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Abstract 

Graphene, an atomic layer of sp2 bonded carbon atoms in the hexagonal lattice, is the 

building block of many carbon forms, including carbon nanotubes, Buckminster Fullerenes, 

carbon onions, and graphite. Its exceptional properties, for example, Young's modulus of 1 

TPa, breaking strength of 140 GPa, thermal conductivity of 5000 Wm-1K-1, and high specific 

theoretical surface area of 2650 m2g-1, have warranted use in many structural and functional 

applications. One of the most important uses of it lies as fillers in the fabrication of 

polymeric nanocomposites. Its special two-dimensional morphology featuring high 

available surface area with a nanometric thickness of the platelets can be exploited in load 

bearing, electrical, and barrier applications. However, the reinforcing agents and their types, 

considerably influence crystallinity, microstructure, and glass transition of the composites, 

which in turn affect materials properties. Therefore, underpinning the processing-

microstructure-property relationship in these materials is of paramount importance.  

The preferred route of graphene production is through the top-down approach, where 

graphene oxide (GO) is synthesized by chemical exfoliation method followed by suitable 

reduction of GO to graphene. GO possesses various oxygen-containing functional groups 

that make it easily dispersible in aprotic solvents. Subsequently, by various chemical 

treatments, some of those functional groups can be removed, and few others 

attached/created, and the filler-matrix interface can be engineered. The crux of the current 

work lies in the approaches to strengthen the matrix-reinforcement interface by various 

types of amines, resulting in unprecedented ultrastrong and ultra-tough PVA 

nanocomposites. Positron annihilation lifetime spectroscopy has been used to highlight the 

effect of interfaces. X-ray diffractometry and thermal analysis have been used to understand 

crystallinity in the samples. Raman and FTIR spectroscopy have been used to understand 

the disorder in carbon and the chemical functional groups, respectively. Microstructural 

analysis (using scanning and transmission electrons) of matrices and fractured surfaces have 

been performed to reveal the distribution of fillers, fracture process, formation of nematic 

crystals, and the in-situ formation of carbon nanoribbons for strengthening.  



 

 

 

 

An order of magnitude increase has been found in Young's modulus and fracture strength 

of the composites. Such profound increase in strength can be ascribed to the nematic 

ordering of the functionalized GO flakes in the polymer matrix. In another variant, the 

formation of carbon nanoribbons from the wrinkled GO platelets and their interpenetrating 

distribution in the polymer matrix led to enhancement in strength and toughness.  

Keywords: Graphene, Graphene Oxide, PVA nanocomposites, Interface strengthening, 

Electron microscopy, Mechanical properties.  
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CHAPTER 1    

                Introduction.  

In this chapter, recent advances in understanding the interface-controlled properties as a 

function of graphene structure in a polymer nanocomposite are briefly discussed. The scope 

of the current investigations is then broadly defined.  



 

Chapter 1 

 

 

[2] 

 

Nanocomposites with carbon-based fillers have opened up material development 

and research areas, mostly utilizing graphite (to limited extents), carbon fibers, expanded 

graphite, carbon black, carbon nanofibers, as well as particulate nanostructured carbon. As 

a consequence, moderate improvements in the mechanical properties have been achieved. 

Utilizing carbon fibers have shown improvements in the macro properties of the polymer 

composites. However, primarily influenced by the development of a synergistic network of 

fillers, these fillers have a tendency to aggregate reducing the strength of composites [1]. 

Modifying graphite with strong acid treatment results in exfoliated graphite galleries which 

can accommodate functional groups as well as polymer chains. Improved mechanical 

properties of expanded graphite intercalated polymers composites were observed for the 

polymer such as poly(styrene-co-methyl methacrylate), PMMA blended with polyvinyl 

chloride (PVC), poly(lactide) or polystyrene (PS) [2-4], where the tensile strength of the 

composites improved as compared to the neat polymers. Subsequent improvements were 

obtained by utilizing carbon nanotubes as fillers [5]. However, their partial dispersion in the 

polymer matrix was found to affect the mechanical properties of the developed composites. 

Efforts to establish suitable conditions for load transfer have been observed by altering the 

processing techniques and surface functionalities in the fabrication of the composites. 

Examples of such kinds include electrospinning the polymer–CNT blend to enhance the 

alignment and interactions amongst the polymer and the filler leading to enhanced 

compressive strengths [6]. Similarly, functionalizing CNTs with styrene in the poly(vinyl 

chloride) polymer matrix, improved the alignment and tensile strengths of the polymer 

nanocomposites [7]. Despite the fact that CNTs as fillers produced high mechanical 

strengths than the other graphitic fillers, the unique combination of strength, highest Young 

modulus, two-dimensional morphology of graphene coupled with the ease of fabrication of 

the composites and that of processing of graphene have made graphene an ideal candidate 

as a reinforcement in high-performance polymer composites.  

       Graphene is defined as a single sheet of sp2 hybridized carbon atoms arranged in a 

honeycomb lattice structure. It is the basic building block to different allotropes of carbon 

including graphite, carbon nanotubes, or Buckminsterfullerenes. Because of the high 

strength of the covalent bonds between the carbon atoms, graphene possess excellent tensile 

strength (~125 GPa), and Young’s modulus (~1000 GPa) [8], making it the stiffest material 

known, and stronger than steel. Furthermore, being atomically thin in nature, these sheets 

of carbon atoms possess high thermal conductivity (5000 Wm-1K-1) [9] and high charge 
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mobility (~200,000 cm2 V-1 s-1) [10] assigning graphene as the best conductor of heat and 

electricity. Unlike carbon nanotube or buckyballs, graphene sheets bear all the carbon atoms 

on the surface of the sheets only, providing a large theoretical surface area (2630 m2/g). 

Such attributes of the two-dimensional sheet compiled with high tensile strengths, 

encourage graphene for applications such as flexible electronics, quantum capacitors, 

hydrogen storage devices, chemical sensors and nanocomposites [11-13].  

Graphene offers significant advantages over other fillers as it extends up to huge 

lengths and widths with a thickness of only 0.34 nm, (in the case of few-layered graphene, 

the thickness can be up to few nanometers). It cannot cleave, giving rise to maximum 

strength in the out of plane direction. Its large surface area provides strengthened interfaces 

with the matrix, thus enabling many opportunities to engineer interfaces. Graphene in the 

polymer matrix has properties that are distinct from the same filler on the micron scale. For 

example, exfoliated graphite flakes synthesized from the alkali metal-graphite intercalation 

compound (GIC) polymerization, as fillers in polyethylene or polypropylene could increase 

the stiffness of the finished product [14]. Additionally, graphene oxide derived fillers can 

exhibit stiffness, strength, and strain-to-failure that substantially exceed those of traditional 

micrometer diameter carbon fiber [15]. Micrometer-scale graphite flakes approach to the 

critical crack size, thus causing early failure, while graphene-based fillers are a few orders 

of magnitude thinner than the graphite flakes. This prevents the early breakdown of the 

composite promoting enhanced toughness and ductility. Thus graphene-based fillers have 

been used to fabricate novel robust and tough functionally distinct polymer composites. 

However, the fact that these nanostructured additives profoundly influence polymer 

structure morphology and microstructures, which result in the enhanced properties, more 

detailed investigations in the processing-structure-property relationship of these composites 

is fundamentally warranted.  

Pristine graphene is devoid of any defects or functional groups, which makes its 

dispersion in aqueous systems difficult. This restricts complete utilization of graphene 

sheets of its excellent properties. Several routes have been used to exploit the exfoliation 

and stabilization of fillers before their addition ex-situ /or in-situ a polymer matrix, thereby 

controlling the macroscopic performance of the material. Alternative routes include 

tailoring of graphene oxide, which is an intermediate in the processing of graphene from 

graphite by chemical routes. Such a route is interesting as it provides an opportunity to 

achieve property enhancements in the aqueous processable aqueous polymer systems. Lerf-
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Klinowski model shows that graphene oxide produced by Hummers or modified Hummers 

method, produce structures with hydroxyl and epoxy groups present, in higher 

concentrations in the basal plane and carboxylic acid groups at the edges of the sheets 

(Fig.1.1) [16]. Such solvent based exfoliation methods of graphene oxide produce sheets 

with large lateral dimensions which can be chemically functionalized and dispersed in 

polymer matrices, and further deoxygenated to yield novel composites.  

 

Figure 1.1 Lerf Klinowski model displaying functional groups on graphene oxide, containing 

epoxide, hydroxyl, carbonyl and carboxylic groups.  

Exfoliated graphene oxide produced by thermal or sonication methods provides 

morphology with different lateral dimensions [17]. Thermally exfoliated graphene oxide 

(TEGO) sheets contain remnant oxygen groups and exhibit a crumpled accordion-like 

morphology with lateral dimensions ranging up to few hundreds of nanometers only [18]. 

Such crumpled nanosheets intercalated in the polymer matrices disperse well in polymer 

matrices, but produce property enhancements at higher weight fractions, of about 2 wt% 

[19, 20]. Similarly, sonication methods provide well-exfoliated sheets in the solvent, but the 

fragments of the sheets are again reduced down to few hundred of nanometers limiting the 

aspect ratio advantage of large area graphene sheets [21]. Mechanical stirring is an 

alternative route to exploit the graphene sheets with large lateral dimensions. However, 

relatively low yield and slow procedures of exfoliation suggest alternative routes be 

explored for GO exfoliation and dispersion. These variations in the lateral dimensions and 

microstructures of graphene oxide sheets enable different degrees of interfacial interlocking 

and adhesion with the polymer matrix which finally lead to varying levels of property 

enhancement.  



 

Chapter 1 

 

 

[5] 

 

Regarding dispersion of graphene in the polymer matrices, several routes have been 

used to exploit the exfoliation and stabilization of fillers before their addition (ex-situ or in-

situ) in a polymer matrix, thereby controlling the macroscopic performance of the material 

For example isocyanate treated graphene oxide exfoliated as functionalized graphene oxide 

platelets exhibit stable dispersions in polar solvents [22]. Similarly, GO dispersed in acetone 

followed by multi-step functionalization of graphene in the epoxy matrix have successfully 

fabricated systems with enhanced mechanical performance [23]. Furthermore, polystyrene 

polymer intercalated with functionalized graphene sheets improved the elastic modulus and 

tensile strength by 58% and 70% of their neat polymer [24]. Epoxy intercalated with 

functionalised graphene improved the flexural strength by 48% and with additional 

improvements in their thermal stability and glass transition temperatures [25].  

These studies suggest that the intrinsic filler properties strongly influence the 

structure-property relationship of a polymer nanocomposite. They play a major role in 

graphene-based polymer nanocomposites as they profoundly influence the chemical, 

thermodynamic, interfacial and morphological features of the segmented polymers [26-30]. 

Optimum composite performance is often achieved by tailoring fabrication conditions and 

or/ by functionalizing the fillers [22, 31, 32]. In most cases, functionalization enhances the 

mechanical performance of the graphene-based polymer systems. These elements 

preferentially form supramolecular complexes with enhanced interfacial adhesion and 

dispersion of the graphene in the polymer matrix. Many polymeric systems with various 

routes of dispersing graphene in the matrices with improved mechanical properties have 

been observed. Functionalized carbon-based fillers ranging from 0.1 to 5 wt. % show an 

improvement over 30-350% increase in the elastic modulus and about 50-200 % increase in 

the tensile strength for different polymers like Nylon-6, poly(methyl methacrylate) 

(PMMA), poly(vinylidene) (PVDF) and epoxy [33-35]. In summary, a wide variety of 

improved mechanical performance can be achieved by altering the interfaces of different 

polymeric systems with the incorporation of graphene fillers.  

Poly (vinyl alcohol), (henceforth referred to as PVA) polymer exhibits mechanical 

properties sensitive to graphene filler incorporation with and without functionalization. For 

example, PVA polymer loaded with 0.7 wt% of graphene oxide improves the tensile 

strengths [36]. On the other hand, improvements in the tensile strengths were observed for 

a filler loading of 1.8% [37]. Functionalized graphene combined with polymer matrices 

have also shown to exhibit enhanced mechanical properties. In essence, with the use of some 
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functionalities, the rate of tensile strength and elastic deformation of the composites can be 

varied by several degrees in the polymer matrix. For instance, PVP-stabilized reduced 

graphene sheets incorporated in the PVA matrix exhibited improved strengths for a loading 

of 0.7 wt. % filler loading  [38]. Subsequently, the addition of sulfonated graphene sheets 

in the PVA matrix produced improved tensile performances by 117% at 3 wt.% of graphene 

filler [39].  

Ideally, graphene sheets incorporated in a polymer matrix should exist as rigid disks 

or platelets in the polymer matrix. However, it is practically observed that graphene sheets 

follow a bent or crumpled platelet-type structure in the polymer matrix. These bend 

structures in the polymer, affect the crystallinity of the polymer matrix. It is shown that 

graphene sheets in the polymer matrix tend to scroll up when heated above its glass 

transition temperatures [40]. If there is strong compatibility between the polymer and the 

graphene sheets, the effect of scrolling is suppressed to high temperatures, producing a more 

extended conformation. However, if the affinity amongst the polymer and the graphene 

sheets is reduced, the sheets take up a more crumpled or scrolled morphology [41]. The 

retention or change of filler morphology can influence materials microstructures and 

properties and acquire the ability to control these microstructures can lead to tailoring of 

properties. Furthermore, a substantial part of the polymer crystallinity is also affected by 

the addition of fillers that act as nucleating sites affecting the rate of crystallization and 

crystal growth. However, the extent of its effect on crystallinity is a function of the filler 

morphology, its functional groups as well as the polymer matrix [36, 42].  

Gradually an understanding has evolved that considers an additional volume element 

in addition to the two phases of matrix and filler in the nanocomposite. These are the 

interphase zones that exist at the periphery of the fillers and the matrix and can evolve to a 

volume element with few tens of nanometer thickness. Interfaces have been found to control 

many properties in the polycrystalline ceramics and metal systems. Similarly, the evidence 

is evolving for such regions to occur in the polymer nanocomposites as well. Quantitative 

evaluation of such interphase zone in polymer nanocomposites depends on the interaction 

between the polymer and the filler. The interface region of polymer extends entirely over 

the polymer chains in the matrix, with altered mobility over hundreds of nanometers away 

from the interface. Such an interface can have properties and structures that are different 

from that of the bulk polymer and can alter glass transition, crack propagation, electron 

transport, and load transfer properties.  
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These studies suggest that the difference in the mechanical properties can be 

attributed to several factors including filler morphology, their degree or homogeneity of 

dispersion, orientation, and interfacial adhesions. Thus the outstanding problems of the area 

with polymer/GO composites lie in understanding the properties of GO fillers regarding 

their dispersion state in the polymer matrix, interfacial interactions, change in the 

crystallinity of the segmented polymers, [27-30] and the influence of all of these parameters 

in the microstructures of the composites.  

Therefore, the approach of the current work is first to synthesize graphene oxide by 

the top-down chemical approach, which offers advantages of a straightforward and fast 

process, over the mechanical exfoliation or epitaxial growth of methods are serendipitous 

and difficult to control the morphology of synthesized graphene. Chemical exfoliation 

methods of graphene oxide produce lateral sheets of large dimension, (of course this 

depends on the precursor graphite types), which can be chemically functionalized and 

dispersed in polymer matrices, and further deoxygenated to yield novel composites. 

However, deoxygenation of the GO sheets in the polymer matrix result in agglomeration or 

aggregation in the polymer matrix, which compromises mechanical properties of the 

composites. Therefore the optimum composite performance would be achieved by tailoring 

fabrication conditions and or/ by functionalizing the graphene oxide [31, 32, 43]. In most 

cases, non-covalent interactions like H-bonding, or covalently grafting the graphene oxide 

filler enhances the mechanical properties of the graphene-based polymer composites, 

through the formation of supramolecular complexes with enhanced interfacial adhesion and 

dispersion of the fillers in the polymer matrix.  

With the above-said basics, the second part of the work has been carried out with 

the fabrication of a series of in-situ functionalized graphene-based PVA composites. This 

was done by functionalizing the GO sheets with different amines and in-situ reducing them 

to achieve some extent of graphene type character of the fillers as well as impart 

homogeneity of the filler in the polymer. This has been carried out by studying the aqueous 

colloidal stability of the amine treated graphene oxide fillers separately before incorporating 

them in the polymers. The structural, functional and chemical attributes of the composites 

would be explored to gain further insights into the nature of in-situ reduced graphene oxide 

intercalated polymer composites.  

Electron microscopic techniques such as field emission scanning electron 

microscopy (FESEM), high-resolution transmission electron microscopy (HRTEM), and 
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high angle annular dark field images (HAADF) in scanning transmission electron 

microscope (STEM) have provided valuable information regarding the interfacial 

chemistry.With distinct contrasts amongst the polymer chains and the graphene sheets, these 

techniques describe the orientation filler in the matrix affecting the composite deformation. 

HAADF-STEM imaging on thin electron transparent foils of materials (typically ceramic 

and metals) have provided the ability to image interfaces and bulk by discriminating 

between electron scattering from different atomic numbers.Therefore it is a preferred 

technique to detect extremely low quantities of high atomic number elements in a bulk/ 

interface of relatively low atomic number elements [44]. However, HAADF-STEM as a 

characterization tool for polymeric composites has not been as much of other materials. 

Only a few studies in careful study of PVA-graphene system have been reported through 

FESEM or HRTEM only [45-48]. Interpretations of such classic interfacial interactions 

have not been vividly reported by HAADF or STEM techniques so far.  

In this work some efforts have been made to understand the microstructures and 

morphological features of the carbon-based reinforcements from amongst the polymeric 

phase, where the latter is a combination of carbon, hydrogen, and oxygen with considerably 

low atomic density (within a volume), leading to a clear difference between the electron 

scattering from a filler to that of the matrix. Also, conventional brightfield imaging has been 

used to observe the overall morphology. HRTEM methods have been used to understand 

the crystalline parts of the composites (the fillers) and quantitatively infer about their 

structural order.  

Fourier transform infrared (FTIR) spectroscopy provides information on the 

functional group and specific chemical moieties with its polymer matrix. Coupled with 

Raman spectroscopy the changes in the filler structure and order can be assessed. X- ray 

diffraction (XRD) and differential scanning calorimetry (DSC) can provide information 

about crystallinity of the reinforced polymer system. Large deformations in the polymer 

matrix depend on the nature of the entangled polymer chains [49]. Composed as an 

interpenetrating network of amorphous and crystalline chains, the crystallinity of the 

polymers are largely affected by the presence of graphene fillers. Graphene fillers restrict 

the mobility of free chains in the matrix which in turn affects the free volume density of the 

polymeric chains, thus affecting the glass transition temperatures and the crystallinity of the 

matrix. Herein we have tried to disseminate the effect of interfacially bonded fillers in the 

polymer matrix on account of the glass transition behavior.  
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These complementary characterisation tools corroborated with the processing 

methods of the composites have been exploited in this thesis to understand the structural, 

thermal behavior, morphology, and microstructural aspects, influencing the mechanical 

properties of functionalised graphene reinforced PVA composites.  

The thesis is organized as follows:-  

Chapter 1 introduces the area of carbon nanostructured material reinforced polymer 

nanocomposites their specific developments and challenges in graphene based polymer 

composites.The current work is introduced in the overall context of the existing challenges 

and scientific gaps. Chapter 2 provides an extensive literature on polymer composites with 

reinforcements over macro to micro to nano scale. Various processing parameters, schemes, 

including toughening and strengthening mechanisms, physicochemical properties and their 

influence on engineering properties have been discussed, with special reference to 

graphene/PVA systems. Chapter 3 briefs about the material synthesis, composite 

fabrication, details of the characterization tools used and the methods of mechanical 

property evaluation. Chapter 4 describes the aqueous colloidal stability of graphene oxide 

with various reductants such as hydrazine and amines. Results of the mechanical properties, 

morphology, crystallinity and other characterization techniques have been discussed in 

chapter 5 for graphene oxide reinforced PVA composites and hydrazine reduced GO/PVA 

composites. The subsequent chapters are built on the effect of various amines. The use of 

triethanolamine (TEOA), as a reductant /functionalizing agent, has been discussed in 

chapter 6. In chapter 7, the application of triethylamine (TEA) as the functionalization agent 

has been discussed. An additional step of hydrazine reduction after TEA functionalization 

of the fillers in the polymer nanocomposite has been discussed in chapter 8. In the 

concluding part, chapter 9, relevant and most significant aspects of each of the chapters are 

assimilated in the broad context of the processing structure- property relationship in 

functionalized graphene reinforced polymer composites.  

 



 

 

 

 

 

CHAPTER 2    

                 Literature review.  

This section embodies the background and developments in carbon reinforced polymer 

composites. Works on different graphene based polymer composites have been majorly 

reviewed with a focus on aqueous polymer systems exploited for enhanced mechanical 

properties. Different strengthening mechanisms, mathematical models, and the challenges 

in the prevailing systems have been discussed next. Scope and objectives of the thesis are 

then briefly outlined. 
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2.1 Polymer composites.  

Humankind has been familiar with the art of composite fabrication since long. Composed 

of two or more constituent materials with distinct properties-namely matrix and 

reinforcement: composites are formed as a combination of these parts to produce a new 

material with a desired set of characteristic properties. Common of such kinds are straw-

reinforced mud bricks, and concrete, which involve reinforcing straw or loose stones/ gravel 

with cement to enhance the strength of the composites. These materials were traditionally 

utilized for the construction of houses, buildings, roads  and bridges. More advanced forms 

of composites include metal matrix composites, ceramic matrix composites, and polymer 

matrix composites. These are utilized in the fabrication of automobile bodies, swimming 

pools, storage tanks, household and electronic appliances. In modern engineering, polymer 

composites are classified as fiber reinforced polymer composites (FRPs) and glass 

reinforced polymer composites (GRPs). These are composed of a polymer matrix (which is 

either a thermoplastic or thermoset) embedded with different filler or reinforcement, like 

short or long fibers or laminates, or particles such as glass, carbon or aramid.  

Polymers are attractive as they possess a host of beneficial properties including, low 

coefficient of friction, good corrosion resistance, good moldability, lower machining cost, 

and light-weightedness. Such characteristics of polymers combined with filler materials 

produce engineered structures in the field of construction, electronic, automobiles [50], 

medical science [51] sports [52], and energy industries [53]. Besides this, high-performance 

of the polymer composites are being used in military, marine and aerospace industries [54]. 

Furthermore, electrical and electronic areas including housing equipment, tool handles, 

insulation, storage tanks or fitting materials in plumbing involving materials like 

thermoplastics and thermosets have been an emergent field of application for everyday 

engineering applications [55].  

Application based polymer composites largely depend on the nature of the filler 

employed. Examples of such kind include a large number of fillers such as clay [26], glass 

[56], carbon, aramid fibers [27], talc [28], calcium carbonate [57] or mica [29]. These fillers 

mixed with polymer matrices enhance load bearing or structural applications where the 

resultant polymer composites possess improved mechanical properties synergistically 

derived from both the filler and matrix components as compared to the pristine polymer.  
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         Commercial progress of polymer composites dates back to their specific application 

in automobiles. The most well known field of polymer composites was an automotive 

application by Toyota for a timing belt cover. General Motors further utilized exfoliated 

clay reinforced in thermoplastic polyolefin (TPO) for an exterior step assist for automotive 

application [58]. Many different uses have seen identified for the polymer composites, the 

latest being wings and fuselage in Boeing 787 aircraft. [59] Besides this, a ground 

swimming pool was made in the year 2006 by using fiber reinforced composite, as a non-

corrosive alternative to galvanized steel [60]. Carbon fiber reinforced with Du Pont Kevlar 

(five times stronger than steel) were used to make military transit cases creating 30% lighter 

cases with high strength in the year 2008 [61]. 

Composite systems were initially fabricated as particle-reinforced systems 

composed of large particle reinforced and dispersion strengthened composites and fibre 

reinforced composites comrising of glass or carbon fibres as fillers in a polymer matrix. In 

large particle composites, the filler is usually of a large size, meaning, they are left untreated 

at the atomic or molecular level. The matrix bears a major share of the load and transfers 

some of the applied stress to the filler, which bears a fraction of the load. Examples of such 

kind include concrete. Here, the matrix is the mortar, and the filler is the gravel which when 

evenly distributed in matrix results in better mechanical properties. In the case of dispersion-

strengthened composites, the filler is usually of a smaller diameter between 0.01 and 0.1 

µm. These leads to the strengthening on a much finer level. In this case, the matrix bears 

most of the applied load, and the small dispersed particles hinder or impede the motion of 

dislocations. Classic examples of such kind include thoria-dispersed (or TD) with 3vol % 

ThO2 in Ni or Ni-based alloys for elevated temperature application and Al2O3-reinforced 

pure aluminum particles, also known as sintered aluminum particles (SAP) [62]. These 

classifications suggest that the mechanical property enhancement is attributed to the size of 

the filler in the polymer matrix.  

Extensions of these principles to polymer composites involved embedding small 

glass fibers in a polymeric matrix classified as glass reinforced plastic (GRPs). The filler is 

defined as fiberglass because the glass is drawn into thin fibers, with diameters normally 

ranging between 3 to 20 µm. Moreover, such fibers are relatively robust and chemically 

inert in nature, making them feasible for applications in corrosive environments with high 

strength. These GRPs find applications in areas such as body parts of marine automotive, 

plastic pipes and transportation industries. However, development of such polymer 
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composites requires a higher volume fraction of filler content for achieving required 

property improvement. Therefore, there arose a need to develop light-weight and sturdy 

composites for enhanced mechanical properties. A class of such composites was designed 

as carbon fiber reinforced polymer (FRPs) composites. Carbon fibers are superior to other 

fillers regarding strength, elastic modulus, and corrosion. Sports equipment is one area 

where carbon fiber reinforced composites are commercially available. An initial use of such 

fillers was done by a company, named Inmat LLC in the year 2011. They included the use 

of exfoliated clay for barrier applications, which involved a 20 µm coating on the interior 

of a tennis ball to prevent depressurization. Soon after the commercial availability of carbon 

nanotubes, it popularized as a reinforcement in the epoxy matrix to produce flexible and 

lightweight tennis rackets and hockey sticks [63]. Subsequently, a company of Austria, 

produced the first graphene-based commercial artifacts, like a tennis racket. State of the art 

in constructing such a racquet was to produce light weight, thin and extremely flexible 

racket as compared to the previous versions [64].  

Carbon black is one of the oldest species in the carbon family. Having a high surface 

to volume ratio, albeit  lower than that of activated carbon, carbon black has lower 

polycyclic aromatic hydrocarbon content. This has been employed in plastics, paints and 

inks as a color pigment, [65] or as a reinforcing filler in tires and other rubber products. Up 

to now, a large number of polymers have been studied using carbon black as a filler. Imoisili 

et al. (2013) made studies with natural rubber reinforced carbon black hybrid filler. These 

hybrid fillers showed improved mechanical property including tensile strength, modulus, 

abrasion resistance and hardness with the increase in the carbon black filler [66]. This was 

attributed to the effective load transfer from the matrix to the fillers. Senthivel et al. (2015) 

reported the improved mechanical response of carbon black/ Halloysite nanotube 

(Al2Si2O5(OH)4.nH2O) in nitrile rubber composites [67]. Chatopadhya et al have reported 

an increase in strength of styrene-butadiene rubber (SBR)-carbon black/ organoclay hybrid 

systems (2010) [68]. Similarly, You-Ping et al. (2006) communicated the increased the flex 

fatigue life of carbon black filled with SBR with the addition of nano-dispersed clay [69].  

Expanded graphite (EG) is another class of carbonaceous filler, which has been 

studied for mechanical property improvement in polymer matrices. Expanded graphite has 

shown substantial mechanical [70], electrical and thermomechanical response [71, 72]. 

Asma et al. (2005) revealed that EG reinforced epoxy matrices have higher elastic modulus 

than neat epoxy [73, 74]. Zheng et al. (2004) showed improved tensile and stiffness of 
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polyethylene expanded graphite composites (10 and 17wt%) under uniaxial loading, at a 

given volume fractions as per composite theory [75]. Epoxy-expanded graphite studies 

made by Baptista et al. (2016) showed that at very high loadings of 11.5 wt. % of EG, the 

tensile properties, and ultimate stress values of the nanocomposites increases.  

These results showed that the property enhancements made by expanded graphite 

were observed at a very high filler loading, inferring expanded graphite as a macro size 

filler. This results in less interfacial interaction for unit weight of the fillers and hence 

moderate enhancement in mechanical properties at lower loadings of the filler. This led to 

study another class of carbon-based filler called as carbon fiber. Eriksen, (1976) studied 

carbon fiber/epoxy composites for superior creep properties. Fitzer and Heym (1976) 

showed that carbon/polyimide composites bear high-temperature strength than most carbon 

fibers. Polyphenylene sulfide (PPS), polysulfones (PS), and polyether ketone (PEEK) were 

studied for high performance and strength of materials. PPS with continuous fiber prepregs 

were used in making composite laminates. PEEK, is a semi-crystalline polyether that 

combines excellent toughness with chemical inertness.  

Waddon et al. (1987), showed that these carbon fiber composites were tougher than 

the epoxy/ carbon fibers based composites [76]. Satish et al. (2002) studied the improved 

modulus and compressive strength of polypropylene by 50 and 100 % at a low weight 

percentage of carbon nanofiber loading [77]. Subsequently, they also studied the enhanced 

thermal stability, enhanced modulus retention with improved compressive strengths [78]. 

Besides this, Xu et al. (2004) studied vinyl ester resins with carbon fibers. The Flexural 

modulus and strength was expected to increase with the fiber loading.  However, their 

results featured decreased mechanical properties as the filler content was raised to 10% and 

remained almost same for higher filler content of about 25% [79]. This failure was attributed 

to fiber orientation, poor fiber microdispersion, adhesion and increase in the void content 

with increasing filler loading. Epoxy matrix with carbon fibers was studied by Koo et al. 

(2004) to show enhanced mechanical properties by reinforcing carbon fiber in the matrix 

before curing [80]. Soon improvements by utilizing carbon nanofibers were studied by 

Sadeghian et al. (2006) sufficing resistance to delaminating glass-fibre reinforced polyester 

composite [81]. Vivekananda et al. (2012) showed that addition of 30 wt.% of carbon fibers 

into poly trimethylene terephthalate (PTT) showed significant improvement in tensile and 

flexural strength as compared to neat PTT. Their results confirm enhancement of properties 

with increasing fiber content, satisfying good compatibility between the polymers and the 
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fillers [82]. Lately, Chen et al. (2012) studied 2D carbon fiber reinforced epoxy laminated 

composite as engineering structures for aerospace applications. They studied the tensile 

properties of the composites through the thickness of the composites which showed that a 

material deforms in a linear elastic mode before fracture. However, as the strain rate is 

increased, the tensile strength increases significantly and the breakage mode changes [83].  

Jo et al. (2008) incorporated nano clay to strengthen a resin concrete (11% polyester 

resin and 89% of mineral fillers (sand and limestone) [84]. Bauer et al. (2008) strengthened 

polyester resins by montmorillonite treated nanofillers by grafting silane functional groups 

resulting in increased mechanical properties [85]. 4% nano clay in a vinyl ester resin 

increased the modulus of the nanocomposite as seen by Chen et al. (2007) but decreased the 

elongation at break as compared to the virgin resin [86]. Further Karger-Kocsis et al. (2003) 

studied hybrid resins modified vinyl ester/ epoxy with two different types of clay fillers 

showing that the fracture energy of the nanocomposites containing 0.5wt.% nano clay was 

doubled compared to the pure resins [87]. The breaking strength and elasticity modulus in 

compression of epoxy resins increased by nano clay on surface treatment. Kasgoz et al. 

(2014) showed the effect of different types of carbon fillers on cyclic olefin copolymers 

(COC) composites based on the geometrical and structural parameters of different carbon 

nanofillers [88]. They showed that carbon black, carbon fillers, graphene and expanded 

graphite, all showed no significant difference in the hardness due to the filler type and the 

rigid structure of polymeric phase. Nevertheless, the melt rheology of carbon black and 

expanded graphite showed an increase in melt viscosity much higher than graphene and 

carbon filler due to their high surface area and agglomerated structure.  

