane of GO attracted to the  GnP surface, while the oxygen 

functional group could bond with the epoxy resin. GnP was sonicated in the GO suspension to 

make the GO-GnP couple in the presence of two diamines with different chain length (p-

phenylenediamine (PPDA) and Jeffamine D2000) to achieve functionalized GO-GnP couple (f-

(GO-GnP)).  Composites prepared with two weight ratio of  GO and GnP, 1:10 and 1:50. The 

GO-GnP couple or the f-(GO-GnP) couple were added to the epoxy to produce composites with 

two loadings, 0.43wt% and 0.86wt%. The tensile modulus of the PPDA-f-(GO-GnP: 1:10) 

sample exhibited a ~40% improvement at the 0.43wt% concertation which increased to ~60% at 
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the 0.86wt% loading. All the composites using the GO-GnP couple or the f-(GO-GnP) couple 

produced up to a 110% enhancement in toughness compared to simply using GnP at 0.86wt%. 

These results suggested GO/f-GO functioned as a coupling agent which improved the dispersion 

and interfacial properties between GnP and epoxy matrix which in turn increased the tensile 

modulus/strength of the composite and the resistance to crack growth. 

In chapter 4, the novel application of GnP paper used as electrostatic actuator was 

investigated. GnP paper was prepared through a filtration of a GnP suspension. Electrodes were 

fabricated from the compressed GnP paper which were then coated with epoxy on both sides. 

The electrostatic actuator was constructed from two parallel-aligned composite GnP papers fixed 

at the anode of a high power supply and the cathode was connected to ground. The two 

composite paper electrodes would separate when applying the voltage, then returned to their  

original position when the voltage was reduced. This actuator could be used as small motor, 

robot finger or switch. Traditional electrostatic actuators were manufactured in micrometer size, 

the research goal here was to improve the actuating range and lower the actuating voltage. The 

modifications investigated were: increasing the surface area of the electrode; improving the 

relative permittivity of insulating layer; or combining these two factors together. Porous GnP 

paper of two sizes of GnPs (R10 and C750), were used to prepare the electrode. In order to 

enhance the relative permittivity, barium titanate particles (BT) were coated on the GnP paper 

surface; and cellulose nanocrystals (CNC) was added in the composition of the GnP paper. The 

CNC provided space between the GnPs during the filtration process, maintaining the surface area 

of GnP paper and improving the relative permittivity. After these modifications, the separation 

distance of the electrode ends was recorded, and the potential energy was calculated to compare 

the electrode performance.  Compared to GnP R10 paper based actuator, GnP R10 with 10wt% 
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CNC hybrid paper, GnP R10 coated with BT particles hybrid paper, GnP R10 with 10wt% C750 

sandwich structure hybrid paper, porous GnP R10 paper gave improvements in the potential 

energy of 17.6%, 165.6%, 240.1% and 451.9%. Although the best result showed an over 400% 

improvement, the actuating voltage was still in kilovolt range.  Future improvements could be 

made based on these results such as fabricating a comb drive or multi-layer structure.  In these 

designs, several actuating units can be assembled together to accumulate the output force, 

distance and lower the actuating voltage.  

The overall results of this work helped to demonstrate that GnPs added to polymers can  

greatly improve the mechanical properties, thermal conductivity, and gas barrier performance of 

the polymer matrix. 

 

5.2 Future Work 

 

5.2.1 Modify the interfacial property between GnP and the polymer 

The interfacial property plays an important role in reinforcing a polymer composite. For the 

GnP-TPU composite investigated here, low interfacial properties lead to mechanical property 

reduction after several stress-strain cycles. During the manufacturing process, higher film 

extrusion speeds also cause delamination happened which limits the minimum thickness that the 

composite film can reach. The glass transition temperature and the gas barrier property also 

depends on the interfacial properties between GnP and the polymer requiring more modification 

in the future, such as surface treatment of GnP or using GO as the coupling agent. In reviewing 

the results from chapter 3, even though the tensile modulus improved significantly using the 

diamine functionalized GO-GnP couple as filler, the tensile strength was maintained at the same 
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level as neat epoxy. Several more modifications can be considered, like the optimal ratio 

between GO and GnP; using different length of diamines to treat the filler surface; using other 

polymer chains to do the surface treatment and if possible.  

 

5.2.2 Synergistic effect between different carbon materials 

For GnP-TPU composite film, the goal was to improve its through-plane thermal 

conductivity, the 2D structure of GnP limits the number of conductive paths formed between 

adjacent GnPs. Other carbon materials with different shape factors can be combined with GnPs 

such as carbon fiber or carbon nanotubes. These 1D materials can easily bridge between two 

neighboring GnPs and enhance the through plane thermal conductivity. Also, the GO has been 

shown to be an effective coupling agent for improving properties of GnP/epoxy composite.  

 

5.2.3 Improving the thermal convection for composite film 

GnP was incorporated into the TPU matrix to improve the thermal conductivity. 

Improvements in thermal convection is another factor for improving the heat transfer efficiency. 

Features can be created onto the surface of the composite film through placing the composite 

film onto a topographically designed positive mold and heating above the softening point of the 

composite film and compressively forming this material. Since the addition of these features on 

the surface can improve the turbulence of a heat transfer fluid, the density, alignment, shape of 

features, can be optimized through a computational approach. Since GnP possesses high thermal 

conductivity, a topographically modified GnP paper can be used to attach to the surface of a heat 

releasing device and integrated into a cooling system. Roll to roll or 3D printing are candidate 

processes for industrial scale production.  
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5.2.4 Structure design of a GnP electrostatic actuator 

Investigation of the design of electrodes for electrostatic actuators  identified modifications 

of the electrode materials. Comb drive and multi-layer actuators can be utilized to amplify the 

electrostatic actuator performance. However, additional improvements in  the surface area of 

electrode materials, relative permittivity of the insulating layer and creating a better way to 

combine several actuating units together, in order to lower the actuating voltage and enhance the 

actuating stroke will be required.  

 

5.2.5 Large scale production of graphene oxide 

Graphene with its outstanding mechanical property, thermal and electrical conductivity and 

gas barrier property is considered as an optimal filler for the polymer in the past several years. 

Graphene oxide produced through treating graphene with strong acid and oxidant to add multiple 

oxygen based functional groups on its surface has been shown to be a possible coupling agent 

between the GnP and the polymer.  However, the large scale production of GO needs to be 

developed.  A fast, clean, less toxic and cost effective way is waiting to be put forward.  

 

 