These examples of macroscopic fillers suggest that the mechanical properties of 

composites largely depend on the interfacial area and the intensity of intermolecular 

interactions between the matrix and the filler [89]. Therefore, there arises a need to replace 

the traditional composites with a new class of fillers for enhanced interfacial interaction, 

and hence better properties. This can be resolved by employing fillers at the nanometric 

level, which result in a higher surface to volume ratio and a higher aspect ratio. While 

nanofillers are usually below 100 nm in size, their higher specific surface area than the larger 

particles allows to substantially reduced filler loading. Shifting over to the nanoscale filler 

alongside optimization of synthesis parameters helps not only to reduce the consumption of 

the filler but also remarkably improves the properties of the composite materials.  
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2.2 Polymer nanocomposites.  

Studies on metallic, ceramic, and polymer nanocomposite systems have been carried out 

extensively since the 1990s. While metals and to a lower degree, ceramic matrices are used 

for nanocomposite applications, polymer matrix nanocomposites have been a prominent 

area of research. With parameters of processability, fiber reinforced property, structure, and 

morphological aspects [90, 91] polymer based nanocomposites [92, 93] have opened up new 

areas of high performance applications.  

Nanostructured fillers including exfoliated clay or montmorillonite, nano-oxides 

including TiO2 [94-97], SnO2 [98-100], Al2O3 [101-103], ZnO [104, 105] or nano silica 

[106-108], have been used in the processing of polymer nanocomposites. Additionally, 

graphite nanoplatelets, carbon nanotubes, carbon nanofibers, graphene, carbon black and a 

host of additional nanoscale inorganic fillers have added interesting enhancement in 

material properties. Although the nanostructured fillers differ from each other regarding 

shape, structure, the property enhancement in these fillers owes to their high aspect ratio 

and effective volume fraction utilization. This means that if the size of the filler is reduced, 

the interfacial area is improved, resulting in properties different from bulk materials even at 

low filler loading. Therefore, it becomes interesting to observe the effect of these fillers 

affecting the overall properties of different polymer matrices.  

Nanocomposites are considered as multiphase materials where one of the phases has 

one, two or three dimensions less than 100 nm dispersed in a bulk matrix [109]. In other 

words, we can consider these as structures with nanoscale repeat distances between different 

phases composing the material. These materials possess design uniqueness and property 

combinations those are not present in the conventional polymer composites. These unique 

properties attribute to the change in particle properties, which suggests that when the particle 

size is less than a particular level, called as ‘critical size,' it results in enhanced properties 

[110].  

Thus, according to standards defined in ISO/TS27687 (2008), the nanocomposites 

are distributed as:- 

1) One-dimensional (1D) nanofiller: nanotubes and nanofibers with diameter lower that 

100nm;  

2) Two-dimensional (2D) nanofiller: in the form of plates, laminates or shells with a 

thickness less than 100 nm.  
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3) Three-dimensional (3D) nanofiller: iso-dimensional nanoparticles such as nanometric 

silica beads with all dimensions less than 100 nm.  

To fabricate nanocomposites with better mechanical properties, a system with lower 

filler content is desired to provide better interfacial interaction. While the technology for the 

incorporation of 3D nanofillers (in the form of particulates) in different polymeric systems 

have matured and industrialised, there remains great prospects for further improvement in 

composite properties by the use of 1D and 2D nanofillers. This is achieved by utilizing 

nanostructured fillers like carbon nanotubes, or graphene in modern trends.  

 

2.3 Carbon nanotubes (CNTs) as fillers.  

Discovered by Ijima (1991), CNTs have gained tremendous interests towards the 

development of their applications owing to their unique set of electronic, mechanical and 

structural properties and extremely large aspect ratios [111]. These members of fullerene 

family are classified as a tube-shaped material made up of carbon, with a diameter on the 

nanoscale. These are hollow structures with the walls formed by one atom thick sheets called 

graphene. These sheets roll at specific and unique (chiral) angles, and the combination of 

these rolling angles and radius decide the properties of the nanotubes regarding their 

metallic or semiconductor nature. Depending on the number of rolls the sheet of carbon 

atoms require to make CNTs, we categorize them as single-walled nanotubes (SWNTs) or 

multi-walled nanotubes (MWNTs). SWNTs have a diameter close to 1nm and have lengths 

of a million times [112], whereas MWNTs have diameters between 2 to 25 nm [113]. 

Natural alignment of the nanotubes also occurs in the form of ropes held together by van 

der Waals forces or pi stacking [113].  

CNTs are the strongest and stiffest materials discovered regarding strength and 

elastic modulus respectively. The strength arises from the covalent sp2 bonds between the 

individual carbon atoms. Yu et al. (2000) showed a tensile strength of about 63 GPa for 

MWNTs [114], whereas Peng et al. (2008) showed individual CNTs with the strength of 

around 100 GPa [115]. Its specific strength of up to 48,000 kN.m.kg-1 suggests CNTs as the 

best-known materials, compared to high carbon steels with the strength of 154 kN.m.kg-1 

[116]. These enhanced properties in bulk nanotubes are utilized as composite fibers to 

improve the yield strengths of the bulk composites. Current areas of applications include 
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fabricating tips for atomic force microscope, scaffolds for tissue engineering [117], storage 

devices and polymer nanostructure applications [114].  

Although the strength of individual CNTs is extremely high, MWNTs have reduced 

strengths up to a few GPa, due to the weak shear interactions between the adjacent sheets. 

Moreover, because of their hollow structures, they undergo buckling when placed under 

compressive torsional stress [118]. Therefore, the enhanced properties are achieved by 

utilizing bulk nanotubes as composite fibers to improve the yield strengths of the bulk 

composites.  

 

2.4 CNT-based polymer composites. 

Use of carbon-based fillers has led to the development of high-performance polymer 

nanocomposites. The distribution of the fillers (eg. CNT) plays an important role in 

composite properties. The composites in which CNTs are agglomerated, bundled or 

entangled together leads to defects in the composites and limits the efficiency of the 

reinforcement effects. Composites with well-dispersed or aligned nanotubes in the polymer 

matrix generally exhibit better mechanical and functional properties. Jin et al. (1998) 

reported the alignment of nanotubes and orientation of nanotubes in polyhydroxy amino 

ether (PHAE) polymer [119]. Similar studies made by Ajayan et al. (1994) on CNTs 

randomly dispersed in an epoxy matrix found that slicing the composite caused partial 

alignment of the CNTs on the cut surface [120]. Heer et al. (1995) fabricated aligned 

nanotube films by drawing a nanotube suspension through a micropore filter [121]. Feng et 

al. (2003) attempted to prepare well aligned polyaniline-MWNT composite films by in situ 

polymerization [122]. Similarly, Raravikar et al. (2005) prepared polymethyl methacrylate 

(PMMA)-MWNT composite films by infiltrating pre-aligned MWNT arrays on the quartz 

substrate via CVD method [123].  

Qian et al. reported enhanced mechanical properties, (2004) which showed that 

MWCNTs in a polystyrene matrix increase the elastic modulus and tensile strength by 42% 

and 25% as compared to the neat polystyrene [124]. Gorga and Cohen, (2004) investigated 

the effect of nanotube orientation on the mechanical properties of PMMA-MWNT 

nanocomposites, which showed that addition of just 1% MWNT to PMMA leads to a very 

large increase in tensile toughness [125]. Liu and Wagner, (2005) investigated the 

mechanical behavior of rubbery and glassy epoxy resins reinforced with MWNTs. They 
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reported a 28% increase in Young’s modulus in the rubbery system and 50% increase in 

improved toughness for glass epoxy resin composites. Manchado et al. (2005) reported that 

the addition of 0.25-0.75 wt % of SWCNTs to polypropylene matrix increases the tensile 

strength, stiffness, and the storage modulus considerably [126]. Subsequently, 

modifications were made in the processing parameters to produce better CNT-based 

polymer composites. Wang et al. (2008) showed that adding sodium dodecyl sulfate (SDS) 

to CNTs resulted in an increase in the Youngs modulus reaching the theoretically predicted 

values. Their results show that CNTs are effective reinforcement for improving the 

mechanical properties of electrospun PVA fibers [127]. Later on Fritzsche et al. (2009) 

studied the incorporation of CNT in silica fused natural rubber to improve the tensile 

strengths with a very low amount of CNT [128]. Khan et al. (2013) showed that only 0.3wt% 

of CNTs in the epoxy composites can improve the elastic and fracture toughness of the 

epoxy composite by 40% and 50% [129]. Gupta et al. (2014) show that only 1% of MWNTs 

added to epoxy matrix increases the tensile strength and strain at failure values [130]. Recent 

studies made by Liu et al. (2016) showed that incorporating only 1wt.% of MWNTs in the 

polyvinyl alcohol (PVA) polymer, the tensile modulus, and tensile strength improved 

greatly by 115 and 120 % as compared to the neat polymer [131]. The unusual properties of 

high tensile modulus of 1TPa, tensile strength in the range of 50 –150 GPa and failure strains 

more than 5% CNTs have resulted in the property improvement of the composites [132, 

133]. 

.  

2.5 Graphene as fillers. 

Prior studies with 3D and 1D graphitic fillers on a macro or nanoscale have been reported 

since long [134, 135] but the 2D filler, graphene gained a fresh look since 2004, after the 

discovery made by Novoselov et al. [136]. Graphene is the youngest member of the carbon 

family. It is an allotrope of carbon in two dimensions (2D) with carbon atoms arranged in a 

honeycomb lattice. Structurally, it is responsible for building all the graphitic structures. 

Layers of graphene stack on top of each other to form graphite with an interlayer spacing of 

0.334 nm. Besides this the extended honeycomb structure rolls to form 1D nanotubes and 

wraps to form 0D fullerene type structures (Fig.2.1) [137].  
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Figure 2.1. The building block of all graphitic structures [138].  

Graphene has excellent properties in terms of strength (~100 GPa), stiffness (~1 

TPa) [8] thermal conductivity (5000 Wm-1K-1) [9] buckling resistance, and high fatigue 

strength [139, 140]. Its high specific area (2630 m2g– 1) and intrinsic mobility (200 000 cm 

2 v− 1 s –1) [141, 142], and optical transparency marks its importance for application such as 

flexible electronics, solar cells, photovoltaics, capacitors and hydrogen storage devices 

[143, 144]. Such versatile features and projected applications, suggest several production 

techniques ranging from the mechanical exfoliation of high-quality graphene to the direct 

growth on carbides or metal substrates, or the chemical routes using graphene oxide to the 

newly developed approach at the molecular level.  

First attempts were made by Geim’s group in 2004 [145] to produce single sheet 

graphene by a simple method of cleaving a graphite crystal with an adhesive tape to its limit. 

The remarkably simple yet efficient method statistically brought a 1μm thick graphite flake 

to a monolayer thin sample. Soon, supported growth type methods were developed on solid 

substrates by exploiting two different mechanisms; the thermal decomposition of carbon-

rich faces of carbides [146, 147] or the epitaxial growth of graphene on metallic or metal 

carbide substrates by chemical vapor deposition of hydrocarbons [148, 149]. Despite the 

fact that this growth method produced wafer scale graphene, the drawback of lower yield 

made it limited to electrical applications only. Gradually, large scale production of graphene 

became a necessity, and chemical routes were revisited [150] with a new challenge of 

converting graphene oxide to graphene by versatile reduction methods.  
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Extensive works made by Staudenmeir, Brodie's and Hummers produced large 

polyaromatic hydrocarbons (PAH) as sub-nanometer fragments of graphite. This atomically 

precise structure of graphene fragments offered an absolute precision of the edge structure 

of nanoscale graphene domains. Brodie's work of oxidative intercalation of potassium 

chlorate in concentrated sulphuric and nitric acid produced modified graphite flakes 

composed of highly re-hybridized carbon sheets bearing hydroxyl and carboxyl moieties. 

This suspension was initially named graphitic acid but soon were more commonly known 

as graphite oxide (GO). Following his work, Hummers soon reported a faster and safer route 

to graphite oxide [151] where graphite was dispersed into a mixture of concentrated 

sulphuric acid, sodium nitrate and potassium permanganate (replacing the potassium 

chlorate) at 45°C for a couple of hours. The X-ray diffraction investigation of graphite oxide 

showed the total disappearance of the typical graphite inter-layer diffraction peak (0.334 

nm) and the appearance of a new one indicating a larger interlayer spacing (0.65-0.75 nm) 

[147]. Graphite intercalation compounds obtained by the intercalation of sulphuric acid 

between the graphite layers were commonly used in chemical, electrochemical, and 

industrial applications. After the intercalation of graphite by one of these methods, few or 

even single-sheet materials were obtained by decomposing the intercalated reactant to 

produce a large amount of gas in the van der Waals space by chemical or thermal means. 

Thus, their routes turned out to be a versatile approach for producing graphene at large scale 

and making it useful for various applications.  

Since graphene oxide platelets are readily obtainable in large quantities, it is 

relatively easier to exfoliate and disperse them in an aqueous processable polymer matrix. 

By virtue of its built-in functional groups available, these sheets form a strong interface with 

a polymer matrix. However, earlier studies have shown that individual nanoplatelets of 

graphene oxide are often wrinkled and have inferior mechanical properties to graphene. 

Therefore, it gets important to study the filler morphology and its incorporation in reduced 

or unreduced form influencing the mechanical properties of the developed nanocomposites.  

Interface-controlled properties are a function of the structure of graphene oxide. The 

primary contributors to the structure include the precursor material (including sample-to-

sample variability), berthollide character (i.e. no stoichiometric atomic composition), and 

the different methods of production. For example, mechanical peeling produces single layer 

graphene oxide of much larger dimensions and aspect ratio, but the yield is very low [147]. 

Similarly, graphene produced by Hummers or modified Hummers method possess 
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structures with hydroxyl, and epoxy groups present in higher concentrations on the basal 

plane, with carboxylic acid groups around the periphery of the sheets. SEM analysis shows 

that the presence of carboxylic groups on the outer limits of sheets produces a crumpled 

morphology of large lateral dimensions. Such fillers in the polymer matrix may have a 

strong interlocking character that affects the mechanical behavior. On the other hand, 

exfoliation of graphene oxide produced by thermal or sonication methods provides 

morphology with different lateral dimensions. Suspensions produced by sonication have 

been found to reduce the lateral dimensions by order of magnitude of few hundred 

nanometers [17]. Such sheets of varied lateral dimensions provide opportunities to 

incorporate these fillers in polymer matrices and tailor material microstructure with 

associated properties. 

 

2.6 Reduction of graphene oxide.  

Physical properties of graphene oxide are very much different from graphene. Graphene 

oxide is decorated with oxygen-containing groups on its surface making it highly soluble in 

water or polar solvents and chemically insulating. Notably, graphene bears a restored 

conjugated structure of the π-network, making it soluble only in non-polar solvents and is 

electrically conductive. The restored conjugated structure is an important aspect of the 

application of graphene making it majorly responsible for improved electrical conductivity 

[152-154], high mechanical strength [140, 155], optical or thermal behavior [9, 156-159]. 

This suggests that the reduction process is one of the most important conversion processes.  

Reduction can be achieved via chemical [160], thermal [161] or electrochemical 

processing routes [162]. Considering the ease, viability, and large scale production by 

chemical routes, typical strong reducing agents like hydrazine hydrate [163-167], 

hydroalcoholic acid [168], sodium borohydride [169] or sodium hydride [170] are 

commonly used to reduce graphene oxide to graphene. However, despite several advantages 

of chemically reduced graphene, the persistent challenge over these methodologies involve 

great extent or defects, crumpling, residual functional groups or tendency to agglomerate 

due to attractive van der Waals forces [171].  

For example, using hydrazine as a reductant, accumulation of N-charges occur, and 

formation of hydrocarbons arise from the carboxyl group reaction [172]. Secondly, 

hydrazine is highly toxic and results in very high agglomeration of the reduced product [173, 



 

Chapter 2 

 

 

[23] 

 

174]. Therefore, the choice of an appropriate reductant becomes an important parameter for 

reduction. Few results of reduction using different reductants such hydrazine hydrate, HI, 

and NaBH4 were confirmed by Song et al. (2012). Their results show that HI reduction 

produces less agglomerated GO films, good flexibility, and improved tensile strength, 

whereas NaBH4 and hydrazine produce reduced GO films that are rolled up and broken into 

pieces [164] (Fig.2.2). Siegfried et al. (2013) made another group of studies utilizing 

different reducing agents like hydrazine, Vitamin C and hydriodic acid (HI). In one group, 

they used a stream of hydrazine vapor in nitrogen to reduce graphene oxide deposited on 

the surface. In the second group, a drop of vitamin C was dropped on the film, and in the 

third group, hydroiodic acid was dropped to reduce GO. Raman analysis made on these 

three samples showed that the number of defects present on the HI reduced samples were 

comparatively low. Henceforth HI was considered as an efficient reductant to reduce GO 

over hydrazine and Vitamin C which are relatively strong and weak reducing agents [175].  

 

 

Figure 2.2. Different types of graphene obtained by using different reductants.  

Similar reduction studies by Alimard et al. (2012) showed that graphene oxide 

reduced by hydrazine could not effectively remove the carboxylic groups. Further 

stabilizing it with ammonia for a higher pH enabled well-dispersed reduced GO colloids in 

water without any stabilizers. Unless stabilized, the reduced powder immediately 

agglomerated, attributing to its hydrophobic nature. However, when the reduction was made 

by sodium borohydride in aqueous media, all the parent oxygen-containing functional 

groups were removed resulting in an IR inactive solid called graphene [176]. Also, sodium 

borohydride reduction produces a few impurities in the final product [169] and lower sheet 

resistance. Besides this, NaBH4 has been employed as a reagent to reduce aldehydes and 

ketones to alcohols [177]. Similarly, the majority of carboxyl and epoxy groups can be 

changed to hydroxyl groups in the reduction of GO by NaBH4 [178] . These reports conclude 
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that the most straightforward goal of any reduction process is to produce a graphene-like 

material similar to pristine graphene obtained from conventional scotch tape method. 

However, the realization of pristine graphene from chemically derived GO is still a 

challenge.  

Further, these reducing agents, which are capable of converting graphene oxide to 

graphene, importantly require an understanding of different changes when reduced in-situ  

with the polymers. Majorly, these reductants tend to agglomerate the reduced filler in the 

matrix material, resulting in weak interfacial bonding and weak mechanical properties. 

Thus, a careful choice of the reductant is important to for the fabrication of polymer 

composites. Different researchers have used several names in the literature thus processed 

reduced graphene oxide, as reduced graphene oxide (RGO), chemically converted graphene 

(CCG) or graphene (G) on the basis and extent of reduction, We have referred graphene 

oxide as (GO) and reduced graphene oxide as (CCG).  

 

2.7 Graphene-based polymer composites.  

Graphene-based polymer composites have evolved as one of the most significant and 

interesting research areas in the past few years. Incorporating graphene in polymers shows 

extravagant properties of the nanocomposites [32, 136, 179, 180]. Such nanocomposites 

have opened large areas of applications ranging from energy [181], thermal transport [32] 

to biology [182]. Their superior electrical [183, 184] and mechanical response [185, 186] 

have heralded graphene as a radical alternative to conventional filler in the fabrication of 

polymer nanocomposites. For instance, graphene combined with polystyrene [187] display 

high electrical conductivity and enhanced thermal behavior. Incorporating it in PMMA, 

significantly improves the mechanical behavior at very low filler loadings [188-191]. 

Graphene reinforced with ultra-high molecular weight polyethylene results in improved 

tensile strength and creep resistance [192]. Polyethylene-graphene films have been used to 

improve the friction and wear properties under the lubrication of normal or saline water 

[193]. Cai et al. (2009) showed a significant increase in the young’s modulus and hardness 

value by ~900% and 327% respectively with the incorporation of 4.4 wt. % of graphene 

oxide nanoplatelets in polyurethane. Their results show that due to the formation of 

chemical bonding, there is a strong interaction between the graphene sheets and the 

polyurethane (PU) polymer, allowing effective load transfer [194].  
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Improved mechanical properties were observed via covalent bonding between the 

filler and the matrix for increased interfacial stress transfer [195]. Zhen et al. (2010) showed 

that grafting caprolactum over graphene sheets added to a nylon-6 polymer unprecedentedly 

doubled the tensile strength of the nanocomposite for a loading of only 0.1 wt% (56 to 123 

MPa) [196]. Also, Miller et al. (2010), showed the covalent bonding between GO and epoxy 

polymer with the help of coupling agent exhibits strength improvement by 30% and young’s 

modulus by 50%, without compromising the resin toughness [35]. In another approach of 

atom transfer radical polymerization (ATRP), initiators attach covalently via esterification 

with alcohol present on the filler GO surface. Such studies showed increased mechanical 

and thermal property improvement in the neat polymer matrices [24, 197]. Some polymers 

develop a covalent bond between the matrix and the filler without the need for additional 

grafting. Such behavior has been observed in polymers like epoxy, which on curing with an 

amine hardener, gets directly incorporated with GO platelets [198], while for polyurethanes, 

thermally reduced graphene oxide functioned as a chain extender by reacting with the 

isocyanate groups of the monomer or prepolymer [47, 199]. Variants of typical in situ 

polymerization and solution mixing methods provide useful methods of dispersing graphene 

in polymer matrices like aqueous suspensions of GO platelets with latex based polymers 

[200]. Besides this developing aerogel structures with polymers produces nanocomposites 

with defined morphologies and improved mechanical properties [201].  

The polymer chain mobility, chain conformations, degree of chain ordering or 

crystallinity all can vary significantly with the formation of the graphene/polymer interface. 

This suggests that understanding the relationship between processing, microstructures and 

property is key to the fabrication of high performance polymer nanocomposite.  

 

2.8. Graphene-based PVA composites. 

As different works investigate a variety of polymers as matrices for nanocomposites, 

it is very important to determine the nature of the polymer matrix employed, i.e. 

hydrophobic or hydrophilic. Depending on the nature of the matrix, there would be an 

interfacial interaction and resultant enhancement in mechanical properties. This is a vital 

parameter to understand because poor adhesion between the reinforcement and the matrix 

would result in ineffective load transfer. Since hydrophobic matrix limits their usage due to 

poor compatibility with the fillers, recent studies are carried out on hydrophilic polymers. 
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Hydrophilic polymers advance over hydrophobic polymers due to their ease of gelation, 

thickening or emulsification and minimized interaction problems with the fillers.  

Application of hydrophilic polymers include materials like the development of 

superabsorbent polymer composites, drug delivery systems, pharmaceuticals, humectants, 

binders, lubricants, and film-formers [202-204]. Examples of aqueous based polymers 

include polyethylene glycol (PEG) suitable for drug delivery applications, polyvinyl 

pyrrolidone (PVP) is suitable for pharmaceutical applications as a binder in tablet 

formulations, adhesives, suspensions in syrups or toxicity reducers in injectable or oral 

preparations [205]. Simultaneously, hydrophilic polymers bear the capacity to hold a large 

amount of water, enrolling them to be highly flexible as compared to natural tissues. 

Structurally, these polymer chains bear hydrophilic groups that reside on the backbone. 

These groups can be non-ionic, cationic or amphoteric [206]. This allows good interfacial 

interaction of the polymer with the fillers. Polyacrylic acid (PAA), a biodegradable water 

soluble polymer used for industrial applications including super adsorbent in disposable 

nappies, water treatment [207] modified with copolymer makes it suitable for a wide range 

of medicinal applications safely [208]. Polyacrylamides are another class of synthetic 

polymers widely employed for drug delivery, microanalysis of proteins, toxin removal, and 

other biomedical applications [209, 210].  

Another group of the hydrophilic polymer is polyvinyl alcohol (PVA). Synthesized 

by the polymerization of vinyl acetate monomer to polyvinyl acetate (PVAc), it 

subsequently hydrolyses to get PVA polymer. The extent of hydrolysis and content of 

acetate groups in the PVA affects the crystallization and solubility of PVA. Furthermore, 

the solubility of PVA depends on the degree of polymerization (DP), hydrolysis and the 

solution temperature. Varying these factors, affect the degree of hydrogen bonding in the 

aqueous solution and the solubility of PVA. Moreover, PVA shows a high degree of 

swelling in water and bears a rubbery nature. This utilizes PVA for varied applications 

including lubricant for contact lenses, the lining of artificial hearts, drug delivery 

applications and biosensors.  

Literature studies by Pavia et al. (2004) show that 5 wt% CNT reinforced PVA 

matrix exhibits higher film strength for the nanocomposite film as compared to pristine PVA 

films [211]. Wejing et al. (2006) discussed the improvement in the tensile modulus by more 

than 130% on a 2 wt% nanotube loading [212]. Surawut et al. (2007) made similar studies 

on electrospun PVA- nanofibre mats with carbon black nanoparticle. The films became 
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more rigid with the addition and increasing the amount of CNTs [213]. Sergio et al. (2015) 

show that 0.5wt.% CNTs functionalized with PVA polymer by chemical stabilization, result 

in maximum elastic modulus due to proper alignment of the CNTs in the PVA matrix [212].  

Hou et al. (2009) obtained interesting results for enhanced mechanical properties by 

using few-walled carbon nanotubes (FWNTs) in the PVA matrix. They observed a relative 

Youngs modulus value (dY/dVf) of 1648 GPa, with only 0.2 wt% functionalized filler in 

the PVA matrix [214]. This value is 400 GPa higher than the reported value of (dY/dVf = 

1244 GPa) by Cadek et al. (2004) [215]. They indicate that FWNTs are practically the 

optimum reinforcing filler for the next generation CNT based composite materials. Another 

set of studies made by Zhang et al. (2015) showed MWCNTs grafted with PVA through 

Freidel-Crafts alkylation exhibit tensile strength and modulus of 926 MPa and 59 MPa, 

respectively. These values were high enough for a filler content of 3 wt.%, an increase of 

280.6% and 421% of pure PVA fibers [216]. Wu et al. (2016), studied the subsequent 

performance of CNTs–PVA nanocomposites via layer-by-layer deposition method. Their 

results show a remarkable increase in strength from 50 MPa for pristine PVA polymer to 

1255 MPa for 63.3 vol% CNTs in the composites [131].  

One of the important objectives of the current work is to explore reinforcing 

behaviour of graphene and its derivative forms in aqueous colloidal processing of polymer 

matrices [37, 217]. Polyvinyl alcohol (PVA) is a water soluble polymer, made by the 

hydrolysis of polyvinyl acetate. It contains a large number of OH groups on its surface. This 

increases the polar nature of the polymer as compared to the discussed polymers discussed 

so far and is a suitable matrix for the intercalation of the filler. Therefore, PVA was selected 

as a model system for a polymer matrix for aqueous processing of graphene based polymer 

nanocomposite fabrication. 

PVA is a commodity polymer with excellent film forming, emulsifying and adhesive 

properties, enhanced with good strength and elongation properties. It has high flexibility as 

well as oxygen or aroma barrier properties [218]. This makes it applicable in areas such as 

energy devices [219], medicine [220], pharmaceuticals [221], textile, gas barriers, fiber 

reinforcement in cement based composites [222] or food packaging material [223]. 

However, the ductility of the polymer is humidity dependent [224, 225]. The water that acts 

a plasticizer reduces the tensile strength but increases the elongation and tear strength. This 

restricts the utilization of graphene-based PVA films for their flexible behavior. Thus, there 
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arises a need to study this polymer with ways to enhance the flexible behavior and develop 

structures that can bend, twist and can stretch to user needs.  

Early reports on PVA-GO systems were made by Liang et al. (2009). They reported 

82% increase in tensile strength (49 MPa to 89.6 MPa) and a 57% improvement of Young’s 

modulus (2.13 GPa to 3.35 GPa) by the addition of only 0.7 wt % graphene oxide [36]. 

These experimental studies were in agreement with the theoretical simulations by the 

Halpin-Tsai model for almost single layer exfoliated sheets. Xu et al. (2009) followed this 

work and reported that Young’s modulus and the tensile yield containing 3 wt.% graphene 

oxide was 4.8 GPa (128% improvement) and 110 MPa (69% improvement) respectively, 

[217] against 65 MPa and 2.1 GPa for pristine PVA. Morimune et al. followed the PVA-

GO composite fabrication to produce effective improvements in Young modulus at a low 

wt% of 0.1. Their results showed that at lower wt% of GO, PVA-GO composites exhibit 

rigid sheet-like structures responsible for the increased elastic modulus values as compared 

to pristine PVA films [226]. Jiang and Shen (2010) complimented the previous works to 

reveal the behavior of graphene/PVA composites. They communicated the improvement in 

tensile strength behavior of the pristine PVA films from 23 to 49.5 MPa, for the 

nanocomposite film with 3.25% ex-situ reduced graphene loading [227].  

Yuan reported ex-situ reduced filler loading, (2011) with 116% (69 MPa) increase 

in the tensile strength as compared to neat PVA (32 MPa) by the addition of only 0.8 wt.% 

graphene. The graphene employed here was partially reduced so as to develop better 

interlocking of the reduced graphene sheets with the matrix [228]. Hydrogels of ex-situ 

reduced GO in PVA polymer composites were prepared by utilizing a very low content of 

the filler by Surudzic et al. (2016). Their results displayed the tensile strength of 177 from 

114 MPa and Young modulus values of 0.56 to 0.68 GPa respectively. These values 

suggested improvement of 56 % in tensile strength and 21.4% in Young's modulus for filler 

content as low as 0.01 wt % GO in a matrix of 10 wt% PVA polymer [229]. Nevertheless, 

ex-situ reduced methods are not preferred because of difficulties in dispersion in aqueous 

media.  

Due to their mechanical property enhancements, in situ methodologies are the center 

of much consideration and applications. Such advancements were reported by Zhao et al. 

(2010) for in situ reduction of graphene oxide sheets in the PVA matrix functionalized by 

sodium dodecyl benzyl sulphonic acid [37]. Their results report that the functionalised 

graphene/PVA films had an improved tensile behavior up to 42 MPa from PVA against 17 
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MPa for pristine PVA film with a loading of only 1.8% graphene. Also, an improvement in 

the Youngs modulus by 940% (0.10 GPa to 1.04 GPa) was observed with a loading of only 

1.8% graphene. Their results concluded that there exists a mechanical percolation limit of 

1.8% below which the graphene nanosheets can be well dispersed in the polymer matrix, 

increasing will affect the mechanical behavior and further loading will cause nanosheet 

stacking together finally decreasing the efficiency of the mechanical properties.  

The in situ behavior of the graphene-PVA composites was justified by Wang et al. 

(2011) for enhanced mechanical and water resistance properties. Their studies revealed that 

0.5 wt% of graphene oxide reinforced PVA composite films had an increase up to 34% (23 

to 31 MPa) in tensile strength and 34% in elongation at break. On the other hand, the tensile 

strength and elongation at break improved by 212% (23 to 72 MPa) and 16% for the same 

loading of in situ reduced graphene-based PVA films [230].  

Bao et al. reported comparative investigations on PVA-GO and in situ reduced PVA-

GO composites with lower filler loadings (2011). The mechanical properties significantly 

increased as compared to the neat PVA matrix. It was concluded that introducing 0.8 wt% 

of GO, the tensile modulus increases by 54% (4.8 to 7.4 GPa) and tensile strength by 52% 

(95 to 144 MPa) in a PVA-GO 0.8% composite system. Subsequent reduction of graphene 

oxide achieves a maximum increase of 66% (4.8 to 8 GPa) in tensile modulus and 66% 

increase in tensile strength (95 to 158 MPa) for (PVA-G 0.8%) composites [231]. Their 

results showed no significant difference in the mechanical properties on the reduction of 

graphene oxide. Similar results obtained by Bian et al. (2015) showed a 25% increase in the 

tensile strength increased from 47 to 59 MPa and 900% enhancement in Young's modulus 

for the composites with a 4 wt% of the GO filler [232]. From these results it is important to 

note that the state of the filler in the form of graphene oxide or reduced graphene oxide 

makes a huge difference in the mechanical properties of the composites. Furthermore, such 

reduction effects are sometimes not as discernible as can be seen from the work of Bao et 

al. 

It is indeed a paradox that needs resolution. GO is expected to form homogenous 

dispersion is an aqueous polymeric system due to the presence of functional group on its 

basal plane and edges that can bind with the polymer matrix through hydrogen bonding. 

However, due to the defective nature of GO, its intrinsic tensile modulus itself is quite low 

as compared to that of graphene. On the other hand, graphene which has excellent strength 

and modulus is difficult to be dispersed in an aqueous polymer colloid, thus causing 
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inhomogeneous distribution of the fillers. Moreover, for the lack of functional groups the 

filler/matrix linkages are also limited, leading to ineffective load transfer. 

Therefore it is necessary to increase the amount of functional groups on the surface 

of graphene sheets to enhance the interfacial interaction. One of the best approach is to 

develop chemical bonds between the filler and the matrix. Salavagione et al. (2009) first 

documented  [233] covalent functionalization of graphene oxide to PVA polymer via 

esterification reaction of carboxylic groups followed by a comprehensive study of isolation 

and characterisation of PVA-functionalised graphene oxide. Besides, they also 

demonstrated that the esterification reaction depends on the tacticity of the polymer, and the 

covalent linkages are responsible for remarkably altering the crystallinity and thermal 

stability of the composites. Their strategies to control the interfacial interactions between 

the filler and the polymer suggested designing of new high strength nanocomposites.  

The behaviour of functionalized graphene polyvinyl alcohol nanocomposites was 

studied by Liu et al. (2011) where graphene sheets were functionalised non-covalently with 

aromatic amino acids and prepared reduced graphene oxide through hydrazine hydrate. 

Though these works were mainly dependent on the water, disperse ability, 23% 

improvement in tensile strength from 38.4 to 47.2 MPa, and a moderate increase in Young’s 

modulus from 1.48 to 1.56 GPa was achieved by 0.2 wt.% graphene sheets [234]. To 

understand the fact that functionalization of graphene sheets improve the mechanical 

behaviour, Cheng et al. (2012) grafted PVA with graphene oxide (PVA-g-GO) films and 

then filled them in the PVA polymer for strong interfacial adhesion. 1wt % graphene oxide 

in the PVA-g-GO added to the PVA matrix significantly improved the tensile strength from 

22 to 47 MPa and Young modulus from 0.16 to 0.53 GPa. These values represent an 

increment of almost 113% and 230% respectively. They claimed that the PVA 

functionalised PVA-graphene films were not only stronger but also tougher [235].  

Cano et al. (2012) studied the improvements in the mechanical properties of the 

graphene oxide based materials by covalent attachments of esterified GO to the polymer 

chains. The mechanical properties of the esterified GO-PVA composites were obtained by 

adding the esterified GO to different molecular weights of the PVA polymer. They showed 

that the modulus and strength are increased by 60% and 400% for PVA polymer of weight 

50 and 150 kg/mol about the pure polymer for functionalised-PVA-GO loadings even below 

0.3% [236]. This is an important report to look at the section in the mechanical properties 

data of composites in the context of the molecular weight and other pristine polymer matrix 
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characteristics.  Layek et al. (2012) alleviated the in situ approach by utilizing the surface 

of GO sheets. Graphene oxide contains various oxygen-containing functional groups on 

their basal planes and edges. This makes it hydrophilic and easily dispersible as individual 

sheets in polar solvents, subsequently resulting stable suspension to produce 

graphene/polymer nanocomposites. Their route of modifying graphene oxide in the PVA 

matrix suggests anchoring the reduced graphene to sulfur (-SO3H) followed by the 

incorporation in the PVA matrix. Their results showed the highest increase of strength 48 

to 130 MPa (170%), strain at break 187 to 256 (37%) and elastic modulus of 5.5 from 2.9 

GPa (90%) increase for a 3 wt% graphene filler over PVA [39]. This suggests that increasing 

the amount of functional groups on the surface of graphene sheets via chemical bonding 

enhances the interfacial interaction between the filler and the matrix resulting in enhanced 

mechanical properties.  

The recent developments in the fabrication include works done by Ma et al. (2013). 

They report that glucose reduced graphene oxide with an aqueous solution of polyvinyl 

pyrrolidone (PVP) has tensile strength improvement from 105 to 154 MPa and Young 

modulus increase from 3.3 to 4.3 GPa (30%) for 0.7 wt. % of PVP- stabilized reduced 

graphene oxide (PVA-rGO) films [38]. The substantial improvements correspond to the 

functionalization by PVP to the PVA-GO film. Shenbin et al. (2015) reported structural 

enhancements in tensile strengths. Their results showed that tensile strength and modulus 

of the 50 wt.% PVA-GO composites were high as 280 MPa and 13.5 GPa. Further 

modifying the PVA-GO composites with sulfur, the tensile strength, and modulus modified 

from 50 MPa and 2.3 GPa for the PVA polymer to 252 MPa and 8.5 GPa respectively [237]. 

Another structure dependent studies were made by Jie Chen et al. (2015), which showed an 

improved tensile strength from 23 to 88.5 MPa (284%) by crosslinking PVA with 5% of 

boric acid, on a graphene oxide loading of 0.2 wt.% against the neat PVA- GO composite 

films [238].  

Improvements in the composites are latest reported by Shao et al. (2016). They 

propose simultaneous reduction and functionalization of graphene oxide using 

polyethyleneimine (PEI). Such composites exhibited great strength and toughness with a 

filler content of 0.5 wt.%. The tensile strength and Young’s modulus increased up to 117 

MPa (53.9%) and 4.8 GPa (52%) from pure PVA values of 76 MPa and 3.16 GPa 

respectively [239].  
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Table 2.1. Property matrix for PVA based GO/G different systems.   

Author & Year Wt. % Improvement 

Elastic 

Modulus (%) 

Improvement 

Tensile strength 

(%) 

Journal , Ref 

  PVA-GO system   

Liang et al, 2009 0.7 57 82 Advanced functional 

materials [36] 

Xu et al, 2009 3 128 69 Carbon [217] 

Wang et al, 2011 0.5  34 Polymer 

international[230] 

C.Bao, 2011 0.8 54 52 Material chemistry 

[231] 

S. Morimune, 2011 0.1 76  Conference 

proceeding [226] 

Sunil Rathod, 2014 5 230 67 AIP conference 

proceeding [320] 

Qibo et al, 2015 4 900 25 Polymer science , 

series A, [232] 

Shenbin et al, 2015 50 486 460 RSC Advances [237] 

 

  Ex situ  reduced   

PVA- G system 

  

Jiang Shen, 2010 3.25 - 115 Journal of applied 

polymer science 

[227] 

Yuan et al, 2011 0.8  116 Polymer bulletin 

[228] 

Surudiz et al, 2016 1 21.4 56 Journal of industrial 

and engg. Chemistry 

[229] 

  In situ reduced 

PVA- G system 

  

Zhao et al, 2010 1.8 94 150 ACS, applied 

material interface 

[235] 

Wang et al, 2011 0.5  212 Polymer 

international, [230] 

C.Bao, 2011 0.8 66 66 Material chemistry 

[231] 

  Functionalized 

PVA- GO/G 

system 

  

Salavagione et al, 

2009 

1   macromolecules 

[233]  

Liu et al,  2011 0.2 5.4 23 Polymer science 

[234] 

HK Cheng et al, 

2012 

1 113 230 ACS applied 

material Science, 

[235] 

M. Cano et al, 2012  0.3 400 60 carbon [236] 

Layek et  al, 2012 3 90 170 carbon [39] 

H-Ma et al, 2013 0.7 30 46 Material letters [38] 

Shenbin et al, 2015 50 269 404 RSC advances [237] 

Jie Chen et al, 2015 0.2  284  [238] 

Shao et al, 2016 0.5 52 53.9 Material and design 

[239] 
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These studies as displayed in table 2.1 present an overview of research endeavors 

addressing the mechanical properties of PVA graphene nanocomposites. Particular 

emphasis has been given in these work on the enhancement of tensile strength, Young’s 

modulus, and the methods of reduction employed. These data sets suggest that there are 

certain key factors that influence the role of graphene nanosheets in the mechanical behavior 

of the PVA-graphene nanocomposites.  

 

2.9 Strengthening mechanism.  

Primarily the strength of a nanocomposite depends on the combined effect of the reinforcing 

filler, the matrix, and the interface. The interface can be defined as a bounding surface 

between the matrix and the filler, by taking advantage of which a unique combination of 

properties can be achieved. This suggests that interfacial interactions significantly influence 

the properties of polymer nanocomposites. Interfacial interactions are strongly affected by 

two types of forces, intermolecular and intramolecular. Intramolecular forces of adhesion 

appear amongst the polymer chains, while intermolecular forces of interaction appear 

between the polymer chains and the GO sheets. The chemically exfoliated GO sheets bear 

abundant oxygen-containing functional groups that endow it to attach with hydrophilic 

PVA. Due to this matrix filler interaction, an interphase forms spontaneously in the 

composites with properties different from those of the matrix or the filler.  

Thermodynamically, the strength of adhesion between GO and the polymer can be 

characterized by the interaction energy of the filler and the matrix. This means that the 

interaction occurs at the interphase only when the surface energy of the neat polymer (γp) is 

less than the surface energy of GO filler (γGO) or the thermodynamic parameter χs >0 [240] 

(γp < γGO). Results from Chaoying Wan and Biqiong Chen (2012) show preferable 

interfacial interactions in polystyrene polymer due to the attachment of the aromatic ring in 

styrene to GO, via non-covalent electrostatic and van der Waals interactions [240, 241]. 

Similar works done by Hu et al. (2014) studied that graphene oxide derivatives and poly 

(vinyl chloride) grafted with PMMA nanocomposites. They had an increased storage 

modulus at 0.2 wt% GO as a result of the facilitated dispersion in the polymer matrix by the 

polar groups of GO [242]. These results show that along with the dependence on the surface 

energy parameter, the reinforcement effects further enhance via covalent or non-covalent 
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interactions between the matrix and the fillers. This was accomplished successfully via 

hydrogen bonding between the polymer hosts and GO filler, respectively.  

Xiaoming et al. (2010) showed effective load transfer between chitosan and GO 

filler due to strong hydrogen bonding and enhanced tensile strength 40 to 89 Mpa, Young 

modulus 1.32 to 2.7 GPa which are about 122% and 64% increment respectively [243]. 

Jiang et al. (2010), showed a significant change in the tensile strength to 49 MPa from 23 

MPa for a 3.25 wt.% of the graphene filler in the PVA polymer. This significant 

improvement is attributed to the strong interfacial interaction between PVA and graphene 

sheets, due to hydrogen bonding [227]. May et al. (2012) produced nanocomposites with 

two types of graphene inclusion, namely, short and long graphene flakes characterized by 

typical aspect ratios of ~ 1000 and 2000. Short flakes had mean dimensions of length, width, 

and thickness as 1.1 µm, 0.5 µm, and 1 nm respectively. Whereas the long flake dispersed 

in the PVA matrix had the mean dimensions as 2.3µm, 1.3µm, and 1.2nm thickness. They 

found that short graphene flakes moderately enhanced the strength, in which case the 

effective Young modulus (dY/dV) was around 170 GPa. In contrast, the large flakes 

significantly enhanced Young’s modulus by 680 GPa (dY/dV), with V as the volume 

fraction of graphene flakes. Based on their experimental data, they concluded that 0.4 wt% 

of graphene inclusions with a higher aspect ratio enhanced the mechanical properties of 

PVA attributed to the geometry, dispersion state and aspect ratio of the inclusions [244].  

Mahendran et al. (2016) describe another methodology suggesting that large aspect 

ratio and molecular level dispersion of GO in the polymer matrix is important for favorable 

property improvements. They showed that PVA/poly-2-acrylamido-2-methyl-1-propane 

sulfonic acid (PAMPS)/GO composites enhanced Young’s modulus up to 4 times for a 

0.5 wt% of the filler content [45]. Another set of studies by Cano et al. (2012) showed that 

graphene oxide with lateral flake size of about 1 to 7 microns, functionalised with PVA, 

showed better compatibility and interfacial stress transfer from the polymer to graphene. 

They reported an increase in Young’s modulus and strength of 40% as compared to the 

pristine polymer only at a weight fraction. of 0.3% [236]. Wang et al. (2016) studied the 

effect of graphene/glass fiber/ epoxy composites on the mechanical properties with two 

different lateral dimensions. They used 3 wt% and 5 wt% of graphene sheets with specific 

surface area of 750 m2/g and 150 m2/g embedded in a matrix of epoxy and glass fiber. 

Results showed 26.3% improvement in the flexural modulus of the composites with the 

addition of 5 wt% graphene nanosheets with surface area of 150 m2/g [48].  
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These studies conclude that a larger aspect ratio of the filler is an important 

parameter to influence the mechanical property of the composite. However, these properties 

also depend on studying the role of dispersion and morphology of the filler. Zhao et al. 

(2010) examined the mechanical enhancements because of filler dispersion, which is a 

function of the volume fraction (V)/weight fraction (w) of the graphene filler. They 

discussed that as the graphene loading increases from 0% (corresponding to the neat PVA 

polymer) to 1.8%, the tensile strength increases monotonically from 17 to 43 MPa. Further 

increment in the filler loading to 3%, increases the tensile strength but decreases the 

elongation at break value from 212% for the neat PVA to 98% for the composite. Following 

their discussion, the non-monotonous character relates to the progression from the 

homogenous dispersion of graphene inclusion to spatially inhomogeneous dispersion during 

an increase in the filler content. At a lower filler content, graphene nanosheets are 

homogeneously dispersed in the matrix, thus provide a linear and fast change in its 

mechanical character. However, as soon as the filler content exceeds its critical value, small 

distances between the neighboring graphene sheets forces them to join due to the van der 

Waals interaction between the sheets (Fig.2.3). This is accompanied by end-to-end 

interaction, overlapping in the parts or even restack by planes. Because of which the 

dispersion of PVA-graphene becomes inhomogeneous, and the mechanical properties 

change [37]. This aspect is imperative to understand the strengthening mechanisms of the 

polymer composites.  

 

 

Figure 2.3. Nature of dispersion of graphene filler loading in a polymer matrix.  
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It is difficult to tell the form of graphene that has been used just from the title of the 

published literature. Since the word ‘‘graphene’’ is often used to describe work containing 

graphene oxide, thus the careful reading of the original papers is often necessary to 

determine exactly the type of graphene that was employed. To simplify the text, Bao et al. 

(2011) reported a comparative work where both kinds of reinforcements GO and graphene 

were employed to quantify the mechanical properties by the effect of both fillers differently. 

In particular, they reported that graphene nanosheets were stronger than GO since they had 

higher aspect ratio than that of GO sheets. However, GO had much more functionalities on 

its surface than graphene. This suggests that GO fillers are better dispersed and have 

stronger binding with the polymer matrix. This should indicate that GO-polymer composites 

should have better mechanical properties, which is not validated always. Okvid (2013) 

explained this with reasons being the high mechanical characteristics of strength and 

Young’s modulus of the reinforcing inclusions graphene. Secondly, higher aspect ratio and 

surface area of graphene as compared to graphene oxide [245]. Although, uniform 

dispersion following the prevention of agglomeration and strong binding between the matrix 

and the polymer are important factors determining the strength. Nevertheless, the crucial 

parameter in determining the mechanical property enhancement lies in the inherent features 

of high aspect ratio, surface area and young’s modulus of graphene filler [231, 246].  

Further review works from Okvid (2013) suggest that graphene inclusions were 

more effective in enhancement of the mechanical properties of graphene based polymer 

composites owing to the filler strength and Young modulus. However, parameters of high 

strength, filler aspect ratio, dispersibility, and bonding can be regulated, controlled or 

modified to improve the mechanical characteristics of the developed composites [245]. 

Graphene-based fillers with high aspect ratio feature crumpled morphology of the sheets 

[247]. This results in irreversible agglomerates, making it difficult to utilize it as a propriety 

material [43, 248]. Moreover, the propensity of graphene sheets to fold stably–i.e. bending 

or crumpling to acquire a minimum energy state [138, 249, 250] confines their availability 

for larger aspect ratio films.  

Thus, there arises a requirement to produce almost flat, less wrinkled and long-range 

order graphene sheets with less crumpling. To achieve these researchers have developed 

ways to produce almost flat sheets via substrate bonding [251], electrostatic stabilization 

[252], epoxy bonding [253] or microwave exfoliation [254]. However, the fact remains that 

these sheets suit well for soft matter physics or electrical property evaluation. Also, for use 
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as filler for flexible property enhancement, the developed graphene sheets lag roll-to-roll 

production and smooth texture of the produced sheets.  

Young et al. (2012) demonstrated that monolayer or bilayer graphene has better load 

transfer than tri-layer or multi-layer [255]. Without compromising an even dispersion, 

higher filler loading is easy to achieve with multilayer graphene. Therefore, there is a 

balance in the design of graphene-polymer nanocomposites between a higher filler loading 

and decreased load transfer as the number of layers in graphene filler increases. Regarding 

loading mode, it is interesting to note that the graphene fillers went into compression under 

tensile loading and vice versa. With this evaluation, they concluded that the interfacial load 

transfer, mechanical interlocking caused by wrinkled surface and defects in graphene are 

the main factor in controlling the reinforcement mechanisms.  

Reasons for crumpling of the graphene sheets can be attributed to the reducing 

method employed during chemical reduction. Particularly when graphene oxide is reduced 

ex-situ via hydrazine, it results in extremely agglomerated and crumpled sheets [160]. 

Moreover, it remains a challenge to reduce with reductant like lithium aluminum hydride 

(LAH) in a colloidal dispersion. This is due to excess side reactions with solvents commonly 

used for dispersing graphene oxide (i.e. water) resulting in aggregation. Similarly, alkaline 

solutions such as NaOH, or KOH [256] produce restacked or aggregated graphene sheets 

whereas phenols like gallic acid, tannin acid, dopamine, tea polyphenol [257-259] produce 

weakly reduced graphene oxide sheets. With few functionalities reduced, these ex-situ 

reduced aggregated graphene sheets often result in inferior mechanical properties. Thus to 

sufficiently utilize graphene for mechanical behavior, dispersion of graphene oxide sheets 

is done in a matrix via in situ reduction technique [260-262]. This proves to be an alternative 

in producing well-dispersed filler in the matrix and almost flat, less wrinkled sheets to 

develop polymer nanocomposites.  

Another aspect to which the mechanical properties of a semi-crystalline polymer and 

their composites rely on is on polymer crystallinity and glass transition temperature. 

Polymers comprise of entangled molecular chains resulting in the formation of crystalline 

and certain amorphous regions (Fig.2.4). Adding of a nanofiller to a semi-crystalline 

polymer induces a change in the degree of crystallization, crystallite size, glass transition 

temperature and their structure, which in turn affects the mechanical strength of the 

composites. Also, strong hydrogen bonding interactions due to the addition of graphene 
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filler to polymers affect the mobility of the polymer chains, subsequently altering  the glass 

transition Tg of the nanocomposites formed.  

 

Figure 2.4 Mixed amorphous and crystalline structure of the polymer.  

Liu et al. (2005) have reported results for PVA /SWNT composites. They propose 

that H-bonding interaction may occur between the hydroxyl groups attached to the surface 

of carbon nanotubes and hydroxyl groups grafted onto PVA backbone. These interactions 

supposedly affect the mobility of the PVA polymer chains [263]. Similar effects were 

observed by Jhang et al. (2010) who showed that the constraining of the polymer chains by 

graphene fillers resulted in increased crystallinity and hence improved mechanical 

properties [227]. In one study, Salavagione et al. (2011) studied the organic group modified 

PVA-rGO structure for crystallinity behavior. They reported that modifying the PVA 

surface in the presence of hexyl carbodiimide (DCC) and 4-dimethylaminopyridine 

(DMAP) catalyst, followed by hydrazine reduction, elevates the glass transition temperature 

of the hybrid PVA-rGO composites. It is due to the restricted segmental mobility of the 

PVA chains attached to bulky organic molecules. The crystallinity is transformed, and the 

melting temperature increases by 100℃ [264].  

Interestingly, there are opposing views in the literature with regards to the effect of 

graphene based fillers on the crystallinity of the composites. Pujari et al. (2015) discussed a 

reduction in crystallinity with the GO loading primarily due to the restricted dynamic motion 

of the bonded PVA molecules. They further suggested that the strong interaction between 

PVA and the GO reduced the original hydrogen bonding between the PVA molecules, 

resulting in a lower free volume fraction of the polymer chains. The net effect of these 

variations was a reduction in Young’s modulus and Tg properties. Comparison with other 
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literature they reveal that crystallinity is the only deterministic parameter for the evolution 

of mechanical properties [265].  

However, certain records from Mahendran et al. (2016) show no significant change 

in the crystallinity on reinforcing graphene in PVA matrix. They suggest that the increase 

in Young’s modulus occurs by increasing the interfacial interaction between the GO and the 

polymer matrix, the large aspect ratio of the filler and molecular level dispersion of the filler 

in the matrix as favorable effects for the enhanced mechanical properties [45, 266].  

Nevertheless, most of the published literature suggest a positive change in 

crystallinity of the composite upon filler addition. Besides this Jyongsi et al. (2012) 

suggested that graphene plays an important role in increasing the crystallinity and hence 

mechanical properties by acting as an effective nucleating agent during the crystallization 

process, accelerating the degree and rate of crystallinity. They further suggested that 

graphene acts at nucleating agent only at low concentrations of filler contest at low 

concentrations (<1wt%) and above that (>1wt%), it enhances mechanical properties by 

acting as nanofiller [267]. These studies suggest that depending on the polymer and the 

incorporation of graphene-based filler, shows an increase, decrease or no change in the 

degree of crystallinity of a semicrystalline polymer and corresponding mechanical 

properties.  

 

2.10 Mechanical models for nanocomposite properties.  

Different experimental data sets show that interfacial interaction between filler and matrix 

influences the properties of graphene based polymer composites. Depending on the size 

(area) of the interface and the strength of interaction, the adhesion between the polymer and 

the filler leads to effective load transfer properties. However, the extent of this interaction 

is influenced by various other parameters including size of the interface, filler anisotropy 

and orientation, and aggregation/ homogeniety of the fillers. In addition, there also is a 

chemical aspect of these interfaces that could define the degree of strengthening, for 

example, low energy dispersive forces, or high energy covalent type interactions. 

Nevertheless, the strength of adhesion or interfacial interaction is difficult to be determined 

experimentally. There have been a few experiments to quantify interfacial interactions 

mainly employing Raman spectroscopy (by measuring the shift of D and G bands of the 

Raman spectra), and by AFM-based peel strength measurements. An alternative approach 
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is to introduce an interfacial interaction term to the existing micromechanical models, 

thereby acquiring a first-hand knowledge of such interactions [268].  

For the prediction of the elastic modulus of composites, Halpin-Tsai model is one 

of the most widely accepted and used expression [269]. It relates the composite moduli to 

the volume fraction of the filler phase, the relative moduli of the constituents and the 

reinforcement geometry (e.g. the aspect ratio) in a straightforward method. It relates the 

longitudinal and transverse moduli of a composite as:- 

 

𝐸𝐶

𝐸𝑚
=  

1 + 𝜂𝜉𝜑𝑔

1 − 𝜂𝜑𝑔
… … … … … … … … … … … … … … … … … … (𝑖) 

𝜂 =
(

𝐸𝑔

𝐸𝑚
) − 1

(
𝐸𝑔

𝐸𝑚
) + 𝜉

… … … … … … … … … … … … … … … … … … … (𝑖𝑖) 

Where Ec Em and Eg are Young’s moduli of the composite, polymer matrix and the filler 

respectively. This equation is based on two assumptions: First, the particle and the matrix 

are linearly elastic, isotropic and bonded to each other. Secondly, the intramolecular 

interactions (interactions between the filler) are not considered. This is purely a mechanical 

model which is suitable for composites, where the interfacial strengthening/aspects are 

neglected [36, 270]. Properties of composites with similar filler/matrix microstructures, and 

with different degrees of interfacial interaction, cannot be reconciled with Halpin-Tsai 

model.  

Interface dependent studies were validated by a set of equations modeled by 

Pukanzsky et al. (1990) who applied a parameter B, which is a measure of the strength of 

interaction to the existing interface created by the polymer and the filler. He showed that 

the size of the interface and the strength of interaction significantly influence the 

nanocomposite properties [271]. His model describes the composition dependence of tensile 

yield stress or tensile strength of particulate filled polymer composites. The expression for 

yield stress is defined as:- 

𝜎𝑦 = 𝜎𝑦0

1 − 𝜑𝑓

1 + 2.5𝜑𝑓
exp(𝐵𝜎𝑦 𝜑𝑓) … … … … … … … … … … … (𝑖𝑖𝑖) 

Where 𝜎𝑦 and σyo corresponds to the yield stresses of the composite, and that of the polymer 

matrix respectively, 𝜑𝑓 the volume fraction of the filler in the composite and B σy the 
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parameter characterizing interaction. The term 
1−𝜑𝑓

1+2.5𝜑𝑓
 takes into account the decrease of the 

effective load bearing cross section owing to the introduction of the filler into the polymer 

matrix. Since the effect of various filler type is different on the tensile properties, Pukanszky 

classified the fillers as reactive, non-reactive or inactive. He suggested that treating the 

fillers with certain functionalities result in producing reactive fillers which produce higher 

interfacial interaction, corresponding to increase in the yield stress and strength of the 

composite. In another case, if the surface of the filler is not modified with any 

functionalities, the filler results in a non-reactive interfacial interaction with the polymer. In 

this case, the mechanical properties of the composites decrease as compared to those of the 

composites with reactive interfaces. Lastly, for an inactive filler, the mechanical properties 

remain unchanged and unaffected owing to no interaction at the filler/matrix interface. 

Another advantage of the model is that a proper evaluation of the experimental results can 

reveal structural irregularities in the composite (void formation, dewetting, and aggregation) 

and the sensitivity of the polymer matrix to these irregularities. However, the model had 

certain limitations. This equation was not valid where the matrix continuity was disrupted. 

Such composites were characterized by a high defect concentration and brittle fracture. 

Secondly, this model does not explicitly take into account the effect of filler anisotropy, 

unlike the Halpen-Tsai model which has an expression for random as well as aligned fillers 

in a composite [272, 273].  

Comparing different models with experimental data, we surmise that the mechanical 

strength of a nanocomposite majorly depends on the native properties of the filler. Bearing 

the fact that interphase plays a major role in the mechanical properties owing to a large 

interface contact. Some results have shown mechanical property improvements on a lower 

filler content too. Regardless, the discrepancy between these results and theory highlights 

that there is a need to develop further understanding of the relative contributions of the 

native filler properties and the change in the polymer matrix regarding the reinforcement in 

the composite systems.  
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2.11 Scope and objective of the work. 

Despite the immensely successful application of graphene and graphene derivatives as 

fillers; there still exists many scopes to understand the fundamentals of filler-matrix 

interface, the reasons for strength and toughness improvement, and the mechanism of load 

transfer. Moreover, as discussed earlier, the nanocomposites perhaps cannot be 

appropriately modeled based simply on the micromechanical methods involving the 

properties and geometry of the matrix and the filler [274-276]. The importance of interface, 

as has been pointed out in a graphene/PMMA system, cannot be overlooked. Estimation of 

the interfacial shear stresses agreed with van der Waals type interactions between the matrix 

and filler [277], suggesting that weak dispersive forces also mediated the interaction 

between the matrix and graphene platelets. The weak dispersive forces at the interfaces 

indicate that they can be tailored by esterification and/or amidation to impart covalent or 

other stronger type of interactions thereby increasing the interfacial shear stresses.  

Due to the complex interactions between the polymer and graphene attached with 

functional groups, the load transfer mechanism can be suitably enhanced. Another 

interesting and important aspect is the morphology and microstructure of the 

nanocomposites. The homogeneity of filler dispersion, its type, coupled with the chemical 

interactions can influence interface controlled properties, such as load transfer, crack 

propagation, and electronic transport. Unfortunately, literature on the morphology and 

microstructures of graphene/polymer composites exist only on a few systems. Therefore, 

there is a need to address the said characteristics in a parametric evaluation. Furthermore, 

there is a limited agreement on the glass transition behavior and polymer crystallinity of the 

composites upon graphene (oxide) reinforcements, with often contradicting reports in the 

literature. In turn, some of these behaviors also need to be reconciled along with other 

observations from the microstructures and morphology finally leading to property 

enhancements.  

        With the above said objectives in mind, the present work is carried out with large 

natural graphite crystal derived graphene oxide and its functionalized forms as the fillers 

and polyvinyl alcohol as the matrix. PVA is selected as much for its technological 

importance as a model system for aqueous processable polymers. The filler content has been 

purposefully chosen in the low to moderate range of (0.4 to 1 wt%), to observe the transition 

of various properties.These mass fractions correspond to even further lower range of volume 
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fraction of the fillers in the composites. The effect of a few amines on the aqueous colloidal 

stability of graphene oxide, dispersing them in the polymer system and the fabrication of 

the composites have been studied. Physico-chemical, structural, and morphological 

characterization techniques have been applied to understand the features. The composite 

films have been evaluated through uniaxial tensile deformation mode and the results have 

been discussed in the overall context of the physicochemical properties of the composites.  



 

 

 

 

 

CHAPTER 3    

                 Materials and methods.  

This part of the thesis embodies information on the various synthesis, sample fabrication 

methods, array of analytical techniques used as well as the property evaluation procedures.  
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3.1 Synthesis of graphene oxide.  

Graphene oxide synthesis was carried out by the modified Hummers method with large 

crystal sized natural graphite as the precursor [278]. In a typical experiment, 2 g of natural 

graphite flakes were mixed with 46 ml of concentrated H2SO4 (Merck, India) in a three-

necked round bottom flask kept in an ice bath. The temperature of the ice bath was well 

controlled and not allowed to rise above 10 °C. This cooled mixture was stirred for 30 

minutes following which 6 g of the oxidant, KMnO4 (Merck, India) was gradually added to 

it. This mixture was further allowed to stir for 30 minutes. Subsequently, the ice bath was 

removed, and the mixture was heated to bring the temperature up to 35 °C and was kept at 

this temperature for the next 1 hour with vigorous stirring. Subsequently, a large amount of 

deionized (DI) water (92 ml) was added to the mixture which increased the reaction 

temperature to around 98 °C. Controlled addition of water is a major step here to prevent an 

explosion of the reactants. The mixture was further stirred for about an hour, with the 

temperature of the reaction maintained at 98 °C, following which additional DI water (280 

ml) was added to the mixture. Then the reaction was terminated by adding 50 ml of 30% 

H2O2 (Merck, India) to oxidize the unreacted graphite, which turned the slurry bright yellow 

in color. Thus obtained GO suspension was washed with 1:10 HCl solution (500 ml) to 

remove the metal ions. The paste collected from the filter paper was dried at 60 °C. The 

agglomerated powder was re-dispersed in deionized water and washed rigorously 5-7 times 

with more deionized water until the pH was nearly 7. The paste collected on the filter paper 

was dispersed into water by ultrasonication, and centrifuged for 30 minutes at 4000 rpm to 

remove any unexfoliated GO. The GO platelets were obtained by drying the filtrate at 60 

°C in air. The process of making GO is depicted in Fig.3.1.  

 

  

Figure 3.1. The method of preparation of graphene oxide by modified Hummers method.  
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3.2 Reduction of graphene oxide.  

The prepared GO powder was dispersed in the aqueous media and reduced with different 

reductants to obtain stable colloids of chemically converted graphene oxide (CCG), which 

was subsequently dried to obtain the CCG powders.  

3.2.1 Reduction with hydrazine.  

20 mg of graphene oxide flakes were sonicated in 20 ml distilled water to make a deep 

brown colored colloid (Fig.3.2). The colloid was added to a round bottom flask and stirred 

at 80 °C under reflux. Subsequently, 1 ml of 80% hydrazine hydrate (Merck, India) solution 

was added to the flask and refluxed for 24 hrs. The color of the solution changed from deep 

brown to deep black indicating the reduction of graphene oxide to graphene. Chemically 

converted graphene with hydrazine (CCGH) powder was subsequently obtained by washing 

the reduced GO colloid solution with water and drying it in an oven at 80°C. To eliminate 

the effect of refluxing on the GO colloid (without any reductant), the light brown colored 

GO colloid was refluxed at 80°C for 24 hours, which resulted in no change in the color of 

the batch. This confirmed the effect of hydrazine on the color change of GO colloid.  

 

 

Figure 3.2. (a) Digital images of GO flakes prepared by modified Hummer’s method, (b) Colloidal 

dispersion of GO in water; the Tyndal effect of the path of the light beam can be observed within 

the GO colloid in the vial.  

 

3.2.2 Reduction with triethanolamine (TEOA).  

20 mg of graphene oxide (GO) powder were sonicated in 20 ml DI water to obtain a uniform 

GO colloid (1% w/v). The colloidal solution was transferred to a round bottom flask and 

refluxed in an oil bath at 80°C. 0.5 ml of TEOA (Loba Chemie) was added to the flask and 
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stirred for 24 hours resulting in a color change of the solution from brown to completely 

black. The obtained solution was dried at 80o C in an oven to obtain a glassy gray colored 

powdered (CCGTO) and was used for further characterizations. In order to confirm the 

successful reduction of GO by TEOA, this system was optimized by varying the quantity 

and time of reduction process.  

 

3.2.3 Reduction with triethylamine (TEA).  

Similar reduction procedure as TEOA was followed with (triethylamine) TEA. 20 mg of 

GO powder was sonicated in 20 ml water to obtain uniform GO colloidal solution. The 

colloidal solution was transferred to a round bottom flask and refluxed at 80°C. The color 

of the solution remained brown until 0.5 ml of TEA (Loba Chemie) was added to the above 

solution. The TEA added sample was refluxed in an oil bath for 24 hours at 80 oC to observe 

the color change and ensure complete reduction of the GO colloid. The reduced (CCGT) 

sample was washed with water and dried in oven overnight resulting in a blackish gray 

colored graphene powder. The obtained powder was utilized for further characterizations.  

 

3.3 Fabrication of graphene oxide reinforced PVA 

nanocomposites.  

Various sets of PVA composites with a filler loading of 0.4 wt. %, 0.8 wt. % and 1.0 wt. % 

of GO or treated GO were fabricated by a conventional solvent casting method (Fig.3.3). 

The first was a series of PVA-graphene oxide (PGO) composite films with varying weight 

% of GO without any treatment of the fillers. Subsequently, nanocomposite films of PVA 

with various reductants, including hydrazine, TEOA, TEA, and a combination of TEA and 

hydrazine. A typical process of fabricating the composites is depicted in Fig.3.3.  

 

 

Figure 3.3 Method of fabrication of PVA-GO films.  
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3.3.1 Fabrication of PVA-GO films.  

2g of PVA was dissolved in 30 ml deionized water at 95°C under reflux to form an aqueous 

solution. Separate solutions of GO with varying wt% (0.4 to 1%) powders were sonicated 

in 20 ml DI water to form a yellowish-brown colloidal solution. The obtained GO solutions 

were mixed with PVA under vigorous stirring for about 2 hours at 60 °C to form PVA-GO 

(50 ml) colloids. The PVA colloid is comparatively thicker than the GO colloid, which 

makes the mixing of the two components difficult and does not mix instantly. Therefore, 

vigorous stirring of the aqueous GO mixed PVA colloid is required to ensure complete and 

uniform mixing. Finally, 10 ml of the as prepared homogeneous PVA-GO colloids with 

different concentrations were poured onto glass petri dishes and kept in a vacuum at 40 °C 

for 48 hours to form GO reinforced PVA composite films. The films were then peeled off 

the substrate for further characterizations. The prepared films typically had 70-80µ 

thickness. Hereafter, these composites have been termed as PGO series of films.  

 

3.3.2 Fabrication of hydrazine reduced PVA-GO (PGH) series.  

The fabrication of PVA nanocomposites films with GO and hydrazine as the reductant was 

carried out by adding 1 ml of hydrazine hydrate (80% wt) to the PVA-GO blends (50 ml). 

This blend was then refluxed for 24 hours at a temperature of 80 °C, during which the brown 

polymer blend gradually turned black. 10 ml of the obtained blends were individually cast 

onto glass petri dishes and dried under vacuum at 40 °C until weight equilibrium. The cast 

and dried films were peeled off the petri dish for further characterization. Sets of thick film 

with 0.4, 0.8 and 1.0 wt. % of graphene oxide (to PVA) were prepared by this method. These 

films have been named as PGT series of composites.  

 

3.3.3 Fabrication of TEOA reduced PVA-GO (PGTO) series.  

50 μl TEOA was added to the PVA-GO blend and refluxed for 24 hours to obtain a uniform 

TEOA reduced PVA-GO colloid. The black colored colloid was similarly cast onto glass 

petridish and dried at 40°C until weight equilibrium. The films were peeled off the glass 

and used for further characterizations. These films were termed as PGTO series.  
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3.3.4 Fabrication of TEA reduced PVA-GO (PGT) series.  

Similarily, 50ml of the PVA-GO blend along with 0.5 ml of TEA was refluxed for 24 hours 

to obtain a uniform TEA reduced PVA-GO colloid. Castings of the blend were made by 

dropping 10 ml of the colloid on glass petridish and kept for drying at 40°C until weight 

equilibrium. The cast films were peeled off the petri dish for further characterization.These 

films have been named as PGT series of composites.  

Critical parameters considered for the drying of the colloid were the drying 

temperature and the type of substrate used for casting the solution. It was observed that 

when the colloids were dried in an oven at temperatures of 60 ᴼC or 80 ᴼC, it resulted in 

shrinking, cracking, and wrinkling of the films in all types of composites. Besides, when the 

colloids were cast onto a plastic petri dish, the drying was not so uniform.It had occasional 

pinholes in the films, and the film was highly wrinkled and delaminated from the sides of 

the petri dish. Representative images of the defective composites are given in Fig.3.4.  

 

 

Figure 3.4. Digital images of improperly dried defective composites.  

However, drying the colloids at nominal temperatures of 40 ᴼC in an oven for 24 

hours, eliminated the physical issues of the films related to shrinking, cracking and 

wrinkling. Utilizing glass petri dishes for drying the films, produced uniformly dried films 

without delamination or any other defect (Fig.3.5).  

This suggests that the drying temperature and the type of substrates utilized for the drying 

of the colloids are important parameters to consider in the fabrication of the films.  
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Figure 3.5 Digital images of properly dried defect free GO-based PVA composites.  

 

3.4 Material characterization and property evaluation.  

Ultraviolet and visible spectroscopy (UV) of the colloids was done using a UV-Vis 

spectrophotometer (Perkin Elmer USA). All the samples were well dispersed in the aqueous 

medium before analysis. Zeta potential measurements of the GO colloids was made by Zeta 

sizer (Malvern Nano Zeta sizer, UK). The study was made at room temperature using water 

as the reference.  

Crystallography and phase assemblage of the materials were evaluated by X-Ray 

diffraction (XRD). The diffractometer (Rigaku, Ultima IV, Japan) had a Cu-Kα radiation 

(λ= 1.5416Å) fitted with a Ni filter. The scanning range was 5 to 50° 2Ɵ with a scan speed 

of 20°/min and 40 KV and 25A conditions.The said conditions had enough signal intensity 

for qualitative evaluation.  

Thermal behavior of the samples was studied with a (Mettler Toledo, DSC-822e) 

differential scanning calorimeter (DSC). The composite samples were sliced into small 

pieces, placed in an aluminum pan holder and scanned in a temperature range of 25° C to 

300 °C at a heating rate of 10℃/min. The % crystallinity was calculated using the equation:- 

 

χc  =  
Δ𝐻𝑓

∆𝐻𝑓
°

∗ 100 … … … … … … … … … … … . (𝑖)   

Where χc is the percent crystallinity, Δ𝐻𝑓 is the enthalpy of fusion at the melting 

point and ∆𝐻𝑓
° is the enthalpy of fusion of the totally crystalline polymer measured at 

equilibrium melting point. The term ∆𝐻𝑓
° is a reference value and represents the heat of 

melting if the polymer were 100% crystalline. The established reference value of enthalpy 
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used for PVA polymer was  taken as 138.6 Jg-1 [279]. The % crystallinity was calculated by 

calculating the area under the thermogram in the melting region normalized by the standard 

value of 138.6 J g-1 using the software provided with the DSC instrument.  

Fourier transform infrared spectroscopy (FTIR) was recorded on an Alpha-E 

(Bruker, Germany) instrument with a scan resolution of 2 cm-1 and a wavenumber range 

from 4000 to 500 cm-1. Spectra of GO and the fabricated films were collected using the 

attenuated total reflectance (ATR) technique with air as the background for the sample 

spectra.  

Raman spectroscopy was carried out in the GO powders, and the various types of 

GO reinforced PVA composites with a spectrometer (Horiba, Jobin Yvon), with 756 nm 

Laser over the range of 1000 cm-1 to 2000 cm-1.The objective was to observe the positions 

and associated shifts of the G and D bands from the carbon structure.  

Positron annihilation lifetime spectroscopy (PALS) experiments were carried out to 

understand the distribution of nanovoids in the composites. The sample films were cut into 

the required number of pieces of approximate dimensions 10 mm  10 mm and stacked 

together in equal pieces on both sides of the positron source. The positron source, in this 

case, is a radioactive 22Na isotope (in the form of NaCl taken within a thin ~ 2 mg cm-2 Ni 

foil envelope), which emits positrons with energies up to a maximum of 545 keV. These 

positrons, having their end point energies, will penetrate into a material of density ρ (gm 

cm-3) up to a distance (or depth) 1.86/ρ millimeters. Therefore the sample should cover the 

positron source on both sides over a thickness larger than these penetration depths so that 

all of the positrons are strictly captured and annihilated within the sample material itself. In 

this case, the density of PVA being 1.25 gm cm-3, the minimum thickness required is 

1.86/1.25  1.5 mm. Multiple layers of the fabricated composites were placed on top of each 

other to get a stack measuring 1. 5 mm thickness (typically 10-15 foils).  

The mechanical properties of the fabricated films were tested on a universal testing 

machine (Tinius Olsen, UK) at room temperature. A load cell of 1KN was used with a 

tensile loading rate of 5 mm min-1 according to D638 ASTM standards [280]. All of the 

samples were cut with a razor blade into dog bone shapes of 5 mm width and 20 mm gage 

length, and fixed into regular cardboard windows of (30 mm x 30 mm dimension) to hold 

the films in the tensile tester teeth and to ensure uniform stretching. Five samples were tested 

for each film type, and their mean value and standard deviation were recorded. From the 



 

Chapter 3 

 

 

[52] 

 

stress-strain curves, the elastic modulus (E), yield strength (σy), tensile strength (σ) values 

were calculated.  

The tensile properties were measured using the standard formulas for stress and 

strain by converting the obtained force and extension data as:-  

휀 =
𝛿𝑙

𝐿
… … … … … … … … … … (𝑖𝑖)  

Where 𝛿𝑙 is the extension of the gage length of the film, L is the original length of 

the film and ε is the strain. The value of the ε at the point of failure of the film is taken as 

the strain at failure (εf). The strength was calculated by normalizing the load with the cross 

section of the film as per the following formula :-  

𝜎 =  
𝐹

𝐴
… … … … … … … … … … … … . (𝑖𝑖𝑖) 

The thickness of the films measured by SEM was used to calculate the area of cross 

section (A) and subsequently the strength.  

Elastic modulus was calculated from the linear position of the stress-strain diagram 

from the slope. The toughness of the films was calculated by finding out the area under the 

stress-strain diagram. At least five samples of each type of the films were tested, and the 

mechanical property values were averaged. 

Morphological investigation of GO fillers and the fractured surfaces of the samples 

were investigated by field-emission scanning electron microscopy (FESEM, FEI Nova, 

NanoSEM, Eindhoven, NL) in secondary electron mode. The powdered samples of (GO or 

CCG) were drop cast on the conductive carbon tape and directly mounted on the stub to 

view the morphology. The composite films, on the other hand, were sheared or fractured 

and stuck between a specially designed aluminum mount.  

Macroscopic wrinkling and distribution of GO platelets in the polymer/GO 

nanocomposites were characterized by transmission electron microscope (TEM) (Technai 

G2, FEI, Eindhoven, NL). The GO and the composites were prepared by depositing diluted 

dispersions of the colloid on carbon-coated grids and dried at ambient temperature in 

vacuum before analysis. The microscope was operated at 300 kV accelerating voltage with 

a field emission gun. Furthermore, some samples were analyzed by high angle annular dark 

field (HAADF) technique using the scanning transmission electron microscopy (STEM) 

mode.  



 

 

 

 

 

 

CHAPTER 4    

    Aqueous colloidal stability of graphene 

    oxide and reduced graphene oxide.  

This chapter outlines the stability of aqueous colloids of graphene oxide and chemically 

converted graphene oxide (CCG) with hydrazine, triethanolamine, and triethylamine as 

reductants. Structure, morphology, and zeta potential measurements have been performed 

to infer the results.  
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4.1 Characterization of Graphene oxide (GO).  

The X-ray diffractogram of graphite flakes exhibited characteristic features of flaky graphite 

such as a sharp diffraction peak at 26.6°, corresponding to the (002) reflections (Fig.4.1). 

This indicated the interlayer spacing of 0.334 nm between the single graphene sheets in the 

graphite crystal. In the diffractogram of the graphene oxide powders, the (002) peak at 26° 

was completely absent, indicating destruction of the parent interlayer spacing of the graphite 

structure. However, a peak at 2θ of 10.9° appeared with considerably reduced intensity. This 

indicates two important aspects with regards to the structure of graphene oxide. First, the 

interlayer spacing between the carbon layers has increased substantially (appearance of the 

peak at lower 2θ). And, secondly, the crystal size has considerably reduced (not the lateral 

size, but the stack thickness) as indicated by the reduced peak intensity. The peak in the GO 

material corresponds to an interlayer distance of 0.78 nm.  

 

 

Figure 4.1. XRD diffractograms of graphite and graphene oxide.  

Such a change in the interlayer spacing is attributed to the formation of oxygen-

containing functional groups in graphite sheets during the strong acid treatment [281]. These 

oxygen-containing functional groups intercalate the spaces between graphene oxide sheets, 

resulting in the appearance of the sp3 character to the GO sheets, which is different from the 

purely sp2 character of graphite [147].  

Morphological characteristics of graphite and graphene oxide were observed by 

scanning electron microscopy (SEM) methods (Fig.4.2). A drop of the as-prepared GO 

colloid (at pH ∼7) was casted on metallic stubs, and the images were recorded in secondary 
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electron mode. Representative images of natural graphite show a highly agglomerated 

layered structure (Fig.4.2 (a)). However, the graphene oxide sheets were observed as a semi-

transparent wrinkled two-dimensional sheet of carbon atoms (Fig.4.2 (b)). To observe the 

features of GO with better clarity, SEM imaging with a field electron source was carried 

out. Even on a much finer scale also it was found that the GO sheets exhibited clear 

wrinkling and folding of the carbon sheets. Due to the highly energetic and unstable reaction 

condition and high surface tension of the solvent during the exfoliation procedures, carbon 

layers with the wide lateral area, but much reduced thickness become unstable in the layered 

structure [282]. This leads to local wrinkling of the graphene sheets (Fig.4.3.(a)). These 

features, as explained in later chapters, have a profound influence on the usage of GO as 

fillers. High-resolution imaging of these wrinkles can additionally enable us to make 

approximations on the thickness of the few layered graphene oxide, as the smallest fold 

would typically indicate (twice the size) of the layer thickness (Fig.4.3 (b)).  

 

 

Figure 4.2. Scanning electron micrographs of (a) natural graphite crystals (b) graphene oxide.  
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Figure 4.3. Field emission scanning electron micrographs of graphene oxide; (a).multiple folding 

and wrinkling of the graphene oxide foils, (b) the wrinkles at a higher magnification.  

A highly electron transparent two-dimensional sheet of graphene oxide was 

observed by field emission transmission electron microscopy. High magnification image 

(Fig. 4.4(a)) enables us to see the fine contrast difference (electron transparency) between 

the bare grid and the areas covered with GO layers. The fine wrinkles on the plane (marked 

1), folds on the plane (marked 2) and folds at the GO edge (marked 3) can be clearly 

observed. Corrugations on the surface are attributed to the various defects and functional 

groups which emerge during the oxidation process. High surface tension amongst the GO 

nanosheets tends to agglomerate the sheets with each other. However, the imaging reveals 

well dispersion of GO sheets in water. Selected area electron diffraction (SAED) pattern for 

GO was recorded in the areas of the layered GO. A clear set of diffraction spots with 

hexagonal symmetry was characteristic of a crystalline order in the basal plane of graphene 

oxide. This observation is in contrast to some of the early reports where it was claimed that 

graphene oxide produced from Hummers method is amorphous [260, 283]. However, 

completely crystalline, as well as nanostructured graphene oxide, was synthesized in this 

case. It also indicates that the number of layers in the GO material is negligible (possibly 

less than 5) due to the lack of a diffraction pattern (spot) with regards to the interlayer 

spacing of 0.778 nm as observed from XRD. An additional possibility is that during the 

ultrasonication of GO colloids, the graphene layers in the GO structure may also break down 

leading to the formation of GO with only one or two layers [284].  
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Figure 4.4. Transmission electron microscopy of graphene oxide; (a) high-resolution image of GO 

indicating excellent electron transparent, with wrinkles on the surface (1), and folds on surface (2), 

and edge (3) are marked, (b) selected area diffraction pattern of GO indicating hexagonal –like 

symmetry of the carbon atoms.  

Energy dispersive X-ray spectrometry was performed on the GO layers by switching 

the scanning transmission microscopy mode, where a very fine electron beam is rastered 

over the sample area, and the emanating X-ray signals were recorded. The mapped area 

clearly indicated a higher concentration of Carbon over the sample area. Interestingly a very 

small portion of the signals constitutes of oxygen, indicating the presence of oxygen-

containing functional groups in GO, and also that the concentration of oxygen is very small 

in the synthesized graphene oxide. The elemental mapping of carbon, oxygen, and the 

combined signals are presented in Fig.4.5.  

 

 

Figure 4.5. Energy dispersive X-ray spectroscopy of graphene oxide; (a) elemental map of carbon, 

(b) elemental map of oxygen, (c) combined signal of carbon and oxygen.  
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Exfoliation of graphene oxide results in the formation of oxygen-containing 

functional groups on the basal planes and the edges of graphene oxide. A qualitative analysis 

of these moieties is obtained from the FTIR spectrum (Fig.4.6). Pristine graphite sheets 

display few peaks at 1600cm-1 assigned to the C=C stretching in the parent sp3 hybridized 

structure. On exfoliation of graphite to graphene oxide, GO comprises of strong peaks at 

3384 cm-1 associated with the skeletal vibrations from COOH and OH stretch present on the 

graphene oxide edges. Besides C=C, C=O, and C-O-C stretch is observed at peaks 

corresponding to, 1646, 1720 and 1021 cm-1 (Table 4.1). C=O and C-O-C peaks are assigned 

to the formation of carboxylic groups at the edges and epoxy groups at the basal planes of 

graphene oxide, respectively. These moieties allow GO to be dispersed in water and to use 

it for waterborne formulations.  

 

Peaks  ʋ (cm-1 ) Graphite Graphene oxide 

3384  O-H bonded water molecule 

2980,2930, 1600 C=C C=C 

1720  C=O 

1021  C-O-C 

Table 4.1. A correlation chart of various functional groups presents in graphite and graphene oxide.  

 

 

Figure 4.6. FTIR spectra for graphene oxide.  

The Raman spectrum of graphene oxide (Fig.4.7) produced two peaks, one at (1594 

cm-1) and another at 1316 cm-1. The materials were kept on a Si substrate and excited with 

a 785 nm laser. Literature suggests that G peak in the GO sample is observed at around 1578 

cm-1 and a distinct D’ peak at around 1604 cm-1 [285]. The presence of the D’ peak is a 
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measure of the quality of defects in GO. However, the absence of any D’ mode accompanied 

with a high G band value, is attributed to the superimposition of the G and D’ modes. This 

gives rise to an apparent G peak also called as Gapp. This Gapp peak suggests that the sheets 

have a high defect density producing a D’ peak whose energy was low enough to be 

superimposed by the G peak [286].  

 

Figure 4.7. Raman spectrum of graphene oxide.  

Theoretically, the D peak positioned at 1350 cm-1 is related to the size of the in-plane 

sp2 domains due to the C-C stretching in all carbon structures [287]. Since oxidation process 

generates many structural defects, a shift in the intensity of the D peak from 1350 cm-1 to 

1313 cm-1. This can be attributed to the presence of a large amount of disorders present in 

the graphene oxide powder [288] primarily on the edges of the carbon structure.  

Utilizing the ratio of the peak intensities ID/IG, one can use the Raman spectra to 

characterize the level of disorder/defects in graphene oxide. This ratio is inversely 

proportional to the average size of the sp2 clusters [289]. The D band is a result of the 

vibration of the sp2 bonded carbon atoms whereas the G band is due to the in-plane 

stretching vibrations of the sp2 bonds. Here the GO powder obtained an intensity ratio of 

1.42. This value is comparable to the values reported in the literature. The ratio in this work 

(1.42) indicated the presence of defects but is relatively a decent quality of GO.  

 

4.2 Reduction of graphene oxide by hydrazine.  

In this section, the synthesis and aqueous stability of hydrazine reduced graphene oxide are 

elaborated. The resulting form is termed as chemically converted graphene (CCG). 
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Furthermore, to denote hydrazine, the said term was called as CCGH. The synthesis 

procedure has been outlined in the section 3.2.1.  

 

4.2.1 Physico-chemical aspects.  

Diffractograms of graphite and graphene oxide have spelled out the exfoliation of graphene 

oxide from graphite (Fig.4.1). Reduction of graphene oxide to graphene by hydrazine 

completely diminishes the graphene oxide peak. This indicates that the graphene oxide 

layers are fully expanded and completely exfoliated. Also, the CCG powders, after filtration 

and drying, also do not seem to restack; evident by the absence of any peaks for CCG in the 

X-ray diffractogram (Fig.4.8).  

 

 

Figure 4.8 X-ray diffractogram of graphene oxide and hydrazine reduced graphene oxide (CCGH).  

Exfoliation of graphene oxide resulted from the breaking down of graphite sheets 

due to oxidation. Peripheral hydroxyl groups on the edges of the GO sheets increase the 

affinity of graphene oxide in water, allowing easy dispersion of these sheets in water. 

However, to obtain better exfoliation of graphene oxide, the sheets are dispersed in 

deionized water and further ultrasonicated in a horn type sonicator. Reduction of graphene 

oxide to chemically converted graphene (CCGH) also indicated stable dispersion, although 

the color of the dispersion changed from brown to absorbing black.  

UV-vis spectroscopy was performed to observe the plasmon transitions for the 

aqueous colloids of GO and CCGH. Graphene-based colloids can exhibit interesting 

absorption patterns at the wavelength regions of ∼230 nm, ∼260 nm, and ∼300 nm, 
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corresponding to transitions involving 𝜋, 𝜎, and n electrons of different bond energies [290]. 

The GO colloids produce a characteristic peak at ∼230 nm, which is attributed to the 𝜋-𝜋∗ 

plasmon of the C=C bond. The UV-Vis spectra for the CCGH colloids (Fig.4.9), on the other 

hand, displayed the plasmon peak at 260 nm, which is a considerable peak shift to a higher 

wavelength. This is due to the reduction of the epoxy groups and restoration of conjugation 

in the graphene sheets which lowers the energy required, and thus increases the wavelength 

of the π-π* transitions. This also predicts that CCGH possesses substantially decreased 

oxygen content and higher sheet size for which the value of λ max shifts to a higher 

wavelength. With the restoration of the conjugation in the hexagonal carbon sheets, the 

material is more graphene-like, and is expected to show high thermal conductivity and 

electrical conductivity (also evident from the absorbing black colour of the colloid). For the 

graphene oxide colloids we also observed a shoulder peak at 300 nm (Fig.4.9). Literature 

suggests that there exists a bond excitation value at ~300 nm corresponding to the n-π* 

transition of the C=O chromophores for aldehyde and ketone molecule [291]. On the other 

hand, this peak almost vanishes for the CCGH colloids indicating the absence of the C=O 

chromophores in the colloid. The obtained colloid has been studied for its aqueous colloidal 

stability by titrating it with a base and acid, which shall be a later part of the chapter.  

 

 

Figure 4.9. UV-Visible spectra of graphite, graphene oxide and chemically converted graphene 

(CCGH).  

Restoration of the conjugate bonds in CCGH are confirmed by the FTIR spectrum 

with the disappearance of almost all of the functional groups as compared to the GO 

spectrum. This curve is similar to that of graphite with few bonds displayed only at 1600 
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cm-1 along with 2900 cm-1 corresponding to the alkene stretch present in the parent graphitic 

structure. This confirms that graphene oxide is successfully reduced to graphene.  

 

 

Figure 4.10. FTIR spectra of graphite, graphene oxide and chemically converted graphene by 

hydrazine (CCGH).  

SEM images of the CCGH powders, dropped on to the stubs from aqueous 

dispersions, showed wrinkled and crumpled morphology similar to the parent GO structure 

(Fig.4.11). The exfoliation procedure weakens the van der Waals forces between the 

graphitic planes, causing the sheets to exfoliate. The interesting part was that the reduced 

sheets did not appear to stack up to form graphitic structures, as corroborated by the XRD 

analysis.  

 

Figure 4.11. Morphology of the chemically reduced graphene sheets (CCGH).  
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Transmission electron microscopy of the hydrazine reduced graphene oxide (CCGH) 

samples was done by dropping aqueous colloids on the sample stub. The images (Fig.4.12 

a & b) exhibit highly transparent sheets with usual wrinkled folded structure. The sheets had 

some extent of defects (nanoholes) which may have formed during the reduction process. 

The morphology was typically equivalent to that of graphene oxide. Generally, it is shown 

that after hydrazine reduction, a large amount of restacking of the sheets occur leading to 

thicker graphene layers. High-resolution imaging of one of the edges indicated stacking of 

5 layers (Fig.4.12c). By measuring the contrast variation, (Fig.4.12d), it was found out that 

the interlayer separation was ~3.3Å. This indicates conversion to graphitic interlayer 

distance (which is lower that the interlayer distance in graphene oxide), and thus confirms 

the restoration of double bonds following the reduction of epoxy groups on the basal planes.  

 

Figure 4.12. Highly electron transparent sheets of  (a & b) chemically reduced graphene oxide 

(CCGH), some defects (holes) can be seen on the sheets,(c) high-resolution image of a sheet 

indicating 5 layers of graphene, (d) contrast variation exhibiting the interlayer separation to ~3.3Å, 

analogous to the graphitic plane spacing.  
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4.2.2 Restoration of conjugation and aqueous colloidal stability.  

The behavior of graphene oxide colloids is influenced by various parameters, including pH, 

particle size, and zeta potential. An understanding of these parameters and their influence 

on the stability of the colloids is key to exploiting aqueous synthesis routes for the 

fabrication of graphene-based hybrids and composites. In this part, the change in zeta 

potential, light absorption, and equivalent particle size of graphene oxide and chemically 

converted graphene colloids over a range of pH are reported.  

Both CCGH and GO sheets are negatively charged colloidal particles carrying 

varying concentration of functional groups. Oxygen-containing functional groups present 

on the GO sheets make it highly hydrophilic. On the other hand, in CCGH, the remnant 

oxygen-containing groups impart stability of the mildly oxidized graphene oxide sheets in 

aqueous media. As the colloid is titrated with NaOH/HCl, the ensuing change in the pH of 

the colloid leads to agglomeration of the graphene-based colloidal particles.  

Zeta potential (ζ) is an important factor for characterizing the stability of colloidal 

dispersions. It is a measure of the negative charge on the double layer associated with the 

colloidal particle as a consequence of the ionization of different functional groups. 

Generally, GO particles with zeta potential in the range −30 mV to +30 mV are considered 

stable due to electrostatic repulsion [292]. Our measurements show that zeta potential for 

the GO colloids is pH sensitive, and effective dispersion of the colloids occurred within the 

pH range of 4–12 (Fig.4.13). Experimentally, we observed that and the highest magnitude 

of is obtained at pH 10 (−48.6 mV), although the pH range of 7–11 showed the highest 

(negative) charge.  

 

Figure 4.13. Zeta potential of aqueous colloids of GO and CCGH at different pH.  
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Dynamic light scattering (DLS) results for both GO and CCGH colloids showed 

similar trends with subtle differences. It must be mentioned here that the attempt is not to 

estimate the average particle size of GO and CCGH. DLS is a technique that is well suited 

for estimating the size of spherical particles. GO and CCGH particles, on the contrary, are 

particulate systems that possess extremely large ratios of length or breadth (few microns) to 

the thickness (few nanometers). Therefore, the DLS pattern of such a system could provide 

a convoluted result, which is expected to be close to the lateral dimensions of the GO and 

CCGH platelets. However, the objective here is to compare the relative change in the platelet 

size as a function of pH. For the graphene oxide sample at pH 7, the size distribution varied 

in the range of 250 nm to 570 nm (Fig.4.14). However, as the sample was titrated with 

NaOH to a higher pH, the population lay in the range of approximately 300 nm to 500 nm. 

The stability of the GO colloid improves as NaOH acts as a hydrogenating agent for 

graphene oxide [293]. Moreover, it has also been reported that NaOH has an ability to 

successfully remove the oxygen functionalities from the surface of GO to form activated 

graphene sheets [294, 295]. These activated sheets begin to stabilize themselves in the 

solution by reducing their effective cluster size. Thus, the change in color and stability of 

the NaOH titrated samples could be due to the development of small-sized activated 

graphene sheets. GO colloids, on the contrary, when titrated with HCl result in very large 

sheet size and poor stability. This can be attributed to the increase in H+ ions in the solution, 

which gradually increases the sheet size and reduces the stability.  
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Figure 4.14. Particle size distribution of GO colloids at different pH; inset shows the average 

particle size.  

These observations reiterate our findings from the zeta potential measurements that 

GO colloids are more stable in the 3–11 pH range. The thickness of the GO sheets is 

normally expected to increase with a decrease in pH due to increasing protonation of acidic 

groups (C–OH, COOH) present on the sheets. Protonation decreases the negative charge on 

the sheets, thereby decreasing electrostatic repulsion between them, leading to 

agglomeration of the sheets and reduced colloidal stability. However, it was observed that, 

in the pH range of 6–9, the particle size distribution remains almost the same, and the 

distributions for colloids of pH 10 and 11 exhibit tails towards higher size. The reason for a 

slightly higher size distribution in pH 10 and pH 11 could be ascribed to the salting out 

effect of the NaOH additives.  

The CCGH colloids, on the other hand, displayed sheet size in the range of 200 nm 

to 700 nm at pH 7 (Fig.4.15). On titrating them with NaOH, the CCGH sheets in the pH 

range from 7 to 10 stabilize uniformly and lie in the range of 200 nm to 400 nm. However, 

above pH 10, the sheets agglomerate, and their size sharply increases over 1 micron, with 

very few sheets in the nanometric range (not included in Fig.4.14). This dramatic shift is 

supported by Fan et al. [256], who comment that the stability of the CCGH sheets is 

attributed to a strengthened electrostatic stabilization under alkaline conditions, as the 
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repulsion between the negatively charged sheets should increase at higher pH values. Thus, 

as the repulsion lies within their threshold limits, the CCGH colloid is stable, and above a 

threshold limit, the sheets begin to agglomerate and destabilize themselves.  

 

Figure 4.15. Particle size distribution of CCGH colloids at different pH; inset shows the average 

particle size.  

Overall, the DLS spectra of GO and CCGH colloids exhibited size in the range of 

200 nm to 1000 nm, with the distribution tailing off at higher sizes for the pH range of 3– 

10. The distributions for colloids of pH 1-2 and pH 10-11 were completely different from 

the distributions in the pH range of 3–9, the average being observed beyond 1 micron at the 

pH extremes.  

This result closely matches with our common observation of a highly agglomerated 

GO colloid that is not transparent yellow but showed a muddy appearance. This suggested 

that the neutral pH range was found to be processing of GO colloids.  

UV-vis spectroscopy was employed to observe the plasmon transitions for the 

titrated GO and CCGH colloids. The characteristic peak of GO colloids at ~230 nm 

attributed to the π- π∗ of the C=C bonds is similar for samples in the pH range of 2 to 11 

(Fig.4.16). However, at pH 1 and pH 12, the absorption pattern appeared completely 

different, roughly indicating a continual decay of absorption with wavelength. At pH 1, this 
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arises as a result of high amount of sedimentation that takes place due to the aggregation 

and low repulsion within the sheets.  

 

 

Figure 4.16. UV-Vis spectroscopy of GO colloids from acidic to basic conditions.  

As for pH 12, the sedimentation occurs due to the salting out of the excess sodium 

ions. The UV-Vis spectra for the CCGH colloids, displayed the plasmon peak at 260 nm, 

(Fig.4.17). Due to the reduction of the C=O groups and restoration of conjugation in the 

graphene sheets that lowers the energy required, as mentioned in section 4.2.1. The shoulder 

peak at 300 nm for the GO colloid (Fig.4.9), corresponding to the n-π∗ transition of the C=O 

chromophores for aldehyde and ketone molecule [256], shift slightly due to the increased 

solvent polarity of graphene oxide as it is titrated with NaOH/HCl. On the other hand, this 

peak almost vanishes for the titrated CCGH colloids indicating the absence of the C=O 

chromophores in the reduced form.  
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Figure 4.17. UV-Vis spectroscopy of CCGH colloids from acidic to basic conditions.  

In summary, aqueous dispersions of graphene oxide were found to be stable in the 

pH range of 4–12, with excellent dispersibility in the range of 7–11, as evidenced by highly 

negative zeta potential. The colloidal stability of chemically converted graphene in aqueous 

media was also found to be similar to that of graphene oxide colloids. UV-Vis spectroscopy 

of the chemically converted graphene colloids indicated the restoration of electronic 

conjugation in the graphene sheets. These findings are useful in the fabrication of graphene-

based composites and hybrids from aqueous processing methods.  

 

4.3 Reduction of graphene oxide by triethanolamine.  

4.3.1 Physico-chemical properties.  

X-ray diffractograms of reduced graphene oxide by triethanolamine (TEOA), produce a 

broad spectrum over the range from 5° tailing off to about 30° of 2Θ, (Fig.4.18). This was 

clearly different from the typical XRD pattern of GO (also shown in Fig.4.18), where a low-

intensity peak was observed at~ 11°. The peak for CCGTEOA can be thought of as a 

combination of two peaks. A small broad peak at ~12° in the CCGTEOA powders corresponds 

to graphene oxide. A broad spectrum at around 22.5° was peculiar in that the intensity was 

very low, and the peak was highly broadened. Based on these features it can be surmised 

that TEOA reduced graphene oxide possess two different kinds of carbon structures. A 

portion of the powders is similar to graphene oxide with functional groups intercalated 

between the layers (interplanar spacing of 8Å) and with an extremely small stack size of the 

individual crystallites [169]. The other portion is more graphite-like, characterized by an 
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interplanar spacing similar to graphite, as evident by the peak position. However, the 

extremely broadened nature of the peak indicates that the size of the graphite stacks is low, 

and it can be called either graphite nanoplatelets or few layer graphene [296].  

 

 

Figure 4.18. XRD spectra of graphite, graphene oxide and chemically converted graphene 

(CCGTEOA).  

TEOA is both a tertiary amine and a triol. Therefore TEOA reduces the epoxy groups 

on the graphene oxide sheets as well as functionalizes it. This is confirmed by the FTIR 

spectra of CCGTEOA, which displays reduced intensity peaks for (C-O-C) groups and (C=O) 

groups at 1021 cm-1 and 1720 cm-1 as compared to the signals from GO powder. The 

spectrum also displays a medium intensity peak at 1650 cm-1. This peak corresponds to C=C 

alkene stretch signifying the inherent doubly bonded carbon atomic structure of graphene 

oxide, coupled with a doublet peaks at 2980 and 2930 cm-1 (symmetric and asymmetric 

stretching vibration of–CH2) group suggesting the restoration of carbon basal plane in GO 

(Fig.4.19) [297]. The reaction of TEOA molecule on graphene oxide is observed by the 

presence of few NO bonds (nitroso groups) at 1378 cm-1. Additionally, a broad spectrum 

was observed at 3360 cm-1, corresponding to the increased -OH groups in the reduced sol 

as a result of strong intermolecular hydrogen bonds from the alcoholic groups from TEOA. 

Decrease in the intensity of the C-O peaks at 1041 cm-1 and CH2 peaks at 1455 cm-1 confirm 

the reduction of  GO colloid by TEOA molecules [298].  
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Figure 4.19. FTIR spectra of graphite, graphene oxide and chemically converted graphene by 

TEOA (CCGTEOA).  

TEOA, which is a strong base, comprises of three (-CH2OH) molecules acting as the 

reducing agents. Under such condition, TEOA first dissociates to produce N+ radicals by 

hydrolysis generating OH- groups (as depicted in the schematic, step A, Fig.4.20), with an 

initial of pH 9.5 [299]. Carbon in the epoxide groups of graphene oxide is very reactive 

electrophile. Therefore substantial ring relieves upon a nucleophilic attack on the least 

substituted position [300], by the transfer of a proton (oxidation) of the -CH2CH2OH group 

in TEOA to -CH2CHO. The reaction is accelerated in the presence of N+ ions, which react 

with the oxygen atom on the ring-opened epoxy to reduce graphene oxide to its restored 

conjugated structure (seen at 1640 cm-1), with some residual nitrous oxide (NO) gas (step 

B, Fig.4.20). Additionally, electrostatic interactions between the dissociated N+ radical in 

TEOA and the carboxylic groups at the edges result in the formation of salts of carboxylic 

acids as quaternary ammonium cations (1556 cm-1), also abbreviated as quats, (step C, 

Fig.4.19). This confirms that TEOA acts to reduce the epoxy groups at the basal planes of 

GO, and resides as quaternary ammonium salts at the edges of the reduced colloid. The 

increased number of hydroxyl molecules, due to the formation of quaternary salts improve 

the stability of the reduced colloid making it suitable for use in polar solvents [301].  
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Figure 4.20. Possible reaction mechanism of GO reduced by TEOA, R1=C2H5 OH, * refers to the 

OH and carboxylic groups on graphene oxide; # refers to the formed quaternary 

hydroxylammonium salts.  

 

4.3.2 Restoration of conjugation and colloidal stability.  

TEOA reduction produces prominent functional changes in the UV-visible absorption 

spectra of the GO colloids. The C=C chromophores at 230 nm reflect a shift towards a 

higher wavelength to 256 nm respectively (Fig.4.21). At the end of 24 hours, the π-π* 

plasmon shift to a higher energy, relating to the restoration of the C=C graphitic structure. 

However, substitution of the C=O group on the GO sheets occurs by an auxochrome with a 

lone pair, (which here is the triethanolamine), results in a shift of the absorption peak at 230 

nm to a shorter wavelength, also referred to as a hypsochromic shift [297]. This shift is 

corroborated with the FTIR spectra showing the presence of hydroxylated quaternary salts 

of ammonium (quats), formed as a result of result of resonance interactions between the 

carboxyl groups and the lone pair of ammonium ions in the solutions. The tendency of the 

nitrogen atom in TEOA to withdraw electron from the carbonyl cation allows it to be held 

firmly than they would be in the absence of the resonating effects, thus shifting the position 

of the peak to a shorter wavelength.  
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Figure 4.21. UV spectra of, graphene oxide and time-dependent chemically converted graphene 

(CCGTEOA).  

Lyophilic colloids of reduced graphene oxide sheets in an aqueous media can be 

produced by forming strong forces of interaction amongst the particles and the media. 

However, the graphene sheets tend to aggregate and increase in size, if these interactions 

exceed the cohesion frequency and the probable hindrance produced by the ions in the 

media. In the case of the CCG colloids reduced by TEOA, we observe that there is no 

distinct change in the size of the sheets (450 nm to 400 nm) and the reduced sol appears as 

a stable black colloid. While on one hand, the quaternary ammonium ions in the solution 

strongly bind with the reduced GO sheets resulting in sufficient steric hindrance to prevent 

aggregation, TEOA reduction perhaps enhances the stacking of the sheets in another portion 

of the reduced GO sheets.  

The effect of steric hindrance provided by the quaternary ammonium ions is studied 

by the potentiometric studies of the CCGTEOA colloid, (Fig.4.22). It is observed that for a 

given strength of TEOA ions, the stability of the CCGTEOA improves with an increase in 

reaction time. However, again there is no major difference in the values of zeta potential at 

different time intervals (-31 mV to-28 mV). This suggests that TEOA does not enhance the 

colloidal stability. Rather, in this process, along with the reduction of the GO sheets, some 

amount of stacking of the graphene sheets occur, as evidenced by a moderate increase in the 

zeta potential. This also is congruent with the XRD results of the CCGTEOA powders, where 

extremely small domains of stacked graphene sheets could be observed. Nevertheless, the 
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zeta potential of the CCGTEOA colloids still had negative values, and that these colloids could 

be used for further processing.  

 

 

Figure 4.22. (a) The particle size of CCGTEOA with a time of reduction, (b) zeta potential of the 

colloid with time.  

4.4 Reduction of graphene oxide by triethylamine.  

4.4.1 Physico-chemical properties.  

X-ray diffraction pattern for graphene oxide treated with triethylamine indicated virtually 

no feature, other than an extremely small hump in the 2Θ range centering around 20° 

(Fig.4.23). This clearly indicates complete exfoliation of graphene oxide sheets into single 

sheets of carbon atoms without restacking. This observation was qualitatively similar to the 

diffraction pattern of CCG formed by hydrazine reduction and was clearly different from 

CCGTEOA.  

 

Figure 4.23. Diffractogram of graphite, graphene oxide and chemically converted graphene by 

TEA reduction (CCGTEA).  
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A qualitative analysis of reduced colloids is obtained from the FTIR spectrum 

(Fig.4.24). Primarily, GO comprises of strong peaks at 3384 cm-1 associated with the 

skeletal vibrations from COOH and OH functional groups respectively. Along with C=C, 

C=O, and C-O-C stretch is observed at peaks corresponding to 1635, 1720 and 1021cm-1 

respectively. The C=C peaks seen as a result of the inherent doubly bonded carbon atomic 

structure of graphene oxide conjugate with a pair of peaks at 2980 and 2930 cm-1 associated 

with the (symmetric and asymmetric stretching vibration of –CH2 group) in the parent 

graphene oxide structure.  

On reduction with TEA, it was observed that epoxy peak at 1021 cm-1 diminishes 

and the inherent C=C peak for GO at 1635 cm-1 shifts to 1600 cm-1 but with an increased 

intensity. The peak shift suggests the restoration of the carbon basal planes accompanied 

with the conjugation effects produced by the –C2H5 groups present on the TEA molecule. 

Likewise, we find some N-O vibrations at 1389 cm-1 due to the TEA reduction. Few 

carboxylic bonds are also observed at 1720 cm-1 peak in the reduced graphene spectra. This 

peak is attributed to the resonating effects induced by the unpaired electrons on the nitrogen 

atom. During reduction, the COOH groups attached to the GO sheets tend to draw in the 

electrons between the carbon and oxygen atoms through its electron withdrawing effect with 

TEA, so that the C=O bond becomes stronger resulting in a frequency absorption at 1720 

cm-1 [297].  

 

Figure 4.24. FTIR spectra of GO and TEA reduced graphene (CCGTEA).  

TEA is a tertiary aliphatic amine which reduces GO via nucleophilic substitution 

reaction by eliminating epoxy groups and forming quaternary ammonium salts [302]. When 
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TEA is added to the aqueous colloidal solution, it initially dissociates to produce OH ions 

in the solution increasing the basicity (step A, Fig.4.25). Part the basic effect of TEA and 

the high reactivity of the epoxide group in graphene oxide, TEA is capable of releasing a 

radical by oxidizing the –C2H5 groups to epoxy. The radical results in the ring opening of 

the epoxy species through the cleavage of C-O bonds, which converts back the C-O-C 

structure back to C=C faster than it can dissociate (step B, Fig.4.25). Additionally, the 

singlet oxygen ion released interacts with the N+ radical on the TEA molecule to form stable 

nitro-molecules (NO). On the other hand, the dissociated quaternary ammonium ions 

produced in step A forms conjugated structures with the carboxylic ions on the edges of 

graphene oxide during reduction. Due to the electrostatic interactions between the N+ groups 

in TEA and the carboxylic groups at the edges, TEA attaches itself to the edges in esterified 

carbonyl amide form and resides there as a bulky group in a resonating structure (step D, 

Fig.4.25). This confirms that TEA is efficient to reduce the epoxy groups at the basal planes 

of GO, and facilitates to sit as a bulky group to the edges, producing a conjugated stable 

structure as observed by the increase in the C=C character.  

 

Figure 4.25. Possible reaction mechanisms of GO reduced by TEA, displaying the restoration of 

carbon bonds and formation of quaternary ammonium salts.  

It is well known that as GO sheets reduce to graphene, they tend to restack due to 

the strong electrostatic force of attraction of the π-π bonds [290, 303, 304]. To minimize the 

restacking, we need to stabilize the sheets via some positively charged groups, which done 

by the quaternary ammonium salts formed by TEA. Additionally, it is important to quantify 

the amount of reductant utilized for effective reduction of GO.  
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4.4.2 Restoration of conjugation and aqueous colloidal stability.  

The UV-vis absorption signal of GO and graphene colloids is the most simplistic and 

straight forward analysis to predict the transitions. GO colloids produce a characteristic peak 

at 230 nm attributed to the π-π* plasmon of the C=C bonds [290]. The UV-vis test was 

performed for the GO colloid for every 1 hour of refluxing time of the colloid in the presence 

of TEA. This peak remains uninterrupted during the reaction of GO with TEA for the initial 

2 hours. Interestingly, it begins to shift gradually to a higher wavelength as the reaction time 

increases from 2 hours to 24 hours (Fig.4.26), indicating the reduction of C=O groups and 

restoration of conjugated C=C bonds in the graphene sheets. The restoration of the bonds 

due to the substantially decreased oxygen content shifts the value of λ max shifts to a higher 

wavelength. With the restored bonds in the hexagonal carbon sheets, the material is more 

graphene-like.  

 

Figure 4.26. UV-visible spectroscopy of GO and CCGTEA exhibiting the gradual transition of GO 

to the graphene-like character.  

These observations can also be realized from a visual standpoint. The color of the 

GO colloid is essentially brown (seen in Fig.4.27, far right). The figure shows the digital 

photographs of the vials with the GO colloids refluxed from 0 to 24 hours in the presence 

of TEA. One can observe that the color of the colloid gradually turns black with an increase 

in the refluxing time, saturating between 12 to 24 hours.  
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Figure 4.27. Vials with samples showing color change from graphene oxide (far right) to graphene 

(far left).  

Zeta potential and dynamic light scattering studies interestingly show that a small 

amount of TEA effectively reduces and stabilizes the GO sheets. On increasing the quantity 

of the reductant the size and stability of the sheets increased up to 1ml of TEA, following 

which increases in the reductant quantity led to sudden increase in the equivalent particle 

size. Likewise, with 0.5 ml of TEA, the zeta potential of the colloid remained almost 

unchanged in the range of -36 to -38 mV. Further increase in the reductant amount led the 

colloid to show zeta potential in the range of -28 to-32 mV, indicating slightly reduced 

colloidal stability. Subsequently, only 0.5 ml of the TEA reductant was used for the GO 

colloid and the time of reduction was optimized (Fig.4.28).  

 

 

Figure 4.28. Variation of zeta potential with the amount of reductant used.  
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Zeta potential of the CCGTEA colloids at different time intervals of reduction was 

measured. The results indicated persistent colloidal stability over the reaction time. Only. in 

the range of 4-10 hours, the zeta potential slightly reduced to the range of -32 mV to -38 

mV (Fig.4.29). However, 12 hours or more reaction time imparted stability as good as that 

of unreacted pure GO-based colloids. This was optimized for strengthened electrostatic 

stabilization of the CCGTEA colloids. Accordingly, DLS measurements also indicated the 

distribution of equivalent particle size for the 12-24 hours treated CCGTEA samples similar 

to the pure GO colloids. The observed stability of the reduced colloids is a feature of the 

electrostatic stabilization of the reduced sheets induced by the quaternary ammonium ions. 

Compared to the stability of the graphene oxide colloid in aqueous media, increase in the 

ionic nature of the aqueous media, produces well stabilized and reduced CCGTEA for a lower 

volume content of 0.5ml [305].  

 

 

Figure 4.29. Variation of zeta potential with reaction time.  

 

4.5 Chapter Summary.  

In this chapter, the structure, and aqueous colloidal stability of graphene oxide, as well as 

graphene oxide reduced by various reductants have been discussed. The salient features can 

be summarized as follows.  

• Good quality graphene oxide with large aspect ratio and few layers of stacking was 

synthesized by modified Hummers method. The morphology indicated wrinkles and 

folds, but with excellent crystallinity as evidenced by electron diffraction.  
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• Hydrazine reduced GO sheets indicated excellent colloidal stability at a neutral pH 

range, as confirmed by surface charge measurements. The CCGH powders exhibited 

almost no features in the XRD spectrum indicating complete exfoliation of the layers, 

and no restacking.  

• Triethanolamine reduced GO appeared to be partially exfoliated (like GO) and partially 

stacked. Its aqueous colloid was reasonably stable, but not as good as the CCGH colloids.  

• Triethylamine reduced GO colloid showed excellent colloidal stability in water, 

matching the dispersibility of GO in water. The CCGTEA powders showed complete 

exfoliation with no feature in the XRD spectrum.  

All of the reduced graphene oxide types exhibited the conjugation of the C=C bonds as 

evidenced by the UV-Vis spectroscopy. Based on this information, PVA-based composites 

with different types of fillers and functionalizations can be prepared by aqueous processing 

methods.  

.



 

 

 

 

 

 

CHAPTER 5    

    Graphene oxide and reduced graphene 

    oxide reinforced PVA nanocomposites.  

In this chapter, physical, chemical, structural, and thermal properties of two different types 

of PVA nanocomposites, one with graphene oxide reinforcement, and other with in-situ 

hydrazine reduction, have been discussed.  



 

Chapter 5 

 

 

[82] 

 

 

Polymer films of PVA were fabricated as per procedures outlined in chapter 3. Graphene 

oxide was used as reinforcement (filler) at wt% of 0.4, 0.8 and 1.0 (% of PVA), and the 

complete films were prepared as per the section 3.3.1. These composites were called the 

PGO series. Likewise, in a similar procedure and loading of fillers, the in-situ reduction was 

carried out using hydrazine (Chapter 3, section 3.3.2), and films were fabricated by solution 

casting method. These films were called the PGH series. The fabricated pristine PVA films 

were transparent in appearance (Fig.5.1). The addition of graphene oxide filler in the 

polymer with increasing filler content of 0.4, 0.8 and 1 wt%, rendered the transparent films 

to appear as brown, dark brown and brownish-black (Fig.5.1). However in situ reduction of 

the polymer blend with hydrazine, produced completely black films on different filler 

loading of 0.4, 0.8 and 1 wt%. The change in color of the films can be attributed to the added 

fillers which contribute to chemical changes on the transparent PVA film. Amongst all the 

composites, (both PGO and PGH), only the PGO films with 0.4 wt% of GO loading had a 

decent level of transparency.Rest of the films were typically black. However, no speckled 

contrast was observed from the nanocomposites which is a qualitative indication of the 

excellent homogeneity of the fillers in the composite. The homogeneity was also presented 

even for the 1% loaded GO or CCG films that did not show any aggregation of the fillers 

on any part of the composite.  

 

 

Figure 5.1. Physical forms of PVA, PGO-0.4, PGO-0.8 and PGO-1 films.  
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5.1.Structural and thermal behavior.  

Structural and functional properties of polymeric materials are dependent on the 

crystallinity of the polymer and its glass transition temperature. The XRD analysis of 

pristine PVA films as can be seen in Fig.5.2, shows a peak at 19.6° 2θ, followed by weak 

signal at ~22ᴼ. These features are indicative of a semi-crystalline polymer.  

The graphene oxide filler intercalated PVA (PGO) composites exhibited similar 

features displaying only one major peak corresponding to PVA (Fig.5.2). No peak 

corresponding to graphene or graphitic carbon layers was discernible. This observation 

clearly demonstrates that the regular periodic structure of graphene oxide disappears as it 

fully exfoliates into individual sheets in the polymer matrix. One might also argue that the 

overall volume fraction of the filler is too low to get any appreciable signal from the filler 

phase. Nevertheless, the PGO-1 composite films displayed an increase in the intensity of 

the PVA peak, with features identical to those of pristine PVA film. The peak at 19.6ᴼ was 

considerably more intense along with the appearance of faint signals at 27ᴼ that correspond 

to PVA only. Increase in the intensity of the diffraction peak corresponds to more number 

of PVA chains packing together resulting in increased crystalline domains of PVA [306]. 

This is indicative of the increased number of small crystalline domains of PVA, rather than 

an increase in its size. An increase in the crystallite size evolves with a clear sharpening of 

the peak. In the current set of results, the intensity increases, but the width of the peaks 

remain similar to the pristine PVA signal. It may thus be inferred that incorporation of GO 

in the PVA matrix with lower concentrations of 0.4 and 0.8% does not appreciably influence 

the crystallinity of PVA. However, 1% GO loading, improves polymer crystallinity.  

The diffractogram for the hydrazine reduced PGO composites namely, PGH-0.4, 

PGH-0.8, and PGH-1 composite, had phase evolution almost similar to that of the PGO 

composites. The crystallinity of the PGH-0.4 and PGH-0.8 was almost similar to pure PVA 

composites. The crystallinity for the PGH-1 was the highest amongst the PGH series of 

samples. However, the XRD intensity of PGH-1 was slightly lower than that of the PGO-1 

composites. One can reconcile two observations from the XRD data of the two different 

types of composites. Literature suggests contradictory views on the crystallinity of polymers 

in general and for PVA in particular. While some reports indicate that GO improves 

crystallinity of PVA a few other reports have disputed.  
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Firstly, the crystallinity of the polymer composites starts to change only after a 

minimum level of loading of fillers. Secondly, the GO-based fillers induce better 

crystallization as compared to the reduced fillers. This can be explained by the fact that at 

these loading levels, the functional groups attached to the graphene oxide sheets start to bind 

to the polymer matrix inducing crystallization at the interfaces. The PGH samples, owing to 

the comparatively lower number of functional groups (as compared to that of the PGO-1 

samples), are not able to induce many nucleation points. This can be ascribed to the 

reduction of the epoxy based functional groups and restoration of C=C bonds at the GO 

interface. This presumably decreases the number of heterogeneous nucleation points, thus 

reducing crystallinity.  

 

 

Figure 5.2. XRD diffractograms for (a) PGO series of composites (b) PGH series of composites; 

PVA is added in both figures for comparison. The scaling is same for all of the 8 patterns.  

Differential scanning calorimetry (DSC) of the pure and GO reinforced composites 

was conducted to understand the thermal evolution and its relationship with the composite 

structure. The inflection point in the DSC traces was found out by drawing tangents and 

finding its intersection. This was termed as the glass transition temperature (Tg). The 

subsequent deep endotherm at higher temperature was marked as the melting temperature 

(Tm). On a gross approximation, the Tg can be used to understand the changes in the 
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amorphous regions of the polymer and its transition to a rubbery state. The Tm, on the other 

hand, indicates melting of the crystalline domains in the polymer.  

The results of glass transition (Tg) and melting temperatures (Tm) from DSC analysis 

of the films are listed in Table.5.1. The PGO and PGH films showed moderate variation in 

the glass transition temperature (Fig.5.3). PVA films displayed a Tg value of 105 °C. This 

value increases for the PGO-0.8 and PGO-1 composites to 114 °C and 117 °C. Such an 

increase in the Tg is attributed to the change in the polymer chemistry at the molecular level. 

PVA being a semi-crystalline polymer is composed of ordered chains and a few which are 

not ordered but are randomly strewn around. Intercalation of graphene oxide in these 

disordered chains (amorphous regions of the polymer), affects the polymer structure. 

Oxygen-containing groups on the graphene oxide sheets interact with the hydroxyl groups 

grafted on the PVA backbone [307]. This confines the movement of the random polymer 

chains in the matrix and affects the translational motion of these chains. Placing polymer 

chains in such a confined state by the fillers involves additional energy for the chains to 

wiggle and slither. This effectively occurs at a higher temperature than the pristine polymer, 

followed by the transformation from the rigid glassy state to a rubbery state. A similar 

increase in Tg for the PGH series was observed (Table 5.1), indicating incorporation of the 

fillers in the amorphous regions of the polymer.  

Thermal behavior of the composites as analyzed from the DSC thermograms 

corroborate more or less with the findings from XRD analysis. The results suggest that there 

is no significant change in the melting point of the composites (the differences could be 

contained well within the error limits). However, clear differences in the Tg have been 

observed. This again underscores the fact that the polymer system is semi-crystalline. From 

the melting endotherm, the percent crystallinity was calculated, (Table 5.1).The increase in 

% crystallinity (χc) of the PGO-1 composite films corroborates the results from the XRD 

experiments. The ease of movements of the polymeric chains with an increase in 

temperature indicate the changes in Tg One can clearly observe the increase in the loading 

of fillers, the composite Tg moves to higher temperatures. This indicates that the filler 

constrains the movement of the polymer chains in the amorphous regions. Thus it can be 

inferred that the fillers (both GO and CCG) are uniformly and homogeneously dispersed 

within the amorphous regions of the polymer matrix even after drying of the films. The 

interpenetrating distribution of the fillers within the amorphous domains of the polymer is 

helped by the formation of hydrogen bonds between the polymer–OH groups and that of the 
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filler. Such case also happens even in the CCG fillers as they also retain some of the 

carboxylic groups that are not affected by the hydrazine reduction. These bonds prevent the 

polymer chain mobility, thus increasing the Tg. In addition, the fillers also act as structural 

impediments to polymer chain mobility. Thus the glassy to rubbery transition is effectively 

delayed [191].  

 

 

Figure 5.3. DSC thermograms of (a) PGO composites, (b) PGH composites.  

 

Table 5.1. Thermal properties of the PGO and PGH composites.  

 

5.2 Infrared and Raman spectroscopy.  

FTIR spectroscopy of the polymer composites (Fig.5.4) exhibited standard absorption peaks 

for the neat PVA polymer. Mainly composed of 1, 3-diol linkages [-CH2-CH (OH)-CH2-

CH (OH)-], a reflection of the –OH stretch is observed at 3200 cm-1, and the CH2 alkane 

stretch at 2947 and 2895 cm-1. Along with, the C-H bend in the PVA molecule is observed 

at 1456 cm-1 and 1331 cm-1. Peaks at 1140 and 1096 cm-1 are reflections of the crystalline 

and amorphous regions in the semi-crystalline polymer [308].  

Sample name Tg (°C) Tm (°C) χc (%)  

PVA 105 225 30 

PGO-0.8 114 224 32.1 

PGO-1 117 225 33.18 

PGH-0.8 116 225 30.12 

PGH-1 125 228 32 
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The PGO films are resultants of the dispersed graphene oxide sheets in the PVA 

polymer. Hence, these films exhibited similar functional features as that of the parent PVA. 

With skeletal peaks of OH, CH2 and CH moieties, the composite films show additional 

bands at 1709 cm-1 (H-bonded C=O groups), 1734 (free C=O groups), 1595 cm-1 and 1556 

cm-1 (stretching vibration of C=C and COO- groups) respectively. Interestingly the PGO 

films display improvements in the crystallinity of the PVA polymer. The intensity ratio of 

(I1140/I1096) bands increases suggesting increased crystallinity as a function of the pristine 

polymer. PGH films on the other hand also present improvement in the crystallinity with an 

increase in the filler loading, but slightly lower than the PGO-1 films. Such relative changes 

are attributed to the reduced functional groups on the graphene sheets which do not 

sufficiently induce nucleation to enhance crystalline behavior as compared to the PGO -1 

films.  

 On reducing the PGO films by hydrazine, the intensity of the C=C bonds increases 

signifying a reduction of the epoxy bonds on graphene oxide to graphene sheets in the PVA 

matrix, thus resulting in a small decrease in the mechanical properties of the PGH 

composites as compared to PGO.  

 

 

Figure 5.4. FTIR spectra for the PGO and PGH composite films.  

Based on these results, we surmise that all of the functional groups of graphene oxide 

are not reduced in the in-situ reduced composites. The CCGH fillers are not the ideal 

graphene sheets. Some of the functional groups, in particular, the epoxy groups on the basal 

plane of GO sheets, are reduced in the hydrazine reduction process. However, the groups 

on the edge of the sheets (according to the Lerf-Klinowski model) are –COOH and –OH 
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groups that tend to remain even after hydrazine treatment as seen in (step B, Fig.5.5) [160]. 

The absence of functional groups on the basal plane may have facilitated orientation of the 

CCGH sheets in the plane of the film. The groups at the edge of the sheets can still form 

hydrogen bonds with the polymer matrix.  

 

 

Figure 5.5. Reaction scheme for the formation of PGO and hydrazine reduced PGH composites.  

The Raman spectra for the PGO composites (for example PGO-1) produced the D 

band at 1314 cm-1 and the G band at 1598 cm-1(Fig.5.6). The G position is interestingly 

similar to that of GO powders. This indicates that the extent of defects in the in-plane 

graphitic layers remain almost the same. This is consistent with our approach that in the 

PGO series of composites, GO fillers are simply better dispersed in the matrix without any 

chemical modification. Likewise, the D band of the PGO-1 composites stayed fairly close 

to that of graphene oxide (1316 cm-1). The ID/IG ratio, which is indicative of the inherent 

disorder in the carbon structure, also stayed similar (1.53 for GO vs. 1.57 for PGO-1). The 

subtle increase in the can be ascribed to better and homogeneous dispersion of the fillers 

with all the edges of the fillers contributing to the disorder. 

On the other hand, the PGH series of composites (PGH-1), exhibited the G peak at 

1595 cm-1, and the D peak at 1321 cm-1. The shift of the G peak to a lower wavenumber 

clearly indicates restoration of the conjugated carbon bonds in the in-plane structure. This 

is presumably due to the reduction of the epoxy groups by hydrazine. The shift of the G 

peak thus results from the disappearance (or decrease) of the Dʹ peak at 1620 cm-1 which 

influence the position of the G peak. Additionally, the ID/IG ratio was 1.27 (against 1.53 for 

the GO powders), indicating improvement in structural order. Therefore, Raman 

spectrometry clearly demonstrates the difference between the structural order of the fillers 

in the PGO and PGH series of composites.  
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Figure 5.6. Raman spectra for the PGO and PGH composite films.  

 

5.3 Positron annihilation lifetime spectroscopy.  

Positron annihilation lifetime spectroscopy was conducted on select samples from the PGO 

and PGH series. To see the effect of the extent of filler loading, and also the reduction of 

the fillers, samples with 0.4 and 1 wt% loading of PGO and PGH series were used, along 

with the pure PVA samples for normalization. The positron lifetime spectra were recorded 

using a slow, fast coincidence spectrometer having a time resolution of ~ 190 ps. The peak-

normalized raw data of the samples are as shown below.  

 

Figure 5.7.Peak normalized positron lifetime spectra of all of the samples indicating multi-

exponential nature of the curves. 
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Figure 5.7 indicates a multi-exponential nature of the positron lifetime spectra with 

basically three exponential terms. Each spectrum can be described as  

𝐼(𝑡) = 𝐼1𝑒
−𝑡
𝜏1 + 𝐼2𝑒

−𝑡
𝜏2 + 𝐼3𝑒

−𝑡
𝜏3 … … … … 𝐸𝑞 (𝑖) 

Where τ1, τ2, and τ3 are the positron/positronium lifetimes, and I1, I2, and I3 are the 

corresponding intensities. The data were further analyzed using the PALSfit program. 

The analysis confirmed that the positron lifetime spectra of all the samples 

essentially had three components; as τ1, τ2 and τ3 in the ascending order of their magnitudes 

(Table 5.2). The largest lifetime τ3 arises out of annihilation of orthopositronium (o-Ps) 

atoms. These are metastable bound states of an electron and positron in each and with the 

spin of both aligned in the same direction. (If the spins are aligned in opposite directions, it 

is called parapositronium (p-Ps)). o-Ps atoms are supposed to have a fairly large lifetime of 

140 ns in a vacuum but, in a material medium, it is cut short to only a few nanoseconds by 

an electron with an opposite spin from the surroundings. This is called the “pick-off” 

process.  

 

SAMPLES LIFETIMES  ( ns) INTENSITIES (%) τf 

(ns) 

τm(ns) 

τ1 (ns) τ2(ns) τ3(ns) I1 (%) I2 (%) I3 (%) 

PVA    

   

PGO3          

PGH3 

 

PGO1    

PGH1 

0.1315 

 

0.1353 

0.1329 

 

0.1395 

0.1436 

0.3232 

 

0.3272 

0.3289 

 

0.3364 

0.3362 

1.2950 

 

1.3299 

1.3215 

 

1.3052 

1.2978 

37.3142 

 

37.6298 

37.3997 

 

38.0349 

37.7181 

43.6871 

 

43.8840 

44.3400 

 

43.4863 

43.6028 

18.9987 

 

18.4862 

18.2603 

 

18.4788 

18.6791 

0.1328 

 

0.1373 

0.1344 

 

0.1423 

0.1472 

0.4363 

 

0.4403 

0.4368 

 

0.4405 

0.4432 

 

Table 5.2 Peak normalized data of the multi exponential nature of the films fitted by the program 

PALSfit.  

The o-Ps lifetime is a useful tool for the estimation of free volume sizes in the 

polymer sample. This comes from the Tao-Eldrup equation  

𝜏3 = 0.5 [1 −
𝑅

𝑅0
+

1

2𝜋
 sin (

2𝜋𝑅

𝑅0
)]

−1

… … … 𝐸𝑞 (𝑖𝑖) 

Where τ3 is expressed in ns and the radius R in Å. Also, R0 = R+ΔR where ΔR is the 

empirical electron layer thickness set equal to 1.66 Å.  

Also often calculated is the free volume fraction f, which is expressed as f=AVfI3 

where Vf = (4/3)πR3 is the size of the free volumes in Å3 and A is a constant, which is taken 

as 1/400 when the intensity I3 is taken in %. The average radius of the free volume defects 
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present in the samples is 2.10 Å and there are little variations in size or concentrations with 

GO reinforcement or reduction. The fractional free volume f is obtained as 1.75%.  

There are changes however in the shorter lifetimes, τ1 and τ2, which are as follows. 

Both of the positron lifetimes increase with increase in the concentration of GO in the 

polymer. Note that τ3 and its intensity I3 do not change significantly, and hence the free 

volume defect size or their concentrations are unaffected by the GO inclusion. Not only I3, 

even the other two intensities I1 and I2 are not affected by the GO inclusion or reduction. 

This means the overall defects concentration within the samples are also practically 

unaffected.  

Thus the only change visible is a change in the defect present at the filler-polymer 

interface. If GO is dispersed in the polymer matrix in the form of nanostructured 

fillers/particles, there is the possibility that positrons are trapped at the GO-polymer 

interface. The interface is a physical region between the GO nanoparticle surface (edges) 

and the surrounding polymer. It can act as an extended positron trapping defect. τ2 is the 

lifetime of the positrons getting trapped and annihilated in this defect. Since it increases 

with GO concentration, it implies that the size of this defect increases with GO 

concentration. This indicates that the interfacial area (region) pertaining to filler and the 

matrix increases with the increase in GO loading.  

The shortest lifetime τ1 comes from two reasons. There can be free annihilation of 

positrons in the polymer. This means a fraction of positrons can get annihilated with free 

electrons, without getting trapped into any kind of defects. The second contribution to τ1 

comes from the residential time of positrons getting trapped into the defects. It is difficult 

to point out how much fraction of the positrons are getting annihilated within the GO/CCG 

nanoparticles or within the polymer. The intensity I2 is only a qualitative indication.  

The bulk positron lifetime τf calculated from the analyzed results using the equation: 

1

𝜏𝑓
=

𝐼1

𝜏1
+

𝐼2

𝜏2
+

𝐼3

𝜏3
… … … . 𝐸𝑞 (𝑖𝑖𝑖) 

Eq. 3 shows the same kind of variation as the shorter lifetime τ1. This follows from the 

relations: 

1

𝜏1
=

1

𝜏𝑓
+ 𝜅𝑑 … … … … . . 𝐸𝑞 (𝑖𝑣) 

Where the positron trapping rate  

𝜅𝑑 =
𝐼2

𝐼1
[

1

𝜏𝑓
−

1

𝜏1
] … … … . 𝐸𝑞 (𝑣)  
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Since the intensities, I1 and I2 did not change significantly in this case and the change 

in τ2 is rather small, the trapping rate 𝜅d did not change significantly and τf simply followed 

the trend of τ1. The positron trapping rate is also related to the defect concentration C 

through the relation 𝜅d=µC, where µ is called the specific trapping rate, the above 

observation will imply that the defect concentration within the samples did not change 

appreciably. Thus the only change we could observe was a small increase in size of the GO 

nanoparticles. That the defect concentration did not change appreciably means the 

nanoparticles could not agglomerate through the polymer matrix. In other words, their 

mobility was severely restricted. Heat treatment at different temperatures may give more 

information on this aspect.  

The average positron lifetime τm defined as  

𝜏𝑚 =
𝜏1𝐼1 + 𝜏2𝐼2 + 𝜏3𝐼3

𝐼1 + 𝐼2 + 𝐼3
… … … … …  𝐸𝑞 (𝑣𝑖) 

Also did not change significantly, as shown in table 5.2. The results of analysis of 

the coincidence. Doppler broadened spectra are given below. The analysis is done as 

follows. The annihilation gamma rays going in opposite directions are recorded using two 

high pure germanium detectors. The background is significantly reduced by using the 

coincidence output as a mastergate. A two-parameter spectrum is then generated with the 

sum of the energies and their difference as the two coplanar perpendicular axes and the 

counts in the third axis.  

A one-dimensional projection of the counts channel wise in the energy range 1022  2.4 

keV parallel to the energy difference axis was then made. The above curve was then divided 

by an identical curve obtained for a reference sample (PVA chosen in this case). The ratio 

thus generated is plotted against the electron momentum on the x-axis. The results of the 

above analysis are shown in figure 5.8, from which the following conclusions can be 

obtained.  
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Figure 5.8. Coincidence Doppler broadening spectra of the composites area normalized with 

respect to that of pure PVA.  

The overall electron momentum within the samples is not significantly altered due 

to the reduction treatment. The PGO and PGH curves of a given GO concentration appear 

within the error bars (not shown in the figure).  

There is, however, a notable difference between the curves of PGO-0.4 and PGO-1. 

With increasing GO concentration, the curves are vertically shifted implying increased 

annihilation of positrons within the GO environment. Similar behavior was also seen for the 

PGH series of composites, where the CDB spectra of PGH-1 sample was vertically shifted 

with regards to that of PGH-0.4 samples. This can be explained by the fact that in the higher 

loaded samples, the extent of new interfaces created are much higher. As observed by 

microscopy, the fillers found homogeneously distributed in the composites. Thus the highly 

enlarged polymer/filler interface in the higher GO/CCG loaded samples are responsible for 

the annihilation of the o-Ps. This is consistent with the variation in τ2 for all of the samples.  

In summary, it can be said that the reinforcement with graphene oxide based fillers 

basically induced no considerable changes to the free volume defects. Furthermore, the 

concentration of the nanovoids or their distribution was also not affected. These are new 

information and are surprising because of heterogeneous environments, such as free volume 

defects when introduced, have been found in many material systems as effective sites for 

the segregation of impurities or foreign elements. On the contrary, the free volume defects 

are neither unaffected by the GO reinforcement, nor by their reduction to CCG. However, 

the bulk polymer is getting affected by the presence of GO, as indicated by the change in τf 
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and it is a significant observation. For, it emphasizes the extremely high reactivity of GO 

and its ability to form complexes with polymers and radicals. The fact that these complexes 

form and exist as defect sites at the matrix/filler interfaces, as evidenced by increased 

annihilation of the o-Ps, indicate that the influence of the interfaces can be modified or 

tailored to enhance mechanical properties.  

 

5.4 Mechanical behavior.  

The uniaxial tensile properties of the pristine as well as reinforced PVA composite films 

with a filler content of 0.4%, 0.8%, and 1% were evaluated, and the values were provided 

in Table 5.2.  

The pristine PVA films showed average stiffness of 0.34 GPa and tensile strength 

of 23 MPa, which are typical values for PVA (although the same polymer with a different 

molecular weight can have different tensile properties). The reinforced composites, on the 

other hand, showed considerably improved tensile strength values as the filler loading was 

increased from 0.4, 0.8 to 1 wt. %. For the PGO-0.4 composites, the elastic modulus and 

tensile strength were 1.03 GPa and 77 MPa. Likewise, the PGO-0.8 films exhibited 

improved elastic modulus and tensile strength values of 84 MPa and 1.6 GPa. However, 

loading the polymer with a higher percentage of filler of 1%, the PGO-1 films produced 

higher tensile strength but a lower elastic modulus of 2 GPa and 130 MPa respectively. 

These values are exceptional in the sense that without any functionalization, the simple 

incorporation of GO in the PVA matrix at the level of 0.4, 0.8 and 1% resulted in improved 

mechanical properties. Representative stress-strain traces and their histograms are provided 

in the Fig.5.9 & Fig.5.10.  

The in situ hydrazine reduced graphene oxide PVA composites (PGH-series) 

showed slightly different mechanical properties. At 0.4 wt.% filler loading (PGH-0.4), the 

composites showed 0.34 GPa elastic modulus, which is similar to that of neat PVA. 

However, there was a considerable improvement in the tensile strength (51.8 MPa). The 

ductility was largely unchanged with 110% strain at failure against 125% for the PVA films. 

However, at 0.8% and 1% loading of the fillers (PGH-0.8 and PGH-1), the elastic modulus 

found was 1.5 and 1.6 GPa respectively. These values are highly encouraging indicating 

values in the range of 400- 500% of the neat PVA properties. Additionally, what is more, 

interesting is the retention of ductility in these materials despite significant improvement in 
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the elastic modulus. The composites failed on an average strain at failure of 150 and 165% 

for the PGH-0.8 and PGH-1 composites.  

The ultimate strength at these loadings (0.8-1%) appears comparable in the range of 

97-99 MPa, which of course are much higher as compared to that of neat PVA. The yield 

strength of the composites followed a trend similar to that of tensile strength. Representative 

stress-strain traces and histograms of the PGH composites are provided in Fig 5.9.  

 

 

Figure 5.9. The representative stress- strain curve for PGO and PGH films.  

 

Table 5.3. Mechanical property evaluation of PGO curves.  

 

Sample 

name 

Youngs modulus 

(GPa) 

Ultimate strength 

(MPa) 

Elongation at 

break (%) 

Yield strength 

(MPa) 

PVA film  0.34± 0.04 22.45 ±3.6 125 15.37±3.0 

PGH-0.4 0.46±0.07 51.83± 3.96 110 42.29±6.1 

PGH-0.8 1.56±0.43 99.76±9.82 150 98.67±15.0 

PGH- 1 1.68±0.53 97.64±26.87 165 76.64±17.9 

Table 5.4. Mechanical property evaluation of PGH curves.  

Sample 

name 

Youngs 

modulus (GPa) 

Ultimate strength 

(MPa) 

Elongation at 

break (%) 

Yield strength 

(MPa) 

PVA film  0.34 ± 0.04 22.47 ±3.6 125 15.76±3.0 

PGO-0.4 1.03 ±0.38 77.36 ±25.3 110 60.35±17.5 

PGO- 0.8 1.66 ±0.27 84.65±9.87 105 75.09±5.3 

PGO-1 2.08 ±0.43 130.31±13.7 75 129.28±14.4 
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Some interesting features stand out from the data set. Generally, an increase in 

elasticity is observed with a decrease in the failure strain [309]. However, the current results 

from PGO composites exhibit improved elastic modulus, tensile strength, as well as high 

ductility, which is a desired combination of properties. Also, PGH composites exhibited 

improved tensile strength with a profound increase in ductility.  

To summarize at a loading of 1 wt.% graphene oxide in PVA, we observed more 

than 5 times increment in elastic modulus and tensile strength (Fig.5.10). The property 

enhancement was attributed to the homogeneous distribution of fillers, and strong interfacial 

interactions (hydrogen bonds) between the fillers and the matrix. Composites fabricated 

after in-situ reduction of GO fillers did not alter the elastic modulus, but increased the 

strength ~350%. The failure strain of CCG based composites was much higher than that of 

both pure PVA and GO reinforced PVA composites, thus showing enhanced ductility. 

 

 

Figure 5.10. Results of mechanical properties of the PGO and the PGH composites.  

Another interesting feature was the exhibition of strain softening in the reinforced 

composites (both PGO and PGH). The composites stay stable in the elastic regime with 

excellent load transfer from the matrix to the fillers. Further application of load, beyond the 

elastic limit, the slippage of the polymeric chains in the matrix is facilitated; thus relieving 

the stress with further yielding of the matrix. Additionally, the large extent of ductility (large 

strain before failure) also indicates a significant amount of load transfer during plastic 

deformation also. This indicates that the fillers remain strongly bonded to the matrix even 

at this stage. The comparatively large failure at strain of the PGH composites indicates some 

contribution from morphology, which is discussed in the next section.  
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5.5 Interfacial interactions.  

Load transfer depends on interfacial interactions of the reinforcement with the matrix. GO 

bears oxygen-containing functional groups that are capable of forming strong bonds at the 

polymer interface, resulting in efficient load transfer. Strong interactions at the interface 

tend to restrict molecular chain movement resulting in higher tensile strength. This suggests 

that formation of such interfaces between the matrix and the reinforcement influence the 

mechanical properties of the heterogeneous polymer systems including filler intercalated 

polymer matrices.  

Evaluation of such interfaces was quantitatively characterized for each type of the 

nanocomposite film with the help of Pukanszky equation [271]. This model describes the 

influence of surface treated filler (regarding the presence of functional groups) on the tensile 

strength of a polymer composite. It comprises of an interfacial interaction factor 𝐵𝜎𝑦 and 

the equation for tensile strength takes the form  

𝜎𝑦 = 𝜎𝑦𝑜

1 − 𝜑𝑓

1 + 2.5𝜑𝑓
exp(𝐵𝜎𝑦𝜑𝑓) … … … Eq(𝑣𝑖𝑖) 

Where 𝜑𝑓 is the volume fraction for the composites, 𝜎𝑦 and 𝜎𝑦𝑜 is the tensile strength 

of the neat polymer film and the composite film respectively and 𝐵𝜎𝑦 is the interaction 

factor. The volume fraction of the filler is calculated by the using the density of the 

constituents:  

𝑉𝑓 =  
𝜌𝐶

𝜌𝑓
 𝑊𝑓  ;  𝜌𝐶 =  𝜌𝑓𝑉𝑓 +  𝜌𝑀𝑉𝑀 … … … … … … 𝐸𝑞(𝑣𝑖𝑖𝑖)  

Where 𝑉𝑓 and 𝑊𝑓 are the volume and weight fractions of the graphene filler, 𝑉𝑓 and 

𝑉𝑀 are the volume fractions of the filler and polymer matrix respectively. 𝜌𝑓 and 𝜌𝑀 are the 

densities of the graphene filler and matrix with values as 2.25 g/cm3 for GO and 1.3 g/cm3 

for the PVA polymer. Utilizing the values of different weight fraction of the filler, their 

corresponding volume fractions are obtained as 0.24, 0.47 and 0.59 volume fraction of the 

GO.  

Pukanszky model describes a relationship of functionalized graphene at the polymer 

interface. This model suggests that surface treatment/functionalities present on graphene 

oxide surface embedded in the polymer matrix are responsible for the increased interfacial 

interaction. Furthermore, factors such as the size of the interface, aggregation of filler at the 
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interface are also responsible for the increased or decreased interfacial interactions, and 

hence the mechanical properties of the composites.  

The empirical value of 𝐵𝜎𝑦, for each system can be determined from the 

experimental results. Assigning a physical meaning to this parameter improves the 

theoretical and practical approach to this model.  

Evaluating the 𝐵𝜎𝑦 values for the PGO system (Fig.5.11a), the interaction factor for 

tensile strength increased from 1.2, 1.33 to 1.77 for a filler loading of 0.24, 0.47 and 0.59 

volume fraction of the filler, corresponding to PGO-0.4, PGO-0.8 and PGO-1 films. Such 

an increase in the values of the interaction factor and the experimental values for tensile 

strength, suggest strong adhesion/interaction of the filler to the polymer matrix. This 

interfacial interaction results in adherence of the polymer to the filler surface, and an 

increase in the tensile strength.  

In the case of hydrazine reduced PGO films, with a volume fraction of 0.24, 0.47 

and 0.59 of CCGH filler, the interaction parameter displayed values of 0.85, 1.49 and 1.51 

for PGH-0.4, PGH-0.8, and PGH-1 films respectively (Fig.5.11b). These values increased, 

with the increase in volume fraction of the in-situ reduced composite films. The values of 

the interaction parameter, however, clearly suggested that the PGO system had 

comparatively higher interactions at the interfaces as compared to the PGH composites at 

similar filler loading. This is consistent with our observed fact that in the composites with 

reduced form of the fillers, the interface interactions are comparatively lower due to the 

disappearance of various functional groups, especially the epoxy groups. Therefore, the 

interface interactions in the PGH composites are presumably edge- to edge interactions 

through remnant carboxylic and hydroxyl groups.  

 

Figure 5.11. Dependence of interaction factor B on the tensile strength of (a) PGO-composite and 

(b) PGH composites for their corresponding volume fractions.  
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5.6 Morphological and microstructural aspects.  

The morphological studies of the nanocomposites reveal some interesting information about 

the composites. The cross section of the PVA film (Fig.5.12) indicated features typical of a 

glassy polymeric system with no appreciable contrast. In the PGO films, however, outlines 

of the filler can easily be observed. In addition, in the PGO-0.4 composites, the GO layers 

were found to be randomly oriented, with no preferred direction of alignment. While strong 

interfacial bonding explains the enhanced tensile strength and modulus of the PGO 

composites, the ductility of these films can be attributed to the random alignment of the 

fillers. It is possible that on the application of stress, the randomly oriented GO fillers 

progressively align themselves parallel to the stress axis, thus increasing the strain. The 

basal plane of the GO structure contains the epoxy groups that get reduced by hydrazine. 

The filler density in the higher loaded samples was apparent from the micrographs. The 

randomly oriented fillers (as in PGO-0.4) were found to be comparatively better aligned for 

the PGO-0.8 samples, with the fillers showing pull-out from the matrix. The PGO-1 samples 

showed distinct kind of microstructures with clearly pulled out and recoiled fillers. This 

kind of microstructures has never been observed in a GO-reinforced PVA system to the best 

of author’s knowledge.  

These images indicate extensively deformed samples where the sheet-like fillers 

have been rolled into a (presumably) tubular form or scrolls. The strong interfacial bonding 

between the polymers and fillers effectively transfers the load to the fillers. After failures, 

the fillers tend to recoil back to thermodynamically stable wavy structures. This enables 

improvement in tensile strength and elastic modulus by multiple factors, along with the 

retention of considerable ductility, a combination of properties rarely reported in the 

literature. 
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Figure 5.12. Microstructures of pristine PVA, PGO-0.4, PGO-0.8 and PGO-1 composites.  

The cross-sectional morphology of the in-situ reduced PGH composites (Fig.5.13) 

exhibited preferred alignment of the fillers parallel to the film plane even at a filler content 

of only 0.4 wt%. Reducing the filler in the matrix, the randomly arranged structure orients 

itself to a “brick and mortar” structure. This lamellar arrangement for the reduced graphene 

oxide-PVA films arises due to the lack of interfacial bonding between the basal planes of 

the fillers. Additionally, such beneficial mechanical properties have been achieved at an 

extremely moderate level of the fillers. As discussed earlier, the PGH-0.4 samples showed 

the aligned orientation of the fillers. Interestingly, upon higher loading of the fillers (e.g., 

PGH-0.8 samples) similar microstructural features were observed with the layered 

arrangement of the fillers. Even for the PGH-1 samples, the distribution clearly showed 

outlines of the graphene reinforcement aligned parallel to the plane of the polymer 

composite.  

Slippage of the CCGH fillers can occur upon loading in the PGH composites, due to 

the lack of interfacial interactions between the basal planes of CCGH and the PVA matrix. 

Such a process can lead to a high strain of the film. Moreover, platelet restacking or 
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incomplete exfoliation results in a lowered effective modulus values due to decreased aspect 

ratio [310]. However, the fact that higher loading of filler does not decrease the mechanical 

properties indicate excellent homogeneity of the samples as seen by the electron 

microscopy.  

 

 

Figure 5.13. Microstructures of PGH-0.4, PGH-0.8 and PGH-1 composite films.  

 

5.7 Chapter Summary.  

The salient features of the chapter can be summarized as follows: 

• GO loaded PVA nanocomposites with a filler loading of 0.4, 0.8 and 1 wt% 

exhibited considerably improved crystallinity of the composites at the highest filler 

loading. The in-situ reduced composites with hydrazine also exhibited similar 

features although the percent crystallinity was lower than the corresponding 

unreduced composites.  

• Significant improvement in mechanical properties was observed (unreduced and 

reduced), especially in elastic modulus and tensile strength. While the in-situ 

reduced composites (PGH) showed strength and elasticity slightly inferior to the 

PGO composites, their failure strains were higher, indicating improved ductility.  

• The results of Positron annihilation lifetime spectroscopy underscored the 

importance of interface regions that act as positron trapping sites. The level of 

trapping increased with filler loading. No apparent discrepancy between the positron 

trapping rates of PGO-1 and PGH-1 composites indicate equivalent levels of 

microstructural homogeneity and interface area density. Additionally, it was found 

that no additional nanoholes and voids were produced in the matrix due to the 

reinforcements.  
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• At a lower loading of GO fillers, the composites had microstructures which were 

random, while in-situ reduction indicated aligned morphology. At higher loadings, 

however, both of the unreduced and hydrazine reduced composites showed mostly 

aligned morphology.  

• Strong interfacial bondings at the edges and planes for the PGO series indicating the 

homogeneous distribution of fillers in the PVA matrix, was ascribed to the 

substantial improvement in mechanical properties. The in-situ reduced composites 

had similar interfacial bonds, presumably only at the edges of the sheets and not in 

the in-plane regions.  

 



 

 

 

 

 

CHAPTER 6  

   TEOA functionalized reduced graphene 

   oxide reinforced PVA nanocomposites.  

In this chapter, the fabrication and properties of triethanolamine functionalised graphene 

oxide based PVA composites have been discussed.
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The TEOA functionalized GO reinforced PVA composites have been named as PGTO-0.4, 

PGTO-0.8, and PGTO-1, corresponding to graphene oxide loading of 0.4, 0.8 and 1wt%, 

respectively (Fig.6.1). Visibly these films appeared blackish brown to dark black in color 

on reduction with increasing wt % of filler in the PVA polymer. Overall, the distribution of 

the fillers appeared to be uniform without any speckled contrast from the films.  

 

 

Figure 6.1. Digital images of the fabricated PGTO films at 0.4, 0.8 and 1wt% filler loading.  

 

6.1 Structural and thermal behavior.  

The diffractograms of the PGTO series of samples showed slightly improved crystallinity 

as compared to both PVA and PGO composites. Even at the level of 0.4%, the composites 

showed clearer and more intense signals ~ 19.6° 2Θ (Fig.6.2). The intensity progressively 

increased with higher loading of the fillers. One can argue that since the TEOA reduction 

step does not completely exfoliate the graphene layers in the GO, as it forms a combination 

of very thin graphitic crystallites and few-layered graphene oxide domains (Fig.4.18), 

crystallization of the polymer colloid may have been favored in these domains. This would 

technically result in a phase separated polymer matrix where the crystalline regions of the 

polymers are generally in the vicinity of the fillers, and the amorphous regions are 

elsewhere. Moreover, due to the formation of relatively large sized filler regions as an effect 

of TEOA reduction, the homogeneity in the distribution of the fillers in the composite is 

comparatively poor. This however is a hypothesis.  
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Figure 6.2. X-ray diffractograms of triethanolamine treated GO reinforced PVA composites. Pure 

PVA is included for comparison.  

The XRD diffractograms can be correlated with the thermal behavior of the 

composites. The PGTO films displayed Tg values of 109 and 110°C for the PGTO-0.8 and 

PGTO-1 composites, respectively (Fig.6.3). Thus there is a consistent change of Tg by 4-

5°C with a subtle change in the filler concentration. This clearly indicates that the mobility 

of the amorphous domains in the PGTO composites is hindered with respect to that of pure 

PVA. However, the changes in the Tg for the PGTO composites were not much as it is in 

the case of PGO or PGH composites. As suggested earlier, that the fillers are distributed 

uniformly throughout the amorphous regions in the PGO composites. In a similar argument, 

one can say that the distribution of the fillers in the amorphous regions in the PGTO 

composites may not be as uniform. It is also corroborated by the fact that TEOA 

functionalization effectively reduces the volume of graphene oxide by increasing the 

stacking of the reduced graphene oxide phase as well as the exfoliated graphite phase.  

The DSC thermograms, on the other hand, did not show any considerable increase 

in the melting temperature. However, from the melting endotherm, percent crystallinity (χc) 

was calculated that exhibited slightly higher crystallinity for the PGTO composites. These 

observations are in agreement with the XRD results.  
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Figure 6.3. DSC thermograms of PGO and PGTO curves.  

 

Sample name  Tg (°C) Tm (°C) 𝛘𝐜 (%) 

PVA  105 220 30 

PGTO-0.8 109 223 30.8 

PGTO-1 110 223 32.3 

Table 6.1. Thermal properties of the PGTO composites.  

 

6.2 Infrared and Raman spectroscopy.  

FTIR spectroscopy was utilized to understand the effect of reductant on the fabricated 

PGTO composites. Reduction of graphene oxide by TEOA in the PGTO films is confirmed 

by the presence of  new absorption peaks of C=C bonds at 1650 cm-1 and C-N bonds at 1248 

cm-1 (Fig.6.4).  
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Figure 6.4. FTIR spectra for the PGTO composite films.  

GO is comprised of a set of uncharged polar groups on the basal planes as epoxy 

and hydroxyl, few charged hydrophilic peripheral groups as COOH and few hydrophobic 

π-bonds domains [311]. Triethanolamine (TEOA), which is a combination of an amine and 

alcohol, reduces the epoxy bonds of GO to conjugated C=C structures in the PVA matrix in 

a similar manner as discussed in chapter 4. Simultaneously, it attacks the hydrophilic 

peripheral groups i.e. carboxylic group to produce conjugated carboxylate salts of 

quaternary amines, via hydrogen bonding, as reflected at 1566 cm-1, (Fig.6.5, step B). Vis-

a-Vis, the alcoholic groups, present in the TEOA moieties interact with the uncharged polar 

groups, (sp2 networks, where present) on basal planes (-OH), via non-covalent interactions 

(π-π stacking). These bindings occur on moieties that do not involve in oxidation (remnant 

groups on GO) [312, 313]. These non-covalent functionalizations induce strong cohesive 

forces amongst the basal planes of the sheets, which result in the stacking of the sheets to 

some extent, which is also observed in the XRD spectra of the CCGTEOA powders.  

 

 

Figure 6.5. Reaction mechanism of TEOA in the fabrication of PGTO composites.  
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Further, a very distinct shift is observed in the C-O unbonded amorphous domains 

of the polymer chains. PVA polymer which reflects their amorphous domains at 1090 cm-1 

significantly shift to 1028 cm-1 for the PGTO films. The shift in the peak position and 

wavenumber of the amorphous peak appears as a result of the non-homogeneity of the fillers 

in the amorphous regions of the PVA matrix.  

 

 

Table 6.2. Various energy absorption regions as reflected from the FTIR spectra.  

 

Raman signals of carbon in the PGTO composites showed the G peak at 1595 cm-1 

and the D peak at 1314 cm-1 (Fig.6.6). The G peak position was similar to that of the PGH-

1 composites, indicating better ordering and reduced defects in the in-plane structure of the 

fillers. The D-peak however, indicate the existence of other functional groups at the filler 

edges that bond with the polymer matrix.  
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Figure 6.6. Raman spectra for the PGTO composite film.  

6.3 Mechanical behavior.  

The uniaxial tensile properties of the pristine as well as reinforced PVA composite films 

were carried out, and the values are provided in Table 6.3. The uniaxial tensile stress-strain 

plots (Fig.6.7), present properties that are similar to the PGO composites. The composites 

exhibited 65.8, 80.6 and 96.4 MPa tensile strength for 0.4, 0.8 and 1% TEOA reinforced 

PVA-GO composites. These values are slightly lower than their corresponding PGO 

composites. This behavior is congruent with the enhancement of strength by incorporation 

of carbon-based fillers. However, the effect of the TEOA functionalized GO fillers on the 

elastic modulus of the composites was not clearly noticeable. The modulus found were 0.6, 

0.7, 0.9 GPa for the PGTO-0.4, PGTO-0.8, and PGTO-1 samples respectively. Although, 

these values are better that the elastic modulus of PVA, are clearly not so exciting as was 

the case with PGO or PGH.  

One of the most important outcomes from this set of composites was that 

significantly large strain at failure values was observed for the PGTO films. These values 

are correspondingly higher as compared to their PGO counterparts. The improvement in 

ductility was very high for the PGTO-0.8 and PGTO-1 composites to the extent of 200% 

strain at failure. To investigate, if the in situ functionalization by TEOA changes the 

polymer matrix, in addition to the changes in the graphene oxide fillers, the neat polymer 

was treated with TEOA and films were fabricated. The films named PTO did not have any 

fillers. Mechanical property evaluation of these films (PTO) exhibited a tensile strength of 

22 MPa, similar to the pure PVA values and the elastic modulus of 0.2 GPa which is 
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considerably lower than that of pure PVA. Therefore, it follows that TEOA reduction step 

profoundly influences the elastic modulus of the polymer matrix itself.  

Therefore, it may be concluded that TEOA mostly acts as a plasticizer for the 

composites. Although there has been an improvement of elastic modulus in the composites, 

the TEOA effect on the polymer matrix greatly offsets the effect of the fillers on elastic 

modulus. As a result, the overall improvement in the elastic modulus appears only moderate.  

 

 

Figure 6.7. Representative stress-strain curve for the PGTO films.  

 

 

Figure 6.8. Results of mechanical properties of the PGTO films.  
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Sample 

name 

Youngs modulus 

(GPa) 

Ultimate strength 

(MPa) 

Elongation at 

break (%) 

Yield strength 

(MPa) 

PVA film  0.34± 0.04 22.4 ±3.6 125 15.7±3.0 

PGTO-0.4 0.65±0.42 65.58±10.67 152 44±15.20 

PGTO-0.8 0.76±0.14 80.67±8.23 180 46.62±4.43 

PGTO- 1 0.98±0.15 95.48±8.24 200 53.22±3.74 

PTO 0.25±0.01 22.44±7.88 287 21.65±4.27 

Table 6.3. Mechanical property evaluation of PGTO curves.  

 

6.4 Interfacial interactions.  

Interaction factor 𝐵𝜎𝑦 for the PGTO composites display emperical values of 1.22, 1.29 and 

1.46 for the composites at filler loading of 0.24, 0.47 and 0.59 % volume fraction of GO in 

the PVA matrix. These values are low as compared to the PGO films with same volume 

fraction of GO, suggesting decreased interfacial interaction of the PGO films on reduction 

with TEOA. Ideally, surface treatment of the GO filller in the PVA matrix, produces 

increased interfacial interactions. However, incase of PGTO films treating the GO fillers 

with functional groups from TEOA results in the reduction of surface tension of GO filler, 

producing a non–reactive interface. These reduced interfaces are resultants of two factors, 

stacking of the reduced fillers in the matrix and the random orientation of the stacked fillers 

in the matrix.  

Moreover, the presence of stacked structures in the matrix does not allow a preferred 

orientation or alignment to occur. This further hinders the homogeneous adherence of the 

filler to the polymer surface and hence a suitable interface is not obtained.  
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Figure 6.9. Dependence of Interaction parameter B on the tensile strength of the PGTO composites 

for their corresponding volume fractions.  

6.5 Morphological and microstructural aspects.  

The morphological features of the nanocomposites are correlated with the information 

acquired from the tensile tests. The pristine PVA film indicates features typical of a glassy 

polymeric system with no appreciable contrast as was seen in the earlier chapters. In the 

PGTO films, the random orientation of the filler becomes dominant with the increasing filler 

content. The images display fine contrast of the filler against the polymer (Fig.6.10).  

Surprisingly, the cross section of the TEOA reduced PGO composite films also 

revealed a randomly arranged and aggregated morphology. These films did not any produce 

distinct features in the morphology as compared to their PGO counterparts. These obtained 

features describe the stacking of the reduced sheets in the PVA matrix to reduce the 

interfacial interactions with the matrix (Fig.6.10). The little increase in the mechanical 

properties of the reduced films arises as a result of the interfacial bonding between the filler 

and the matrix. With increasing filler concentration, these sheets induce interfacial 

debonding with the PVA polymer resulting in reduced strength as compared to the PVA-

GO films but are considerably more ductile.  

Based on these results, we surmise that in the in-situ reduction of the GO fillers with 

TEOA as a reductant reduces the epoxy groups of the graphene sheets, but attaches to the 

edge of the sheets connecting to the PVA chains via non-covalent linkage. Additional 

linkages at the basal planes due to the hydrogen bonding between the OH of TEOA and OH 

on the basal planes of GO, increase the cohesive energy amongst the sheets and finally stack 
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over each other, resulting in weak bonding of these sheets with the polymers. These weak 

linkages induce slippage amongst the sheets resulting in increased ductility but reduced 

strength. The absence of functional groups on the basal plane may have facilitated 

orientation of the CCGTO sheets in the plane of the film, but the aggregation of the films 

reduces the passivity of orientation.  

 

 

Figure 6.10. Microstructures of the TEOA reduced GO reinforced PVA nanocomposite.  

Based on these findings, the microstructure of the PGTO composites can be 

suggested as per Fig.6.11. Here two types of fillers, such as few layered graphene oxide 

(with expanded interplanar carbon structure), and few layered graphite (with an interplanar 

distance similar to that of graphite) are shown. This is deduced from the XRD results of the 

CCGTEOA fillers, as depicted in Chapter.4. These fillers are presumably well distributed 

within the polymer matrix with a considerable amount of crystalline domains contiguous to 

the fillers. The fact that the fillers are somewhat more clustered in the PGTO systems as 

compared to the PGO, the extent of polymer/filler interfaces formed are significantly 
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reduced. For the lack of interfacial strength, these composites exhibit comparatively inferior 

load transfer, thus the results of mechanical properties.  

 

 

Figure 6.11. State of dispersion of GO in PVA polymer in (a) PGO composites (b) PGTO 

composites films.  

 

6.6 Chapter summary.  

• Dark brown to absorbing black colored PVA film were fabricated by functionalizing 

graphene oxide with triethanolamine.  

• Graphene oxide sheets with restored C=C structures from epoxy groups are 

accompanied with strong non-covalent interactions between the OH groups on the 

basal planes of fillers and the alcoholic groups of the TEOA molecule.  

• The microstructure can be thought of as a combination of few layered GO fillers and 

few layered stacked graphene sheets, which rendered relatively lower extent of 

polymer/filler interface.  

• The mechanical properties were better than pure PVA, yet were not as good as the 

PGO or PGH composites, which can be ascribed to the reduced interfacial 

interactions between the fillers and the matrix.  

• Triethanolamine possibly may have reacted as a plasticizer which was evident from 

the large failure strain values of these composites.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 7 

         Interface strengthened triethylamine  

      functionalized graphene oxide reinforced  

                   PVA nanocomposites.  

A novel fabrication route for the polymer nanocomposite was followed in this section. GO 

fillers (at various wt% level) were loaded with PVA aqueous blends along with in situ 

functionalization with triethylamine (TEA). Fabrication, microstructure, and properties of 

these composites are discussed in this chapter.  
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In the previous chapters, it was clearly evident that the formation of maximized interface 

area between the polymer and the fillers is an important aspect for the enhancement of 

mechanical properties. In-situ treated GO with or without hydrazine in the PVA composite 

led to the excellent dispersion of the fillers, which led to an appropriate increase in the 

mechanical properties. Along with dispersion of the fillers, it was also important to create 

bonding interactions between the fillers and the matrix. The PGO composites, due to their 

intrinsic oxygen-containing functional groups, the GO fillers created strong hydrogen bonds 

with the matrix, leading to efficient load transfer. In the PGH composites, due to the 

reduction of the fillers, the extent of interfacial interactions was slightly reduced. However, 

the well-aligned morphology helped improve the mechanical properties. The objective here 

is to create a homogeneous distribution of the fillers and enable strong interfacial bonds at 

the matrix/filler interface. Triethanolamine functionalization clearly did not work as well as 

simple GO reinforcements, due to the aggregation of the fillers that led to a drastic reduction 

in the interfacial contact area. Therefore, in this chapter, a different kind of amine namely, 

triethylamine, was used as the in-situ reductant in the processing of the composites. It was 

shown in chapter 4 that TEA reduction eliminates some of the oxygen-containing functional 

groups and restores the carbon double bonds imparting sp2 character in the carbon sheets. 

The same reduction procedure was followed in the fabrication of polymer composites. Thus 

desired composites are termed as PGT series, with the wt% of fillers tagged with it.  

The composite films physically appeared very smooth and uniform with clear black 

colouration. These films were clearly different from the brownish-dark color of the GO 

reinforced PGO films. Additionally, the films indicated higher black intensity as the filler 

quantity progressively increased from 0.4, 0.8 to 1% (Fig.7.1).  

 

 

Figure 7.1 Digital images of the PGT series of nanocomposites films.  
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7.1 Structural and thermal behavior.  

The X-ray diffractograms of the TEA functionalized GO reinforced PVA nanocomposite 

films (PGT-series) showed interesting trends in crystallinity. Even at the filler level of 0.4 

wt%, the composites exhibited enhanced peak intensity at 19.6° 2Θ as compared to the 

signals of pure PVA. This particular intensity increased progressively with the addition of 

a higher amount of filler, as can be seen in the XRD plots for the PGT-0.8 and PGT-1 

composites. The fact that the signal intensity increased without a change in the FWHM 

values of the peaks indicates that the crystallite sizes of the PVA remain almost the same. 

Only the number of such crystallites got increased with higher loading of the fillers. A direct 

observation of the structural nature of the fillers could not be commented upon from the 

XRD plots of the composites because the volume fraction of the fillers is extremely low for 

any meaningful signal. However, if we consider the XRD spectrum of the CCGT presented 

as Fig.4.23, it is clear that the expanded interlayer distance of GO disappears and the CCGT 

powders exhibit no peak at all. Only very weak signals observed at 26° 2Θ, indicating the 

formation of an extremely fine stack of the graphene sheets. It is expected that similar 

reduction and structural evolution would occur in the in-situ TEA functionalized GO 

reinforced PVA composites. This essentially indicates that the composites have 

homogeneously distributed graphene fillers and that the stacking of the graphene layers is 

extremely small.  

 
Figure 7.2. X-ray diffractograms of the PGT series of films. PVA is added for comparison.  

The changes in the crystallinity of the PGT samples from the XRD diffractograms 

are corroborated with their glass transition temperatures obtained from the DSC 
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thermograms (Fig.7.3). The PGT films displayed Tg values of 106 °C and 107 °C at filler 

loadings of 0.8 and 1% respectively. These values were lower than the Tg values of the PGO 

films (114°C, 117°C) with the same filler loading, but resembled more to the Tg values of 

the PVA values (105°C).  

Changes in the Tg values of a polymer composite are attributed to the orientation of 

the graphene sheets in the polymer matrix [30]. Generally, graphene sheets intercalated in 

the amorphous domains of the polymer matrix affect the mobility of the amorphous chains 

thus increasing Tg of the composites. This was clearly observed in the PGO-series of the 

composites. However, it was seen that the Tg of the PGT composites were not greatly 

affected by the presence of the graphene fillers. Considering the enhanced crystallization of 

the composites, it can be argued that most of the crystallization of the polymers occur at the 

fillers (the GO sheets acting as the heterogeneous sites for nucleation), and there was less 

intercalation of the amorphous regions in and around the fillers. In other words, it can be 

said that the amorphous regions of the PGT-composite films were more or less like the 

amorphous regions of the pure PVA films. However, the crystalline domains in the PGT 

composites were different in that the regions formed contiguous to the graphene oxide 

reinforcements as seen in the (Figure 7.3). Since Tg is a representation of the polymeric 

chain mobility primarily in the amorphous regions, we observe no change in the Tg of the 

PGT composites as compared to pure PVA.  

The PGT samples exhibit increased crystallinity with an increase in the filler 

loading. Well-dispersed fillers produce higher number and active interfaces that act as 

heterogeneous nucleating sites allowing the formation of ordered crystalline domains. These 

molecular chains away from such an interface require higher energy to form polymer 

crystallites. This accelerates the growth of the already formed crystallites at the filler-matrix 

interface, resulting in higher crystallization of the composites. Thus, it can be said that the 

composite has many regions of better crystalline order with GO reinforcements, and the 

volume of the amorphous domains are uniformly distributed withing the composite.  

Interestingly new features were observed in the melting regions of the PGT 

composites. There was a small peak at 227°C, followed by a larger endotherm at 230°C. 

Both of these peaks were at comparatively higher temperatures than that of pure PVA 

(224°C). The first peak at 227°C is attributed to the melting of imperfect crystals formed 

due to annealing. Crystals formed at low crystallization temperature suggest a low degree 

of imperfection. These crystals partially melt and then recrystallize to give thicker crystals 
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during the DSC scans. The second endotherm is the conventional melting of all the crystals 

in the polymer composite [314]. The slightly enhanced melting temperature may be 

attributed to the strong interaction of the crystalline domains with functionalised graphene 

(oxide) fillers.  

 

Figure 7.3. DSC thermograms of the PGT composites.  

 

Sample name  Tg (°C) Tm (°C) 𝛘𝐜 (%) 

PVA  105 220 30 

PGT-0.8 106 230 36.8 

PGT-1 107 230 38.6 

Table 7.1. Thermal properties of the PGT composites.  

 

7.2 Infrared and Raman spectroscopy.  

FTIR spectra of the PGT-composites provide further evidence of the chemical interactions 

between the matrix and the fillers. Characteristic peaks of different functional groups 

present in the pristine PVA film, and PGO composites are identified in the (Fig.5.4). Herein, 

we present the chemical changes achieved on the TEA functionalization in the PGT 

composite films at varying filler load of 0.4, 0.8 and 1 wt%.  

TEA is a tertiary amine that does not produce any absorption in the spectra. This 

makes its distinguishable from primary and secondary amines. Therefore, the spectra of 

PGT films show new peaks only at 1250 cm-1 (C-N stretch), and 1560 cm-1 (C=O salts). 

Along with a broad peak at 3200 cm-1 (OH, alcoholic peak), which appears due to the 
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inhibition of the NH bonds of TEA with GO confirms the bonding of PVA  with GO via 

hydrogen bonding (Fig. 7.4).  

 

Figure 7.4. FTIR spectra of the PGT composite film.  

Utilizing TEA as a reductant for graphene oxide sheets in the polymer matrix 

reduces the oxygen-containing functional groups (specifically epoxy) at the basal planes in 

a similar fashion as observed in Figure 7.5. GO forms hydrogen bonds with the –OH of the 

PVA chains, (Fig.7.5, step A). The addition of TEA in the PGO composite reduces both the 

epoxy and carboxylic groups of GO. In the case of in-situ reduction, TEA restores the C=C 

structure of graphene by reducing the epoxy molecules on the GO basal planes and 

functionalizes via increased H-bonding. This increase is reflected from the shift of peak 

from 1325 to 1332 cm-1 for the CH bonds. This intensity is sharper and clearer in the PGT 

composites as compared to the same in the PGO series. The increase in the number density 

of hydrogen bonds reflects the high strength and affinity of the tertiary amine with the 

polymer.  

The carbonyl groups of the partially reduced GO sheets interact with TEA, resulting 

in the formation of stable carboxylate quaternary amines at the edges, as reflected at 1556 

cm-1, (Fig.7.4). These amine groups present in the reductant effectively stabilizes the reduce 

sheets in the matrix and aid in increased strength of the overall composite developed, 

(Fig.7.5, step B). The resultant carboxylate cations are composed of (C2H5)3N
+ groups 

attached to the C=O of the carboxylate groups of reduced graphene oxide. Confirmation of 

these bonds is seen by the formation of additional peaks at 1250 cm-1, corresponding to C-

N bonds. These peaks are produced by the conjugation of TEA with graphene sheets and 



 

Chapter 7 

 

 

[121] 

 

the polymer chains, resulting in the development of amino hydroxylated PGT complexes, 

(Fig.7.5, step B).  

 

 

Figure 7.5. Reaction steps for the functionalization of PGO films by TEA on the edges (carboxylic 

group), R3N = (C2H5)3N.  

The conjugation allows TEA molecule to graft at the graphene-PVA interface and 

strongly bind to the polymer matrix. The strong bond of the TEA molecules at the edges 

restricts the movement of the polymeric chains upon the application of load and effectively 

transfers the stress to the graphene fillers which is responsible for the substantial 

improvement in the elastic modulus.  

To elucidate the effect of TEA on pristine PVA films, a blend of PVA and TEA 

solution without any graphene oxide filler was made and cast into a film. Inclusive of the 

skeletal peaks reflected from the PVA backbone; the TEA treated PVA films displayed a 

peak only at 2355 cm-1. This peak arises by the reaction between TEA and PVA, resulting 

in the formation of an ammonium carboxylate complex in the form of zwitterions (internal 

salts) [315] with no additional peaks (Fig.7.6). Moreover, this peak is not reflected in the 

PGT samples. This suggests that TEA molecule has an affinity for both PVA and GO as 

independent systems. Where on the one hand, its addition to PVA results in the formation 

of zwitterions, its incorporation in a composite system of PVA and graphene oxide, results 

in formation of strong hydrogen bonds, conjugating between the matrix and the carbon 

reinforcements, with no signs of zwitterions.  
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Figure 7.6. FTIR spectra of TEA treated PVA film.  

The intensities of absorption corresponding to specific peaks in the FTIR spectra 

clearly reflect the influence of the fillers and reductant on the polymer matrix. The addition 

of filler in varying compositions produces absorptions at similar wavenumber, but with a 

progressive increase in their intensity with filler increment.  

 

 

Table 7.2. Approximate regions of various types of bonds present in the PGO and PGT films of all 

compositions.  

The PGT series of composites (PGT-1) exhibited the G peak at 1595 cm-1, which 

was at a slightly lower wavenumber of 1598 cm-1 for the GO powders (Fig.7.7), indicating 

restoration of the in-plane order in the fillers. This can be ascribed to the disappearance of 

epoxy groups and restoration of the carbon double bonds of the GO filler in the PVA 

polymer, as was the case for the PGH composites. The D band was observed at 1318 cm-1, 
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slightly higher than that of GO (1314 cm-1), indicating some interaction of the edges with 

the matrix. Importantly, the ID/IG ratio was 1.51, which was similar to that of GO, and lower 

than that of PGH-1 composites. The fact that the in-plane structures of the fillers become 

defect free, yet a comparatively similar ID/IG ratio to GO powders, indicate the 

homogeneous dispersion and an exfoliated type structure of the fillers. This will be 

discussed in more details in the microstructural section.  

 

 

Figure 7.7. Raman spectra for the PGT film.  

 

7.3 Mechanical behavior.  

As was done in the previous chapters, a straightforward method to quantify the interfacial 

interactions between the polymer and the fillers is an evaluation of its mechanical properties. 

The PGT films exhibited exceptional mechanical properties as can be deduced from the 

representative stress-strain curves in the Fig.7.8.  

The PGT-0.4 films exhibited distinct improvement in the elastic modulus as 

compared to the pristine (unmodified) PVA films (1.4 GPa vs. 0.34 GPa). Additionally, 

even at this level of fillers, the PGT-0.4 films had about 40% higher elastic modulus as 

compared to the PGO-0.4 films, indicating that the load transfer mechanism worked more 

efficiently in the PGT series films as compared to the PGO- films. Loading level at 1 wt.% 

of fillers also indicated a significant improvement in elastic modulus as much as 40% 

improvement as compared to the PGO series films at similar filler loading (2.8 GPa vs. 2.0 
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GPa). As compared to the pure PVA film, the PGT-1 composites had more than 8 times of 

its Young’s modulus.  

Much like the elastic modulus values, the yield strength of the PGT- series of 

composites showed excellent results. These values were much higher than those of the PGO 

series of composites with similar filler loading. While the nature of the stress- strain plots 

for the composites at lower loading (PGH-0.4 and PGO-0.4) were similar, a marked 

difference in the higher loading samples can be observed. In the PGO-0.8 and PGO-

1samples, after the yield point the deformation region is accompanied by a decrease in the 

stress. This is more pronounced for the PGO-1 samples. This region is ascribed to strain 

softening behavior of the amorphous (semi-crystalline) ductile polymers (Fig.5.9). 

Interestingly, in the PGT composites, this behavior was totally absent beyond the yield point 

region, irrespective of the filler loading volume fraction. On the contrary, the stress was 

found to increase considerably with the increase in the strain of the composites (Fig.7.8). 

These are typical characteristics of strain hardening in composites. However, if one closely 

looks at the stress- strain traces, extremely small regions of strain softening can be observed. 

These small dips in strength with increase in strain was found from time to time in the 

progressively strain hardened material. This could indicate possible deformation of some 

soft/pliable domains in the polymer composites. Overall, the stress-strain traces indicate a 

milder form of strain hardening followed by mild softening throughout the loading regime.  

The films exhibit an exceptional increase in the tensile strengths to 130, 137 and 212 

MPa for the PGT films at varying filler loading of 0.4, 0.8 and 1% respectively (Fig.7.9). 

Such enhancement with an increase in the reinforcement, are attributed to the strong 

interfacial bonding of the functionalized graphene sheets strengthened by mechanical 

interlocking with the matrix. With strong dependence of the tensile strengths on the 

interfacial bonding, the mechanical properties majorly depend on the orientation of the 

fillers as they are increased in the matrix [37]. This analogy suggests that possibly the fillers 

remain uniformly dispersed throughout the microstructure even when the filler loading is 

higher.  

The obtained mechanical properties (tensile strength, elastic modulus) warrant 

comparison with the published results in the literature. The exhibition of 8 times 

improvement in elastic modulus, and almost an order of magnitude increase in tensile 

strength, (22 MPa for the pure PVA and 212 MPa for the PGT-1 composites), have never 

been reported in the literature, for the polymer film strips with such low volume fraction 
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(0.69 vol%) of such carbon nanostructured based fillers. The fact that such high strength 

could be achieved for a moderately low specific gravity material, its specific strength 

(strength/density) which is in the range of 169 KN.m.Kg-1, can be compared with 

magnesium alloys (158 KN.m.Kg-1 ) and aluminum alloys (214 KN.m.Kg-1) [316]. It also 

must be noted that these values are for the 1wt% filler loaded composites. A higher loading 

of the fillers might result in higher level of tensile strength and toughness which is beyond 

the scope of the current investigation.  

 

 

Figure 7.8. Representative stress-strain curves for PVA, PGT-0.4, PGT-0.8 and PGT-1 

composites.  

 

Figure 7.9. Results of mechanical properties of the PGT composites.  



 

Chapter 7 

 

 

[126] 

 

Another exciting aspect of the PGT- series films is their large strain at failure values, 

typically in the range of 190%, 260% and 200% (Table.7.3). These results clearly indicate 

that functionalization of the GO fillers with TEA results in excellent ductile films. Strain-

at-failure values decrease with increase in the elastic modulus of the material (as can be seen 

with the PGO-series films). The strain of 200% before failure imparts an enormous level of 

toughness in the films.  

 

Sample 

name 

Youngs modulus 

(GPa) 

Ultimate strength 

(MPa) 

Elongation at 

break (%) 

Yield strength 

(MPa) 

PVA film  0.34± 0.04 22.43 ±3.6 125 15.73±3.05 

PGT-0.4 1.46±0.4 130.67±11.7 190 82.25±6.24 

PGT-0.8 1.77±0.26 137.56±26.7 226 100.27±9.79 

PGT- 1 2.87±0.34 212.66±16.84 200 154.43±18.92 

Table 7.3. Tensile values corresponding the representative tensile graph.  

 

7.4 Interfacial interactions.  

Evaluation of calculated tensile strength for PGT-0.4, PGT-0.8, and PGT-1 films show 

values of 1.6, 1.8 and 2.25 for 0.24, 0.47 and 0.59 volume fraction of the graphene oxide 

(Fig.7.10). Such increase in the tensile values for the interaction factor 𝐵𝜎𝑦 of the PGT films, 

suggest creation of a strong interactions at the polymer-matrix interface.  

Strong interfaces are resultants of the high surface energy of the graphene 

reinforcement. Graphene oxide sheets are decorated with functional groups, which can be 

tailored with specific amines such as TEA. This is a typical case of reactive surface 

treatment of the GO fillers by Pukanzsky, where the polymers adhere more strongly at the 

filler-matrix interface. FTIR spectra show that TEA molecules mostly attach at the edge 

groups of the GO sheets, restricting the mobility of the interphase regions at the edges. The 

exceptional ductility along with high strengthened elastic modulus can be attributed to 

homogeneous nucleation of voids on extensive deformation, followed by growth of the 

voids. Such generation of microvoids makes the nearby regions resistant to hydrostatic 

pressure, which can also explain the strain hardening effects. The strong filler-matrix 

interface eventually leads to a fracture at much higher strains. However, mechanical data 

set shows an improvement in the ductility values also. Independent of the surface treatment, 

or the strong interfacial bindings, increased ductility are attributed to the sliding of the GO 
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sheets coated with PVA polymer in the composite. Ductility here is an independent factor 

of the surface treatment.  

The model also validates the increase in tensile strength to the morphology of the 

PGT composites. Alignment of the fillers in the matrix, produce strong binding or a reactive 

interface of the polymer to the fillers and hence high tensile strength in a composite.  

 

Figure 7.10. Interface interaction parameter in the PGT system of composites.  

 

7.5 Morphological and microstructural aspects.  

Transmission electron microscopy was performed by casting a drop of the polymer 

composite blend on carbon coated stubs, following by drying. A sharp contrast of the 

homogeneously dispersed web like reduced graphene sheets is observed against the polymer 

matrix. Even at a level of 0.7 vol % of the fillers, one can observe the homogeneous and 

continuous network of the two-dimensional fillers (Fig.7.11a). A higher magnification of 

the bright field TEM image indicates dark lines of contrast (Fig.7.11b). These lines are the 

imperfections in the fabricated GO sheets, generally termed as the wrinkles of the basal 

planes. A fair idea about the thickness of the GO fillers can be obtained by measuring the 

wrinkles in the micrographs (the thickness of the films should be less than half of the width). 

From these micrographs, it can be calculated that the GO sheets are of less than 10 nm size. 

Overall, it is clear that the fillers are homogeneously distributed in the polymer matrix. 

Selected area electron diffraction pattern (SAED) of the composite films indicated semi-

crystalline nature of the films as observed from one set of a broad diffused ring that can be 

attributed to the (110) planes of PVA (Fig.7.11c).  
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Figure 7.11. Transmission electron microscopy of the PGT-1 composite; (a) bright field image 

showing continuous.web-like fillers, (b) HRTEM imaging of a region showing graphene 

dispersion, (c) SAED pattern of the composite indicating semi-crystalline nature.  

While Fig.11 depicted the general features of the composites from a relatively 

thicker region, a much finer and more electron transparent region exhibited the PGT-1 

composite microstructure with remarkable clarity (Fig.12). Over a broad region the 

distribution of what appeared to be clearly exfoliated graphene sheets was very 

homogeneous. Moreover, the distributions had small domains of ordered alignment of the 

fillers, (Fig.12a), resembling the typical nematic liquid crystalline order in materials with 

anisotropy (high aspect ratio). Magnified imaging of a smaller region exhibited ordering of 

the fillers (Fig.12b). The features with dark contrast exhibited dimensions in the range of 5-

8 nm, indicating that the filler thickness should be in the range of 4nm only. The speckled 

contrast in the background presumably has resulted from the signals of the underneath 

amorphous carbon layer of the sample grid on which the composite was solution cast.  
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Figure 7.12. (a) Bright-field TEM image of a thin region of the PGT-1 composite; liquid 

crystalline type nematic ordering of the graphene oxide fillers can be clearly observed, (b) high-

resolution micrographs of PGT-1 composites exhibiting local ordering of the fillers, and indicating 

filler thickness in the range of 5nm.  

The advent of field emission sources for transmission electron sources for 

transmission electron microscopy has led to improvement in resolution and analysis of 

nanostructured features. While such studies are limited in polymeric systems, previous 

works have reported staining of the microtomed polymer composites with ruthenium 

bearing compounds for better clarity in the bright field imaging mode. Scanning 

transmission electron microscopy (STEM) of an electron transparent specimen can be 

conducted, and the recorded signals from an annular dark field detector can enhance 

resolution and contrast in the microstructure bearing two dissimilar phases differing in 

atomic number. Further improvement in detection of the transmitted electrons by a high 

angle annular dark field (HAADF) detector can clearly distinguish between 

materials/phases of different atomic numbers.  

The graphene reinforced polymer composite in this work is a combination of a 

carbon-containing phase in a matrix of a polymer containing C, H, and O. However, with 

the typical platy two-dimensional morphological features of reduced graphene oxide, the 

distribution of the fillers can be understood well in the composite microstructure. The 

STEM–HAADF image (Fig.7.13a) exhibits a rather low magnification micrograph of the 

composite. The grayish region is representative of the polymer matrix, whereas the brighter 

regions represent the graphene fillers. A higher magnification HAADF-STEM (Fig.7.13b) 
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exhibits fairly similar structure even inside a much reduced field of view. Interestingly, these 

micrographs are clearly similar to the ordered patterns observed in Fig.12a. However, the 

same local order was found to be maintained even at a much smaller (nanometric scale). 

The images interestingly mimic the classic nematic liquid crystalline microstructure with 

ordered domains where particulate materials of specific geometries are distributed. The 

formation of locally ordered nematic structures of graphene oxide films dried from aqueous 

colloids has been reported in the literature [317, 318]. This generally occurs for particulate 

systems with large aspect ratios (rods or platelets). At a lower loading of these fillers, the 

dried structures exhibit random orientation. However, upon an increase in the concentration 

of the fillers, the dispersion exhibits a phase transition from isotropic to nematic liquid 

crystalline phases. The Schlieren textures of the colloids have been observed by the cross-

polarized optical microscopy. Nevertheless, observation of these structures in graphene 

reinforced polymer composites has not been reported in the literature.  

These structural patterns form due to controlled and equilibrated drying conditions. 

Flow instability during drying leads to irregular structures. Therefore, liquid crystal type 

ordering of the fillers in the polymer can result from a well-controlled evaporation of the 

aqueous polymer blend.  

Another important parameter is the stability of the aqueous colloid. The filler 

particulate materials need to the well dispersed in the solvent. Onsager’s theory states that 

above a critical concentration of anisotropic moieties (such as plates, rods), spontaneous 

entropy driven liquid crystalline nematic order occurs as a consequence of simply excluded 

volume interaction [319]. The term liquid crystalline order comes from the fact that the 

extent of order in the nematic phases are between that of a crystalline compound and a 

liquid. Therefore, during drying of the colloids, (polymer blends) radial spoke type patterns 

are observed, which cause the wrinkling of the graphene oxide sheets.  

While on a macro scale, the PGT composites may appear as isotropic, on a 

microstructural level the liquid crystal type nematic order is clearly visible. Additionally, at 

the nanometric level also, such type of local ordering was observed from HAADF-STEM 

images (Fig.7.13b). Additional bright speckles /spots are also observed, which are mostly 

distributed in the polymer matrix region (the darker region), (Fig.13b). These white spots 

are from the extremely fine sized graphene fragments that remain in the colloidal solution 

from the GO fabrication stage itself. While, on the other hand, these features do not add 

much to the overall strengthening of the composites, due to their lack of high aspect ratio, 
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they certainly add to the strengthening effect by simply strongly binding to the matrix. These 

features are also expected to act as impediments in the deformation of the polymer chains 

(on heating or loading), thus causing improvement in mechanical properties.  

Further zooming on to the regions of higher bright contrast, clearly identifiable 

bright lines (appearing as veins in Fig.13b) could be observed. These lines are representative 

of the single layer and few layer graphene reinforcements. Also, then microstructure 

indicate clearly intercalated composites where the PVA polymeric phase is found between 

the graphene layers. As evident by the XRD spectra, the increased crystallinity of the 

composites would have resulted from heterogeneous nucleation sites at the edges of the 

graphene sheet. The excellent level of exfoliation of the graphene sheets creates many such 

sites for nucleation in the polymer matrix, which is corroborated by the increase in 

percentage crystallinity in the composite with increased filler content.  

 

 

Figure 7.13. HAADF-STEM images of distributed graphene sheets in the polymer matrix for the 

PGT composite films indicating the liquid crystalline order in the film.  

To observe the morphology of the PGT composites in the unstressed or unstrained 

conditions, the polymer films were cryogenically fractured by dipping the film in liquid 

nitrogen. The composites became extremely brittle and simple snapping of the films caused 

a fracture. The fractured specimens were coated with Au/Pd, and the cross-sectional regions 

were observed by scanning electron microscopy. The fractography was similar to that of 

pure PVA but layered morphology of the composites was clearly observable. The graphene 

oxide reinforcements (CCGT) were not seen in isolation, but its outlines could be observed 
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on the cross section of the fractured polymer (Fig.7.14a &b). The cryo-fractured cross-

sectional images of the PGT samples indicated extensive perturbations in the crack 

propagation path in a non-planar mode. Therefore, the surface roughness of the fractured 

PGT composites was much higher than the pure PVA polymer, or the other composites 

discussed here. Thus the step-wise propagation of a crack in a highly brittle fracture 

environment can be concluded. Fractured surface roughness at much finer details can also 

be observed (Fig.14c &d).  

 

 

Figure 7.14. Scanning electron micrographs of the cryo-fractured PGT composites; (a & b) 

macroscopic roughness of the fractured cross-section, (c & d) roughness at a much finer scale.  

The fractured regions of the stressed films (after tensile testing) were also observed 

in secondary electron mode. The cross section of the films (Fig.7.15) with extensive plastic 
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deformation reveals homogeneously distributed microvoids that are precursors to crazing 

process, as was seen for the PGO- series of the composites (Fig.7.16). It is evidence for the 

classical process that is operative in the failure of these materials. The microvoids were 

generally observed in between the regions of the fillers and within the domains of the pure 

polymer matrix. Areas with larger voids exhibit the fibrillar structures being the 

functionalized graphene oxide fillers. The cracked fractured regions show extensively 

pulled out planar (two- dimensional) moieties that are graphene oxide still bonded to few 

(thus the thickness of the pullout appearing as very thick).  

 

Figure 7.15. Morphology of representative PGT composites after tensile deformation; (a) 

nucleation of microvoids throughout the composite strip, (b) separation of the fillers from the 

matrix exhibiting fibrillar structures.  

 

 

Figure 7.16. Schematic of the classical crazing process.  
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The majority of the known nanomechanics were observed in the deformation and 

fracture of the PGT sample, including debonding, plastic void growth, micro-shear bonding, 

and matrix deformation. Formation of micro-voids followed by the growth of these voids 

around the nanostructured fillers occurs leading to the detachment of fillers. However, 

plastic yielding of these voids relieves the triaxial stresses and makes the surrounding region 

more restricted to further debonding. The stress-strain traces of the composites can be 

reconciled with this.  

Furthermore, the edge regions of the extensively deformed (broken samples after 

200% strain) exhibited narrow protrusions. These protrusions may have formed by rolling 

up of the edges of the graphene sheets after deformation (Fig.7.17). These features were 

homogeneously distributed in the fractured domains indicating the uniform transfer of the 

load in tension; the presence of fillers was low for the PGT-0.4 (Fig.7.17a), whereas the 

number density of the fillers was high in the PGT-1 (Fig.7.17b). These micrographs 

represent some of the most direct evidence of the fracture process and clearly, corroborate 

the high ductility observed for these composites.  

 

 

Figure 7.17 Scanning electron microscopy of fractured (a) PGT-0.4 (b) PGT-1 nanocomposites.  
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7.6 Chapter Summary.  

Triethylamine functionalized graphene oxide reinforced PVA nanocomposites were found 

to have the following salient features: 

• The novel method of using triethylamine as a reductant and functionalizing agent 

resulted in composites with the excellent homogeneity of the fillers.  

• Progressive increase in the crystallinity of the polymeric phases was found to 

increase with filler loadings, which was corroborated by the scanning calorimetry 

studies.  

• Exceptional improvements in tensile strength and elastic modulus was observed for 

the composites along with superior ductility.  

• Strain-hardening was observed in the stress-strain patterns indicating a progressive 

strengthening of the composites. 

• The microstructures of the composites as evidenced by HRTEM and HAADF-

STEM imaging exhibited nematic liquid crystalline type ordered microdomains with 

excellent homogeneity.  

• The covalent linkage of the triethylamine at the edges of homogeneously ordered 

dispersed fillers led to efficient load transfer exhibiting excellent mechanical 

properties.  

  



 

 

 

 

 

Chapter 8    

           Ultra strong PVA nanocomposites 

with sequential treatment of triethylamine  

                  and hydrazine systems.  

In this chapter, a novel dual stage in-situ treatment of graphene oxide reinforced PVA 

nanocomposites have been carried out.with the use of triethylamine followed by hydrazine. 

The physicochemical properties, structure, morphology, and microstructures have been 

discussed in the context of the resulting exceptional mechanical properties.  
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Many theoretical and experimental investigations have corroborated the excellent 

mechanical properties (tensile strength, elastic modulus) of graphene. However, these 

properties have not been as effectively harnessed in polymer nanocomposites with the 

carbon-based nanostructures as fillers. Property enhancement is possible when the applied 

load on the composites is efficiently transferred to the filler/filler networks. For this thing 

to happen effectively, many parameters cause influence, including morphology, 

microstructure, homogeneity of the fillers, and strong chemical interactions. Stacking of the 

fillers as has been the issue specifically for graphene-based two-dimensional fillers, for it 

reduces the effective filler/matrix interface area. Fully exfoliated fillers with homogeneous 

distribution throughout the polymer matrix creates more interfaces per unit volume of the 

composites. In such a microstructure, if chemical interactions strengthen these interfaces, 

effective load transfer can occur leading to enhancement in mechanical properties.  

Therefore, in this chapter, a novel processing scheme is outlined to embody the 

above said microstructural features. In the earlier chapters, it was shown that triethylamine 

as a reductant and reducing agent that creates unique microstructures of the composites with 

exceptional mechanical properties. Likewise, the hydrazine reduced PGH system also has 

shown controlled as well as aligned morphology, without aggregation or restacking of the 

fillers. Thus, in the current method, both of the reductants were used sequentially. First, the 

aqueous blend of PVA and GO was treated with triethylamine, which was then further 

reduced by hydrazine. The nanocomposite films were cast by solvent casting and 

evaporation process, similar to the fabrication of all other composites in this work. The filler 

fractions were maintained at similar levels with 0.4, 08 and 1 wt% addition and produced 

composites which were named as PGTH-0.4, PGTH-0.8, and PGTH-1.  

The fabricated films were smooth and dense black in appearance without any visible 

defects, such as pinholes, or laminations. The overall look is shown in the Fig.8.1.  

 

 

Figure 8.1. Digital images of the PGTH composites.  
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8.1 Structural and thermal behavior.  

The PGTH series of films showed a clear presence of the 19.6° peak with a progressive 

increase in the peak intensity with an increase in the filler content (Fig.8.2a). The PGTH-

0.4 sample itself showed a discernible increase in the said peak intensity, indicating that 

there is the influence of crystallinity with the small volume fraction of fillers. This was much 

more pronounced in the PGHT-0.8 and PGTH-1 samples with the latter showing maximum 

intensity. Comparatively, the intensity of the PGTH films was highest amongst all of the 

samples tested in this work across all forms of functionalization. Thus it is quite clear that 

the TEA functionalization followed by hydrazine reduction process induces better 

crystallization of the polymeric chains. It is interesting to note that simple hydrazine 

reduction of the PVA and the GO fillers did not induce as much crystallization of the matrix 

polymers as a simple blending of the PVA and GO system did. (although, higher 

crystallization was observed only for the PGO- 1 samples). On the other hand, composites 

of PVA and GO formed with TEA functionalisation did improve the crystallinity (Fig.8.2b). 

The fact that TEA functionalization followed by hydrazine reduction process improved 

crystallization, can be reconciled as follows: functionalisation of the GO platelets with TEA 

results in the strong interaction of the functional groups at the edges of the filler and the 

PVA matrix chains leading to crystallization at the edges of the filler. This has been shown 

clearly by the XRD and transmission electron microscopy that the crystalline domains 

precipitate in the vicinity of the fillers. In the PGTH series of samples, similar behavior can 

also be expected. The hydrazine reduction removes the groups at the basal planes (epoxy). 

This presumably favors the growth of extended polymer chains throughout the basal plane 

regions.  
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Figure 8.2 (a). X-ray diffractograms of the PGTH composites; PVA is added for reference 

and comparison.  (b) X-ray diffratogram of 1% composites of all PVA based systems. 

The thermal behavior of the PGTH composites was unique and different from most 

of the other composite fabricated in this work. To begin with, the shift in the glass transition 

temperature of the PGTH composites was high as can be seen in the Fig.8.3. The Tg for the 

PGTH sample was the highest for all of the composites considered here. Tg of PGTH-0.8 

sample was 112℃, which was higher than the pure PVA, and comparable to the PGO series. 

These observations clearly indicate that amorphous regions of the polymer matrix are 

significantly influenced by the TEA/hydrazine process and that it moves with an increased 

amount of fillers.  

Chemically, this evolution arises as a result of the complex functionalities 

introduced in the polymer chains. In a common phenomenon, the polymer chains containing 

hydroxyl groups on the edges interact with the edge groups of the filler through hydrogen 

bonding to form PGO composites. Functionalizing the PGO composites with TEA 

introduces functionality at the edges resulting in the formation of stable quaternary 

ammonium ions as discussed in the previous chapter, (PGT composites). Further reducing 

the PGT composite films with hydrazine results in the formation of strong, complex 

compounds called as hydrazimines [R3NNH2]
+. (Equations discussed later). Complex 

compounds of hydrazimines develop a strong network of interphase at the polymer- filler 

region, thus manifesting large increase in Tg. It may thus be inferred that the graphene-based 

fillers are also embedded uniformly in the polymer matrix.The strong network requires a 
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large amount of energy to allow the mobility of the entangled amorphous chains requiring 

a higher temperature for transitions from glassy to a rubbery state.  

Structurally, polymers are a combination of crystalline and some amorphous 

regions. The structures contain regions of lower and higher atomic density. Reduction of 

the fillers introduces bulky hydrazimines, a portion of which bond to the amorphous 

domains in the polymer. Thus the entangled polymer chains bonded to the fillers result in 

an increase in the glass transition temperature. Along with the increase in Tg, the PGTH 

composites exhibited a distinct increase in the melting temperature. The substantial increase 

in the melting temperature as much as 5℃ has not been observed in any other samples 

carried out in this work. Additionally, from the melting endotherm the percent crystallinity 

values were calculated that exhibited higher values than the pure PVA or any other 

PVA/graphene-based composite fabricated in this work. The X-ray diffractograms 

corroborate with these observations of enhanced crystallinity. This may have resulted from 

homogeneous nucleation of the polymer crystallites at the edges of the filler that may have 

spanned around the fillers. The composites in the PGTH type microstructure can be 

hypothesized to be a unique one with improved crystallinity as well as improved distribution 

of the fillers in the amorphous regions in the matrix. It is expected that the volume fraction 

of the amorphous domains may be considerably lower than pure PVA and most of the other 

composites, albeit stronger as evident by the higher Tg.  

 

 

Figure 8.3. DSC thermograms of the PGTH composites.  
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Sample name  Tg (°C) Tm (°C) χc (%) 

PVA  105 225 30 

PGTH-0.4 106 229 32 

PGTH-0.8 112 230 35 

PGTH-1 121 230 37 

Table 8.1. Thermal properties of the PGTH composites.  

 

8.2 Infrared and Raman spectroscopy.  

Strong interfacial interactions between the matrix and the fillers are attributed to small 

molecule functionalization of the reduced graphene sheets. The FTIR analysis can study 

qualitative analysis of the extent of such interactions (Fig. 8.3). This technique cites the 

hydrogen bonding between the matrix and the filler promoting large interfacial interactions. 

Reduction of GO fillers by TEA is described in chapter 4. Herein the interaction of TEA 

with the GO sheets intercalated in a polymer matrix, followed by the added effect of 

hydrazine on the system is discussed.  

In the first step, GO filler interacts with the PVA chains through strong hydrogen 

bonding (Fig.8.4, step A). These bonds are reflected as strong alcoholic bonds  (3200 cm-

1), vinyl stretch (2900-2930 cm-1), C-OH bond (1428 cm-1), crystalline zones of the polymer 

(1140 cm-1) and amorphous zones at 1090 cm-1. Apart from this GO interaction with PVA 

is reflected by the presence of few C=O stretch (1560 cm-1) and some epoxy bonds that 

merge with the C-O bonds of PVA at 1090 cm-1 (depicted in Fig.8.5). However, the epoxy 

bonds of GO are not so prominent here as seen in the PGO spectrum (Fig.5.4).  

In the next step, TEA molecule interacts with the PGO films, (Fig.8.4, step B). The 

interaction is previously confirmed by a set of peaks observed at 1556 cm-1 (C=O quats), C-

N bonds (1231 cm-1) at the edges and restoration of the C=C by the presence of C-H alkene 

stretch at 2916 cm-1, (Fig.7.5). 

Further treating the functionalized PGT system with hydrazine, produces no 

significant physical changes in the film, but reduces the intensity of C=O peaks for the 

quaternary salts at 1556 cm-1. This interaction of hydrazine with the quaternary salts 

produces stable quaternized hydrazine complexes, also known as hydrazinium ions, 

(Fig.8.4, step C). Analogous to the quaternary ammonium salts, these salts are a new family 

of compounds which are water soluble and alkali stable. Represented as [R3N
+NR2], these 
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cations are bonded to the side to reduced graphene sheets on the edges and another side to 

form hydrogen bonds with PVA chains.  

 

 

Figure 8.4. Reaction mechanism of TEA functionalized GO reinforced PVA with hydrazine 

treatment, P= PVA.  

These compounds do not particularly reflect in the IR spectra. However, the 

presence of few NH bonds at 1600-1640 cm-1, describe the interaction of hydrazine to the 

PVA polymer and the carboxylates of the graphene sheets (Fig.8.5).  

 

 

Figure 8.5. FTIR spectra for the PGO and corresponding PGTH films.  

The schemata in the Fig.8.4 is an attempt to understand the reaction mechanisms at 

the edges of the GO sheets. Reduction of GO by TEA has already been discussed in the 

previous chapters. Herein, we have considered P (for PVA) and NH2 as two R groups 
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attached to N to form hydrazimines. These NH peaks arise only by the formation of 

hydrazimines by the reaction of TEA followed by hydrazine over the PVA molecule, no 

traces of the tertiary amine peaks are observed (Fig.8.6).  

 

Figure 8.6. FTIR spectra of the PVA films treated with TEA followed by hydrazine.  

As compared to the other systems utilizing quaternary amines at the edges induce 

much steric hindrance at the interface. Simultaneous development of NH bonds as a result 

of conjugation of quaternary amines with the OH of PVA matrix responsibly induces strong 

interactions between the PVA and fillers resulting in efficient load transfer to the fillers 

(Fig.8.7).  

 

Fig.8.7. FTIR spectra of all 1% PVA- graphene based composite films.  

The intensities of the amorphous and crystalline regions of the pristine PVA polymer 

are not much affected by the peak position, but there exists a substantial decrease in the 
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intensity of the amorphous peak of PVA at 1090 cm-1, symbolizing conversion of the 

amorphous regions to regular arrangements of the crystalline regions.  

 

Table 8.2. Approximate regions of various types of bonds present in the PGTH films. 

The PVA composites with dual stage functionalized graphene oxide (by TEA and 

hydrazine) exhibited Raman polarized G band at 1593 cm-1 and the D band at ~1317cm-1 

(Fig.8.8). The G band indicated restoration of carbon double bonds in the basal plane with 

a shift to lower wavenumbers; consistent with reduction as was seen for the PGH 

composites. The ID/IG ratio, however, was 1.59, which was comparatively higher for a 

reduced system. The fact that in-plane order existed in the graphene based fillers along with 

an increase in the ID/IG ratio indicates much higher proportion of edges/interfaces in the 

fillers. As will be discussed in the microstructure section, the rise in the ratio could be 

attributed to the formation of nanoribbons, thus creating additional edges of the carbon 

based fillers. Therefore, a higher interface area density (per unit volume) of the 

nanocomposites with the restored in-plane sp2 character of the fillers in the PGTH 

composites can be deduced from the Raman spectrum. 

Wavenumber  Functional groups  PVA PGO1 PGH1 PGT1 PGTH1 

3384-3200 -OH alcoholic ✓ ✓  ✓ ✓ 

2900-2930 CH2 stretch ✓ ✓  ✓ ✓ 

1650-1600 C=C stretch    ✓ 

(medium) 
N-

H/imines 

(strong 

bonds) 

1566 Carboxylate salts     ✓ ✓ (low 

intensity) 

1428 Aliphatic CH2 ✓ ✓  ✓ ✓ 

1325 CH bend ✓ ✓  ✓ shits to 

1332 

strong 

bond  

✓ 

1330 

Strong 

bonds    

1248,1060 C-N, aliphatic amines    ✓ ✓ 

1140 Bounded C-O crystalline 

zone 

✓ ✓  ✓ 

(stronger) 

✓ 

(strongest) 

1090 Unbounded C-O 

amorphous zone 

✓ ✓  ✓ 

weaker 

✓ 

weakest 

825 Liberation peak of PVA 

and water  

✓ ✓  ✓ ✓ 
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Figure 8.8 Raman spectra for the PGTH films.  

 

8.3 Mechanical behavior.  

Typical stress-strain curves of the PGTH films are depicted in Figure 8.9, with their 

corresponding mechanical values summarized in Table 8.3. The modulus of elasticity 

increased exceptionally from 0.34 GPa for the pristine PVA film to 2.5, 2.7 and 3 GPa for 

the PGTH-0.4, PGTH-0.8, and PGTH-1 films respectively. These values are much higher 

than the elastic modulus of the GO reinforced PVA (PGO) counterparts, and even 

comparatively higher than the PGT based films. The yield strength values also follow a 

similar trend with an excellent increase from 15.7 MPa for the PVA films to 114, 197 and 

230 MPa for the PGTH-0.4, PGTH-0.8, and PGTH-1 samples respectively (Fig.8.9). Such 

an increase in the strength values to the author's knowledge has not been reported in the 

literature in the PVA system for such a lower loading of fillers. Another interesting feature 

is, like, in the PGT films, all of the PGTH films exhibited strain hardening after the elastic 

region. Prima facie it can be said that the graphene fillers strongly impede the plastic 

deformation/flow of the polymeric chains.  

One can also observe that the strain hardening was subtle in the PGTH-0.4 films, 

but much more pronounced in the PGTH-0.8 and the PGTH-1 samples. The observation 

reconciles with the fact that the 0.8 and 1% filler loaded samples possess a number of the 

fillers per unit deformation volume, thus leading to enhanced toughness.  
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In a general trend, stiffer polymer composites exhibit lowered failure strain. 

However, the PGTH films show sufficiently high elongation at strain values additionally 

with the high strengths. This phenomenon is attributed to the modification of the surface 

chemistry of the developed composites, discussed later in the chapter. In-situ 

functionalization of GO by TEA, followed by hydrazine reduction which gets rid of the 

unmodified epoxy groups and strengthen the matrix and TEA molecules by conjugation. 

Reduction of the epoxy groups on the basal planes also restores the conjugation of carbon 

double bonds (sp2 character), which can also be viewed as the disappearance of atomic 

defects on the plane. The intrinsic elastic modulus of the fillers, thus also increases due to a 

more ordered basal plane. As discussed in the previous chapters, the increased strengthening 

of the PGTH films is attributed to the strong edge to edge interactions of the fillers with the 

matrix. This results in a relatively large modulus values coupled with a large surface area 

of the reduced graphene sheets allowing most of the load taken up by the filler.  

 

 

Figure 8.9. Representative stress-strain curves for PVA, PGTH-0.4, PGTH-0.8 and PGTH-1 

composites.  
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Figure 8.10. Mechanical properties of the PGTH composites.  

 

Sample 

name 

Youngs modulus 

(GPa) 

Ultimate strength 

(MPa) 

Elongation at 

break (%) 

Yield strength 

(MPa) 

PVA film          0.34± 0.04 22.45 ±3.66 125 15.72±3.06 

PGTH-0.4 2.55±0.13 139±19.1 142 121.45±20.6 

PGTH-0.8 2.74±0.85 269±18.9 197 165.45±22.08 

PGTH- 1 3.06±0.67 289±33.1 230 178.84±14.67 

Table 8.3. Tensile values corresponding the representative tensile graph.  

 

The composite also exhibits exceptional ductility to the extent of 200%. This was 

similar to the PGT series of composites with such high values of tensile strength and failure 

strain; the materials can be counted as ultra-tough composites with excellent energy 

absorption capability.  

 

8.4 Interfacial interactions.  

The experimental values of tensile strength for the PGTH films are validated by the 

Pukanszky model (Fig.8.11). The model displayed values like 1.8, 2.5 and 2.57 for the 

PGTH-0.4, PGTH-0.8, and PGTH-1 composite films. These values are distinctly high as 

compared to the previous systems. These high values define the PGTH systems like a typical 

case of surface treated filler incorporated in the polymer matrix. Dual functionalisation of 

the PGO films produce very strong adhesive forces amongst the graphene sheets and the 

matrix, resulting in high interfacial strengths across the polymer- graphene interface.  
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The comparable values of B for the PGTH-0.8 and PGTH-1 indicate that the 

interfacial strengthening effect is maximizing in these level of filler loading, although the 

exact loading with respect to peak mechanical properties has not been worked out. This 

interfacial coefficient is an indicative numerical parameter which is a result of multiple 

effects including, chemical functionalization by TEA and hydrazine, the morphology of the 

fillers and their distribution, contributing to the enhancement of polymer crystallinity and 

the synergistic reinforcement effects by the two-dimensional fillers and in-situ formed one-

dimensional nanoribbons.  

 

Figure 8.11. Dependence of Interaction factor B on the tensile strength of PGTH composites for 

their corresponding volume fractions.  

8.5 Morphological and microstructural aspects.  

An understanding of the structure-property relationship of the composites can be better 

acquired by observing the morphology and microstructure. Imaging of colloidal PGTH 

solution drop-cast on carbon coated TEM grid provide direct information regarding the 

dispersed state of the graphene sheets in the matrix. Bright field TEM images of the PGTH-

1 composites exhibited a homogeneous distribution of the graphene-based fillers in the 

polymer matrix in addition to the platy type filler reinforced matrix. Additional features 

were observed where one-dimensional ribbon-shaped formations were homogeneously 

distributed in the matrix (Fig.8.12a). Higher magnification image of it (Fig.8.12b), showed 

the clear contrast of the ribbon structures in the polymer matrix. High-resolution imaging 

of various other regions in the composite interestingly exhibited such one-dimensional 

structures with various degrees of bent shapes, (Fig.8.12c &d). Some of the fillers even 

appeared to be looped. Furthermore, there were periodic contrasts in the one-dimensional 
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bands, measurements of which led to believe these layered structures to be graphitic in 

nature. Such features have not been found in the literature in polymer systems. It is theorized 

that these one-dimensional ribbons may have resulted from the unzipping of the few layered 

graphene oxide fillers. Formation of one-dimensional carbon structures by the unzipping of 

graphene have been reported in the literature [320]. It is suspected that the wrinkled 

structures on the GO platelets may have been completely ripped off the surface tearing the 

whole layer, as well as forming such additional ribbons, although the exact mechanism for 

the formation is not known yet.  

 

Figure 8.12. Transmission electron microscopy of PGTH composites; (a) bright field image (b) 

high-resolution bright field image showing the fibrillar reinforcements, (c) high-resolution 

micrographs showing graphene type order in the one-dimensional ribbons.  

The exhibition of these microstructures and morphology proves multiple synergistic 

effects of strengthening to be operative in these composites. In addition to the typical two-

dimensional morphology of the GO/CCG fillers in the polymer and associated strengthening 
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mechanism, the existence of the one-dimensional fillers acts as additional reinforcements. 

Such synergistic effects can lead to strengthening in three dimensions.  

Different regions of the composites were further explored with STEM imaging. The 

typical distribution of one or more multiple sheets of graphene was observed in many 

regions as can be seen from the HAADF-STEM images (Fig.8.13a & b). The one-

dimensional ribbons can also be observed in high magnification STEM images (Fig.8.13c). 

These fibrous inclusions can aid effective load transfer from the matrix to reinforcements, 

causing improvement in elastic modulus. These features corroborate the exceptional 

improvement in elastic modulus of the composites (over an order of magnitude increase as 

compared to the pure polymer). Furthermore, in the plastic deformation region also, these 

reinforcements can aid failure by the crack bridging process. A classical crack bridging 

process was observed with these composites (Fig.8.13d), where a few of the formed carbon 

nanoribbons were found anchored on both of their ends to polymer matrices, clearly 

depicting a bridge, and resisting failure. The chemical aspect should also be considered 

wherein these one-dimensional ribbons are bonded to the matrices through the formation of 

hydrogen bonds between the oxygen containing functionalities on carbon ribbons and the 

polymer matrix. These features act as direct evidence for the exceptional ductility shown by 

the composites along with excellent elastic modulus. A synergistic effect of the two-

dimensional fillers and the one-dimensional ribbons, thus improves the toughness of the 

composites, in a way similar to the CNT and graphene reinforced polymer composites.  
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Figure 8.13. HAADF-STEM images of PGTH composites; (a & b) general distribution of 

graphene oxide in the polymer matrix, (c) high-resolution STEM image of a region indicating 

platy filler along with one-dimensional reinforcements, (d) direct evidence of the crack bridging 

process by the nanoribbons.  

The cryo-fractured PGTH composites exhibited microstructures and morphology 

that were entirely different from the other composites discussed in here in this thesis. In 

addition to the roughened cross-section of the fractured specimens (as was seen for the PGT 

composites), nanostructured fibrillar protrusions were seen on the edges of the 

reinforcements (Fig8.14 a &b). From the images, it appeared that the entire edge sheet 

structure reinforcement (GO) is split up into multiple nanoribbons. The formation of these 

ribbons has been consistently observed in this work, from transmission electron microscopy, 

and also from scanning electron microscopy of fractured samples. These nanoribbons might 

add another level of strengthening mechanism with synergistic effects as has been obtained 

in both GO and CNT-reinforced polymer composites. These ribbons were found all over the 

edges of the graphene-based fillers. It did not appear that these ribbons were independently 

strewn around in the polymer matrix. The one end of the protrusion open and another 
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attached to the matrix/filler and the pulled out morphology indicate that the moiety would 

have aided immensely in the strengthening and toughening process. The pulled out features 

(Fig.8.14c &d) exhibit coiled configurations to adopt a thermodynamically stable state. 

Even in these micrographs of the polymer coated two-dimensional fillers; the 

nanostructured ribbons can be observed. Thus, the synergistic strengthening by two-

dimensional fillers and one-dimensional ribbons was confirmed by electron microscopy.  

 

 

Figure 8.14. Cryo-fractured scanning electron micrographs of the PGTH composites.  

 

8.6 Chapter Summary.  

The important outcomes of this chapter can be summarized as follows: 

• Dual stage functionalized graphene oxide fillers in-situ, with triethylamine followed 

by hydrazine, in the PVA matrix resulted in composites that showed improved 
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crystallinity. The glass-transition, as well as melting temperatures, were found to be 

shifted to higher temperatures, indicating that the fillers impede the segmental 

mobility of the polymeric chains. 

• Novel interpenetrating reinforcements were observed with the presence of sheet-like 

graphene and graphene nanoribbons. The synergistic effects of the two-dimensional 

and one-dimensional fillers resulted in exceptional improvement of mechanical 

properties.  

• The elastic modulus and the tensile strength of the composites exhibited an order of 

improvement over the corresponding pure polymer properties. The specific strength 

of the developed composites was better than aluminum or magnesium based alloys.  

• HRTEM and HAADF-STEM imaging revealed the interpenetrating microstructures 

as well the process of crack bridging.  
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In the work embodied in this thesis, subtle variations in the processing of graphene oxide 

reinforced PVA nanocomposites have exhibited remarkable changes in the morphology, 

structure, microstructure and mechanical properties of the fabricated composites. Most of 

these parameters are co-operative and contribute to the achievement of improved material 

properties.  

The basic premise of reinforcing nanostructured fillers in the polymer composites is the 

homogeneity of the filler dispersion. Herein, utilization of the processing steps including in-

situ reduction, ensured homogeneous dispersion of the fillers in all of the composites, except 

for the triethanolamine functionalised (PGTO) system. The PGTO composite films 

exhibited some restaking of the reduced graphene sheets, leading to a reduced polymer- GO 

interfacial area and thus reduced structural properties. In addition, composite systems 

developed by in-situ reduction carried out by utilizing hydrazine, triethylamine, or the 

sequential functionalization by both yielded uniform dispersion of the reduced fillers in the 

polymer matrix. Such uniform dispersions motivate the formation of strengthened interfaces 

and hence better structure-property relationship.  

Positron annihilation lifetime studies revealed that both graphene oxide and hydrazine 

reduced graphene oxide filler added to the PVA matrix, produced similar extents of the 

interfaces. Such uniformity in dispersion coupled with the interfacial interactions amongst 

the fillers and the polymer matrix led to improvement in the mechanical properties. This 

study was congruent with the further results obtained from the structural and thermal 

behavior of the composites systems.  

A major outlook of the polymer composite system revolves around the contentious study 

of the filler-induced crystallinity in the polymer composites. Literature suggests both 

increases as well as a decrease in the polymer crystallinity on the addition of nanostructured 

carbon fillers. In this work, it is comprehensively shown that graphene oxide when added 

to the semi-crystalline polymer always improved the crystallinity of the overall composite 

system. Comparing the effect of crystallinity on different filler loading, and different 

reductants utilized, it was found that at a very low filler loading, as was the case for 0.4 wt% 

GO loading in the PGO or hydrazine reduced (PGH) system, the effect of crystallinity was 

not so pronounced. However, the Triethylamine functionalized GO fillers (with or without 

hydrazine) treatment exhibited improved crystallinity even at lower filler loadings. 

Consequently, these systems had the highest percent crystallinity with increasing filler 

content in the polymer to 1 wt% filler loading. The exceptional improvement in the 
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crystalline nature of the polymer indicates well exfoliation, intercalation, and bonding of 

the fillers within the matrix. This is also congruent with the improvement in the glass 

transition and melting temperatures for the nanocomposites. It may be argued that the 

functionalized fillers act as heterogeneous nucleating sites for the growth of the polymer 

crystals, and homogeneity of filler dispersion influences the growth of the crystalline and 

amorphous domains in the polymer matrix. It can be suggested that interaction of the GO 

sheets in the amorphous domains of the polymer matrix led to an increase in the glass 

transition temperature, whereas nucleation and growth of the polymer crystals in and around 

the fillers led to an increase in the melting temperature. In the PGTH composite, the 

distribution of the fillers in the polymer was found to increase both the glass transition and 

the melting temperature of the composites. 

This study reveals exceptional improvement in the mechanical properties of the 

composites, leading to almost an order of improvement in the elastic modulus as well as the 

tensile strength. The fact that such improvements have been achieved with only 0.7 

volume% of the fillers lay a strong emphasis on the microstructure as well as the interfacial 

strengthening of the composites. The specific strengths of some of the studied systems in 

this work match with those of Al and Mg-based alloys, which is exciting. It is suggested 

that the covalent linkages formed through the TEA molecule at the filler edges result in the 

strengthening of the matrix- filler interface. The highly exfoliated filler morphology with 

large aspect ratio imparts efficient load transfer from the matrix to the filler. Moreover, 

restoration of the carbon double bonds in the basal planes of the fillers improves the elastic 

modulus of the filler itself. All of these features cooperatively enhance mechanical 

properties of the composites, especially in the PGT and PGTH system.  

Microstructural and morphological features of some of the composites studied in this 

work reveal a few very important aspects. Use of transmission electron microscopy in 

studying polymer nanocomposite microstructure is less represented unlike its study of 

metals and ceramics. Conventional imaging, as well as HAADF-STEM based exploration, 

can be used to observe clear patterns in composite microstructures, despite the systems 

being of low atomic weight elements. One of the most important finds of this work is the 

formation of nematic ordered liquid crystalline type domains of the fillers in the polymer 

matrix. It was clearly observed with conventional as well as HAADF imaging. These 

macroscopically random, yet microscopically ordered filler domains, and the homogeneous 

distribution of such features are attributed to excellent improvement in mechanical 
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properties. This type of ordering may allow tailoring of electronic/ electrical properties for 

functional applications. The development of this approach is partially in contrast to the 

generally proposed percolation network theory for change in electronic properties. In the 

current work, however, in the context of mechanical properties, the two-dimensional in-

plane nematically ordered filler patches with highly crystalline polymer regions, 

cooperatively have led to much improved mechanical properties and fracture behavior.  

Another unique aspect of the multistage treated (PGTH) composites was the synergistic 

reinforcement effect of two-dimensional graphene based fillers and the in-situ generated 

one-dimensional graphene based nanoribbons. The uniform observation of the said 

microstructures underscore the entangling effects of two different types of nanostructured 

fillers (with very different aspect ratio) clearly explain the exceptional improvement in the 

mechanical properties of the nanocomposites. While the formation of these nanoribbons is 

not entirely understood, it clearly warrants further investigation and applications of similar 

synthesis protocols in other polymeric systems for strength improvements. Th e impact of 

the said microstructures or electronic properties is also an interesting aspect of future work.  

In summary, investigations on graphene oxide, and the same functionalized with 

different amines in a PVA polymer matrix indicated interesting structural, morphological, 

and microstructural variations along with distinctly different mechanical properties. Such 

improved mechanical properties as attributed to the strengthening of the polymer matrix and 

filler interface by utilizing novel solvents which act as both reductants and functionalizing 

agents. This work demonstrates these finds in a PVA model system for aqueous processable 

polymers. These concepts can be applied to other polymer systems of choice, and clearly, 

warrants further investigation on other systems. 
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